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Abstract 

Chemoresistance is a major obstacle in the treatment of primary and metastatic breast cancer 

(BC). Identifying chemoresistance mechanisms utilised by cancer cells is therefore an 

important step towards sensitising tumours to chemotherapy and improving treatment 

outcomes. The Hughes group has recently identified an IFN-dependent resistance pathway in 

claudin-low triple negative breast cancer (TNBC).  

In this thesis, the relevance of IFN-dependent epirubicin resistance was assessed in multiple 

BC cell lines representing claudin-low TNBC (MDA-MB-231), HER2-enriched (AU565), luminal 

A (MCF-7) and luminal B (BT-474) BC through MTT and colony forming assays. The ability of 

IFN to induce docetaxel resistance was also assessed. The effect of IFN on epirubicin-induced 

DNA double stranded break formation was investigated in MDA-MB-231 through a γ-H2Ax 

immunofluorescence assay. In addition, the clinical relevance of IFN signalling was assessed 

in a cohort of 27 metastatic TNBC patients through immunohistochemical evaluation of IFNβ1 

and MX1 expression in cancer and stromal cells.  

Viability assays showed IFNα1 induced a dose-dependent epirubicin resistance in MDA-MB-

231 but did not induce resistance in AU565, MCF-7 or BT-474 cells. Moreover, IFN did not 

induce resistance to docetaxel in any cell lines tested. In MDA-MB-231 cells, the addition of 

IFNα1 significantly reduced epirubicin-induced expression of γ-H2Ax. Analysis of the cohort 

of metastatic TNBC patients showed a significant correlation between IFNβ1 expression in 

lymphocytes and MX1 expression in cancer cells, however this was not associated with 

survival. 

In conclusion, this thesis has shown IFN-dependent resistance to be subtype and 

chemotherapy dependant in BC. Moreover, this thesis has identified paracrine IFN signalling 

within the TNBC metastatic tumour microenvironment. Further study into the inhibition of 

this pathway may lead to chemosensitising treatments and improved patient outcomes in 

claudin-low TNBC. Additionally, investigation of the clinical relevance of this pathway in 

metastatic BC should be performed using a larger cohort.  
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1. Introduction 

1.1 Breast cancer 

1.1.1 Breast cancer incidence and mortality 

Breast cancer (BC) is the most common cancer worldwide, accounting for 11.7 % of incidence 

and is the leading cause of cancer-related deaths in women [1]. Overall and disease-free 

survival have increased in breast cancer in the last few decades, largely due to increased 

awareness and implementation of screening strategies allowing early diagnosis, as well as the 

development of new and more effective targeted treatments. However, targeted treatments 

are not applicable in all cases and even when they are, innate and acquired resistance can 

limit their efficacy. As a result, treatment for many patients still involves more traditional 

systemic cytotoxic chemotherapies. Despite the range of treatments available, relapse and 

metastases are still major issues in breast cancer management [1-3]. The difficulty in breast 

cancer management is particularly exacerbated by the diverse nature of the disease meaning 

that individual patients can respond differently to treatments giving varying prognoses [4]. 

1.1.2 Breast cancer subtypes 

Breast cancer is commonly categorised by histological and morphological assessment. In 

addition, due to the molecular heterogeneity of breast cancer, it is typically subdivided into 

groups by distinct prognostic and/or predictive markers that direct treatment strategies for 

patients [5, 6].  

1.1.2.1 Breast cancer histological classification, grading and staging 

Breast carcinomas are the most common form of breast cancer, accounting for 95 % of cases. 

The other 5 % largely consists of lymphomas and sarcomas, which have distinct prognosis and 

treatment from carcinomas and are therefore not discussed further in this thesis [7]. 

Carcinomas can be classified based on their histological appearance as being ductal or lobular 

as well as in situ or invasive. In situ carcinomas refer to those that have not penetrated the 

basement membrane of the duct or lobule epithelium from which they originate [8]. Most in 

situ carcinomas are considered ductal carcinoma in situ (DCIS) [9]. DCIS are considered 

precursor lesions, which if untreated, may lead to the development of invasive carcinoma [8]. 

However, improvements in BC screening strategies have resulted in an increase in early 

diagnosis of DCIS and subsequent treatment by surgery supplemented with radiotherapy [10]. 

As a result, prognosis for DCIS is very favourable, although there are concerns relating to 
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potential over-treatment of DCIS in some cases, as DCIS may not always progress to invasive 

breast carcinoma in a patient’s lifetime [11]. This is currently being investigated in the on-

going LORIS trial, in which the efficacy of close monitoring as compared to surgical 

intervention are being assessed in the context of DCIS [12]. 

Invasive carcinomas are defined by the invasion of cancer cells from the ducts or lobules into 

the stroma. Invasive ductal carcinoma (IDC) is the most common accounting for 55 % of all BC 

incidence [8]. IDC are very heterogenous and can be categorised into many different subtypes 

based on their morphological features, however most are defined as “no special type” (NST), 

in which no distinct morphological characteristics can be identified [6]. The prognosis of IDC 

varies greatly depending on grade, stage and metastasis as well as immunohistochemical 

profile (see below). As a result, the treatment of these carcinomas is dependent on evaluation 

of these factors [13].  

Breast carcinomas are graded to determine the degree of differentiation, most typically 

through the Nottingham Grading System (NGS), a semiquantitative method which assesses 

several cellular and structural characteristics of breast cancer cells/tissue relative to normal 

breast tissue. These include: the formation of tubule structures, nuclear pleomorphism within 

cells and the mitotic frequency, each of which is given a classification from one to three. These 

grades are then combined to produce an overall grade between 3 and 9 (3-5 = Grade I, well 

differentiated; 6-7 = Grade II, moderately differentiated; 8-9 = Grade III, poorly differentiated) 

[14]. Histological grading has been shown to be of prognostic value irrespective of other 

factors within IDC in multiple studies [4]. A long-term follow-up study of 2,219 cases of 

operable breast cancer showed a strong association between both survival and disease-free 

survival with histological grade, indicating its prognostic value [15]. As a result, grading often 

helps to inform treatment decisions, such as whether patients are likely to benefit from 

adjuvant systemic therapies [4]. However, it has been suggested that inconsistencies can be 

found in grading both between and within laboratories, for example a major study identified 

a significant disagreement in the number of grade 1, 2 and 3 diagnoses in a retrospective 

analysis of patient results from 49 Dutch pathology laboratories. These methodological 

inconsistencies potentially had an impact on treatment implementation as tumour grade 

informed treatment in 29.9 % of cases studied [16, 17].  
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As well as grading, tumour staging is also used to assess prognosis and inform treatment, 

most often through the Tumour Node Metastasis (TNM) system. In the TNM system, patients 

are assessed for tumour size, presence of BC in the lymph nodes (LN) and metastasis, all of 

which are indicators of prognosis [18]. Multiple studies have shown an inverse correlation 

between tumour size and survival in node-negative and node-positive BC patients, which 

persists in both short and long-term follow-up [19-21]. Patients with larger node-negative 

tumours are therefore considered for adjuvant systemic chemotherapy [22]. Lymph node 

status is also used in assessing treatment options and is considered one the strongest 

indicators of prognosis [22, 23]. It is therefore used to assess the need of adjuvant therapy to 

attempt to eliminate micro-metastasis post-surgery [24]. 

The presence of metastasis is also considered in the classification of breast cancer. Metastasis 

is a complex multistep process in which tumour cells differentiate allowing them to escape 

the primary tumour and disseminate to distant organs resulting in the growth of secondary 

tumours [25]. BC metastasis most commonly occurs in the bone, lung, liver and brain, and 

frequency of metastasis at specific sites is influenced by the molecular subtype [26]. The 

presence of metastasis is associated with very poor prognosis in BC as metastatic tumours 

respond poorly to treatment. This resistance is in part due to characteristics acquired by 

metastatic cells, including increased drug efflux transporter expression, increased DNA-

damage repair, differential expression of β-tubulin isotypes and altered expression of 

apoptotic signalling molecules [27, 28]. Moreover, metastatic breast cancer has high genetic 

diversity and complexity that further complicates treatment [29]. As a result, treatment is 

palliative, not curative, and metastasis is the main cause of BC related death [3, 27]. 

Metastases at first diagnosis is rare in the UK, probably due to relatively early diagnosis of 

primary disease resulting from the NHS breast cancer screening programme and to women 

carrying out self-examinations; therefore, metastases tend to be seen as recurrences from a 

previous primary cancer. 

1.1.2.2 Breast cancer molecular subtypes 

In recent decades, molecular biomarkers, confirmed through microarray expression profiling, 

have also been identified for use in the treatment of breast cancer [30]. An early study to use 

microarray expression profiling identified groups of distinct hierarchical clustering of gene 

expression in breast cancer samples from 42 patients, and thereby determined 4 subtypes: 
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luminal-like, HER2-enriched, normal-like and basal-like [31]. A follow-up paper subdivided the 

luminal-like subtype into both luminal A and B, showing distinct clinical outcomes for each 

subtype [32]. These subtypes and their clinical relevance were subsequently confirmed using 

3 independent data sets of breast tumour gene expression [33]. Moreover, these subtypes 

were further validated using a much larger sample size (n = 501 in total) [34].     

Four distinct breast cancer subtypes are now typically recognised and used to inform patient 

treatments including: luminal A, luminal B, HER2-enriched and triple negative breast cancer 

(TNBC), which can be further categorised into claudin-low or claudin-high TNBC [30]. 

Clinically, these subtypes could be identified by microarray assessments of the expression of 

many genes, but more typically this is achieved by immunohistochemical assessment of a 

much more limited selection of molecules [35]. Microarray subtyping is considered more 

accurate than immunohistochemistry and clinical trials have shown this to have better 

prognostic value [36, 37]. Moreover, inconsistencies in the application of 

immunohistochemistry between labs can cause variation in results and therefore patient 

treatment [38]. However, microarray technology is not readily available or affordable and 

therefore immunohistochemical evaluation is typically used [37]. Using 

immunohistochemistry, subtypes are identified by evaluating expression of oestrogen 

receptor alpha (ERα), progesterone receptor (PR), Human Epidermal growth factor receptor-

2 (HER2) and Ki-67 (Table 1.1) [39]. 

 

 

 

 

 

Table 1.1. Expression of biomarkers within the different breast cancer subtypes 
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1.1.2.2a Luminal A 

Luminal A breast cancer is the most frequently diagnosed subtype, comprising 40 % of all 

incidences, and is defined as ER-positive or PR-positive and HER2-negative with low Ki-67 

expression [39]. The Luminal A subtype is characterised by relatively slow proliferation, as 

indicated by relatively low expression of the proliferative marker Ki-67, and consistently 

shows favourable clinical outcomes compared to other subtypes, as shown in multiple clinical 

trials [36, 40, 41]. A clinical trial of 1,951 node-negative breast cancer patients showed 

patients with Luminal A breast cancer to have significantly better 10-year disease-free survival 

(DFS) (86 %) and overall survival (OS) (89 %) when compared to all other subtypes [41]. 

Favourable outcomes are likely due to the slow proliferative nature of luminal A BCs, as well 

as the use of therapies targeting expression/activity of the hormone receptors that have 

improved efficacy over cytotoxic  chemotherapies in this subtype. These therapies include 

tamoxifen and the aromatase inhibitors. However, patients with large luminal A tumours may 

still benefit from systemic chemotherapy [42]. 

1.1.2.2b Luminal B 

This subtype is the second most prevalent, comprising around 15-20 % of breast cancer 

incidence. Luminal B tumours express the hormone receptors ER and/or PR but typically have 

lower PR expression and higher ki-67 expression as compared to luminal A tumours [43]. 

These tumours are more aggressive than luminal A tumours and are often of a higher grade 

with greater risk of recurrence, resulting in poorer prognosis in this subtype [44]. Due to the 

greater instances of recurrence, identification of this subtype can inform length of endocrine 

therapy to reduce this risk. Moreover, luminal B tumours respond more favourably to 

systemic chemotherapy than luminal A, making identification of the subtype crucial for 

informing treatment strategies. ER-positive breast cancers that also over-express HER2 are 

usually classified as luminal B, and typically have higher proliferation rates as indicated by 

high Ki-67 expression; patients with the carcinomas can also benefit from HER2-targeting 

therapies (see section 1.1.2.2c below) [43].  

1.1.2.2c HER2-enriched 

HER2-enriched BC accounts for 15-20 % of BC incidence and is characterised by low/no ER or 

PR hormone receptor expression with over-expression of the human epidermal growth 

receptor, HER2 [43]. This subtype is associated with aggressive tumour progression resulting 
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in worse prognosis than luminal BCs [41]. Additionally, recurrence and metastasis occur in 

around 20 % of patients treated with adjuvant targeted and systemic therapies [45]. 

Moreover, metastasis to the brain is more common in HER2-enriched BC which presents 

difficulties in treatment due to inability of many therapies to cross the blood brain barrier 

[46]. Evaluation of HER2 expression is important for determining treatment strategy, as 

targeted therapies such as trastuzumab, which specifically target cells that display HER2 

overexpression, have been shown to significantly improve survival in this subtype [47]. 

However, it should be noted resistance to trastuzumab still remains a critical issue in 

treatment and systemic therapies are often still necessary [48]. 

1.1.2.2d Triple-negative breast cancer 

TNBC consists of 10-20 % of incidence and is defined as having no hormone receptor 

overexpression and no HER2 amplification [49]. This subtype is considered the most 

aggressive and is often of a high grade with poor differentiation [50]. As a result, TNBC has 

the worst overall survival and disease-free survival as well as an earlier onset of recurrence 

and metastasis [51]. Moreover, this subtype does not respond to current targeted therapies, 

due to the absence of hormone receptors and HER2 overexpression and is therefore treated 

with aggressive systemic chemotherapy [52].  

Treatment difficulties are furthered by the heterogeneity of this subtype [52].  TNBC can be 

further separated into claudin-high and claudin-low TNBC based on differential expression of 

claudins and other cell-cell adhesion proteins [53]. The less common claudin-low TNBC has 

been shown to express epithelial-to-mesenchymal transition and immune response gene 

markers as well as having cancer stem cell-like features [54]. Claudin-low tumours are 

therefore more aggressive with a greater rate of metastasis and chemotherapy resistance 

[55]. 

1.2 Breast cancer treatment 

Breast cancer treatment requires a multidisciplinary approach and is often personalised 

based on stage, grade and molecular subtype of the tumour. Treatment can consist of surgery, 

radiotherapy, chemotherapy, targeted therapies, and immunotherapies. The order of 

systemic treatment is also dependant on the characteristics of the tumour and therapies may 

be given pre- (neoadjuvant) or post- (adjuvant) surgery [56]. 
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1.2.1 Surgery 

Surgery is used in the treatment of most non-metastatic breast cancers to remove cancerous 

tissue. This can be done via mastectomy, often followed by reconstructive surgery, or by 

breast conserving surgery (BCS). BCS focuses on removing the tumour with only a small 

margin of normal tissue to allow conservation of the breast. This is followed by radiotherapy 

to reduce risk of local recurrence [57]. Improvements in BCS in recent years have led to 

comparable overall survival, disease free survival and risk of recurrence to that of 

mastectomy, resulting in this being the favoured approach for patients and physicians [57, 

58]. However, mastectomies are still considered an important part of BC treatment and 

patients have input on the decision between these two treatment options [59].        

1.2.2 Radiotherapy 

Radiotherapy is the application of high-energy radiation to tumours, resulting in DNA damage, 

cell cycle arrest and programmed cell death in cancerous cells. This strategy effects tumour 

cells more potently than most healthy cells due to their rapidly dividing nature [60]. In breast 

cancer, radiotherapy is most often applied in the adjuvant setting to eliminate micro-

metastasis and reduce the risk of local recurrence [61]. Multiple clinical trials have shown 

adjuvant radiotherapy to significantly improve DFS, translating into greater OS [62, 63]. Use 

of radiotherapy in a neoadjuvant context is less common and research into its efficacy is 

largely lacking [64].  

1.2.3 Chemotherapy 

Systemic chemotherapies can be used in both neo-adjuvant and adjuvant treatment, as well 

in the inoperable and metastatic settings. The decision to treat with chemotherapy is often 

dependant on grade, stage, and molecular subtype [65]. Moreover, due to the potential of 

innate and acquired resistance to chemotherapeutics, they are often given as a combination 

of multiple active agents and/or combined with targeted therapies to improve response [66]. 

Neo-adjuvant chemotherapy (NACT) is typically used when treating currently inoperable or 

large locally advanced BC to reduce tumour size, making them operable or better candidates 

for BCS [67]. NACT also allows clinical response to therapy to be monitored through 

longitudinal evaluation of tumour size during therapy, and post-surgery assessment of 

residual tumour burden by histopathology; pathological complete response has been shown 

to be a good indicator of prognosis in this context [68]. Recent retrospective studies have also 
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shown a comparable OS rate in those treated with neo-adjuvant and adjuvant chemotherapy 

in the context of early breast cancer, although local recurrence was higher in the NACT treated 

group [69]. Pathological complete response varies between molecular subtypes with luminal 

BC (particularly luminal A) surprisingly showing worse response than HER2-enriched and 

TNBC , despite luminal A having the better overall prognosis [67, 70].   

Most commonly, chemotherapy is used post-surgery to eliminate micro-metastasis and 

prevent recurrence [65]. Cytotoxic chemotherapies have been well established to reduce 

recurrence and improve 10- and 15-year survival rates through multiple clinical trials and 

retrospective studies [71]. Adjuvant therapies often combine chemotherapeutics with 

targeted therapies or other cytotoxic agents to reduce the effects of therapy resistance. 

Chemotherapy-based combination treatments commonly consist of anthracyclines and 

taxanes which are most active in the treatment of early and advanced breast cancer, however 

other chemotherapeutics can also be used including platinum-based drugs and alkylating 

agents [65].  

Cytotoxic chemotherapy is also utilised in the treatment of metastatic breast cancer; 

however, the aim of this treatment is to extend and improve qualitive of life and is not 

curative [72]. Chemotherapeutic regimes have been well established in improving time to 

progression in metastatic breast cancer particularly with the incorporation of anthracyclines 

and taxanes [73, 74]. Both mono- and poly-chemotherapeutic treatments are effective, 

although poly-chemotherapy treatments have been associated with more frequent side 

effects [75].  

Although multiple chemotherapeutics are used in the treatment of breast cancer, only 

anthracyclines and taxanes will be discussed further as they are the subjects of this thesis.  

1.2.3.1 Anthracyclines 

Anthracyclines, including doxorubicin and epirubicin, are a family of widely used 

chemotherapeutic agents consisting of an amino sugar and anthraquinone aglycone [76]. 

These drugs are thought to have multiple mechanisms of action resulting in DNA damage, 

oxidative stress, and subsequent apoptosis [77]. Anthracyclines have been shown to form 

DNA adducts resulting in disruption of replication and transcription. Moreover, DNA-

intercalated anthracyclines form stable ternary structures with topoisomerase II, inhibiting 



9 
 

the enzyme’s activity [77]. Topoisomerase II is responsible for regulating supercoiled DNA 

during replication, transcription, and recombination through cleavage, unwinding and 

subsequent recombination of DNA [78]. Binding of anthracyclines stabilises topoisomerase II 

in its DNA cleavage conformation preventing reformation of phosphodiester bonds resulting 

in permanent double-stranded breaks [76]. Anthracyclines have also been shown to increase 

the production of reactive oxygen species (ROS), which subsequently induce protein 

alkylation and DNA damage, further contributing to pro-apoptotic signalling [76]. 

Anthracyclines are commonly used in both the adjuvant and neo-adjuvant treatment of 

breast cancer [79]. Neo-adjuvant anthracycline-based regimens have been shown to induce 

pathological complete response in 20.5 % of operable or locally advanced breast cancer 

patients, increasing to 57 % in those under 40 [80]. In the adjuvant setting, anthracyclines 

significantly reduce mortality and recurrence over a 10-year period, with higher-dose 

anthracycline regimes inferring greater benefits when compared to cyclophosphamide, 

methotrexate, and fluorouracil polychemotherapy regimes [81].  

Despite this, anthracyclines are associated with both short- and long-term toxicities. Most 

notably, anthracyclines can induce severe cardiotoxicity, through the generation of ROS and 

inhibition of topoisomerase II in cardiomyocytes, which can lead to cardiac disfunction and 

heart failure [82]. This results in dosage limitations and often prevents the use of secondary 

anthracycline-based treatment regimes in the metastatic context, as the cardiotoxic effects 

are cumulative [72, 83]. 

1.2.3.2 Taxanes 

Taxanes, including paclitaxel and docetaxel, are used in the treatment of many cancers 

including ovarian, prostate, and small-cell lung cancer, and are considered one of the most 

active chemotherapeutics against breast cancer, alongside anthracyclines [84]. Taxanes are 

microtubule stabilising agents which act through the binding of the β-tubulin subunit 

preventing microtubule depolymerisation [85]. This inhibits many processes which rely on the 

dynamic nature of microtubule structures including cell signalling and migration [84]. 

However, their cytotoxicity is usually associated with the inhibition of mitosis, in which 

microtubules are essential in the formation of mitotic spindles. This leads to G2/M cell cycle 

arrest and subsequent apoptosis [86].  
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In breast cancer, taxanes have been shown to improve both OS and DFS in the adjuvant 

treatment of early breast cancer. Additionally, taxanes are used in the treatment of 

metastatic breast cancer, either as a second line therapy when anthracycline based regimes 

fail or when recurrence occurs within 6 months of adjuvant treatment [87, 88]. Neoadjuvant 

paclitaxel treatment was shown to significantly improve pathological complete response 

rates relative to cyclophosphamide, doxorubicin and 5-fluorouracil treatment regimes in 

locally advanced breast cancer [89]. Like anthracyclines, taxanes are subject to multiple 

toxicities including pulmonary- and neuro-toxicity [90, 91]. A study of 4,554 women with 

operable breast cancer showed neuropathy as a side effect in 13 and 15 % of patients treated 

with docetaxel weekly or every three weeks, respectively [92]. The high frequency of these 

toxicities and their impact on patient quality of life have resulted in dosage limitations in the 

use of taxanes [92].  

1.3 Chemoresistance   

As well as toxicities, chemotherapeutics are also subject to chemoresistance, in which cancer 

cells fail to respond to cytotoxic therapy. This presents a major obstacle in the treatment of 

breast cancer, as approximately one third of breast cancer patients develop local recurrence 

or distant metastasis caused by therapy resistance [93]. Resistance can be both intrinsic, in 

which cancer cells are inherently resistant to chemotherapy before exposure to treatment; 

or acquired, in which cancer cells develop a resistance phenotype during treatment [94]. In 

both cases, chemoresistance is incredibly diverse and may result from increased drug efflux, 

DNA damage resistance, drug metabolism and modulation of apoptotic signalling molecules. 

Moreover, chemoresistance may be induced through a range of cellular mechanisms 

including, mutation, epigenetic regulation, microRNA expression, tumour heterogeneity and 

tumour microenvironment involvement [95].  

1.3.1 Drug efflux 

Enhanced cellular drug efflux is one of the most common forms of drug resistance and results 

in the decrease in intracellular drug concentration through the active transport of 

chemotherapeutics out of the cells [96]. This mechanism is typically facilitated by a group of 

transmembrane ATP-binding cassette (ABC) transporters which bind and efflux multiple drugs 

including anthracyclines and taxanes resulting in multidrug resistance. Of these transporters 

P-glycoprotein (P-gp) is the most studied in breast cancer and its high expression is associated 
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with chemoresistance in all BC subtypes [97]. Induced paclitaxel resistance in the TNBC cell 

line HCC1806 resulted from increased expression of P-gp as well as cross-resistance to 

doxorubicin. The resistant cell line also displayed a decrease in intracellular drug 

concentration relative to the parent cell line during treatment confirming that P-gp activity 

was responsible for increased resistance [98]. Additionally, meta-analysis of thirty-one studies 

found P-gp expression to be associated with a three-fold higher risk of treatment failure [99]. 

1.3.2 Drug inactivation 

Cancer cells may also resist treatment through increased drug metabolism, resulting in less 

active drug and therefore reduced anti-cancer activity. Drug metabolism is largely mediated 

by members of the cytochrome P450 (CYP) superfamily [100]. For example, CYP1B1 is 

responsible for the metabolism of multiple chemotherapeutics including doxorubicin, 

paclitaxel, docetaxel, cisplatin, and 5-fluorouracil [101]. Breast cancer patients with a CYP1B1 

4326G allele have been found to have reduced PFS and OS when treated with paclitaxel [102]. 

Additionally, several other drug metabolising CYPs have been associated with chemotherapy 

efficacy in breast cancer including CYP1A2, CYP2A6, CYP2B [100]. 

1.3.3 Apoptosis resistance 

Most chemotherapeutics used in breast cancer treatment induce cellular damage resulting in 

the activation of intrinsic apoptosis through increased apoptotic signalling. Whether intrinsic 

apoptosis is initiated is dependent on the ratio of pro- and anti-apoptotic proteins known as 

the Bcl-2 family members. A high ratio of pro- to anti-apoptotic proteins results in 

mitochondrial membrane polarisation, cytochrome C release and subsequent activation of 

caspases 9 and 3 inducing cell death. In cancerous cells, anti-apoptotic Bcl-2 family members 

are often over-expressed resulting in resistance to pro-apoptotic signalling induced by 

chemotherapy [103]. Overexpression of anti-apoptotic proteins Bcl-2 or Bcl-xL in MCF7 breast 

cancer cells induced a significant increase in resistance to cisplatin treatment [104]. 

Furthermore, overexpression of microRNA let-7i in cisplatin resistant MCF7 cells, resulted in 

a decrease in Bcl-2 expression and increase in chemosensitivity [105]. In the clinical setting, 

high expression of Bcl-2 was significantly associated with worse BC-specific and disease-free 

survival in TNBC patients treated with adjuvant chemotherapy, as well as worse pathological 

complete response rates in those treated with neo-adjuvant therapy [106]. 
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Mutations in the transcription factor p53 have also shown to induce resistance to apoptosis 

in breast cancer treatment. The TP53 gene is one of the most frequently mutated in breast 

cancer and is responsible for inducing cell cycle arrest, DNA damage repair and senescence. 

Mutations in this gene can result in aberrant expression and downregulation of the pro-

apoptotic protein Bax [107]. These mutations have been shown to cause chemotherapy 

resistance and induction of senescence in breast cancer cells, and breast cancer patients with 

TP53 mutations have significantly worse OS during chemotherapy treatment [108].  

1.3.4 DNA-damage resistance 

Many cancer treatments, including radiotherapy, platinum-based agents, anthracyclines and 

alkylating agents function through inducing DNA-damage. DNA-damage may be induced 

through several mechanisms including directly, through formation of DNA adducts, single-

stranded breaks and double-stranded breaks, or indirectly through the production of ROS and 

inhibition of DNA-influencing enzymes such as topoisomerase II [77]. Typically, DNA-damage 

results in the induction of senescence and DNA-damage repair mechanisms which attempt to 

restore genomic integrity. Failure of these mechanisms to repair DNA damage will ultimately 

result in apoptosis [109]. Due to the importance of DNA-damage induction to the efficacy of 

many cancer treatments, modulation of DNA-damage repair mechanisms is often seen in 

resistant cancers [110]. 

The role of DNA damage repair in therapy resistance has largely been investigated in the 

setting of radiotherapy resistance [110]. A population of MCF-7 cells identified as 

radiotherapy resistant were shown to have increased expression of proteins associated with 

single-stranded break repair as well as decreased ROS levels [111]. In the context of 

chemotherapy, increased expression of DNA damage repair proteins before treatment was 

associated with poor response to neo-adjuvant epirubicin-cyclophosphamide treatment in a 

cohort of 60 breast cancer patients [112]. 

Anthracyclines have been shown to induce cell death, in part, through inhibition of 

topoisomerase II resulting in double stranded breaks (see section 1.1.1.3). Reduced 

expression of topoisomerase IIα has been observed in breast cancer and is associated with 

decreased patient survival and lymph node metastasis [113]. Moreover, comparison between 

the sensitivity of MDA-MB-231 and MCF-7 to doxorubicin showed the more resistant MDA-
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MB-231 cells to express topoisomerase II at lower levels. Lower levels of DNA double stranded 

breaks were also observed in this cell line after 24 h of doxorubicin treatment [114].  

1.4 The tumour microenvironment of breast cancer 

The complexity of breast cancer is further enhanced by the involvement of the tumour 

microenvironment (TME), which has a strong influence on tumour progression and response 

to treatment. The TME includes a number of non-malignant cell types including tumour-

associated macrophages (TAM), tumour infiltrating lymphocytes (TIL) and cancer-associated 

fibroblasts (CAF) [115].  

CAFs are typically the most abundant non-malignant cells of the TME and are responsible for 

the modulation of the extracellular matrix and secretion of growth factors and inflammatory 

molecules [115]. High density of CAFs in BC tumours has been associated with worse overall 

and disease-free survival through multiple studies and meta-analysis [116, 117]. CAFs have 

been found to contribute to both metastasis and chemoresistance through modulation of the 

extracellular matrix, cell-cell interactions and paracrine signalling [118]. Primary CAFs from 

resistant tumours have been shown to increase resistance to docetaxel in coculture with 

MCF7 and SK-BR3 cell lines through up-regulation of CD10 and GPR77 membrane proteins 

[119]. Additionally, CAF-dependant paracrine IFN signalling has been shown to induce 

chemoresistance in claudin-low TNBC cell lines MDA-MD-231 and MDA-MB-157 in co-culture 

models [120]. 

TILs are mononucleated immune cells which can be found in varying abundance in breast 

carcinomas [121]. High abundance of TILs is typically associated with good prognosis, 

particularly in HER2-enriched and TNBC [115]. This effect is in part due to improving the 

sensitivity of cancer cells to chemotherapy, which is used extensively   in both subtypes, and 

high levels of TILs have been shown to correlate with improved pathological complete 

response rates in TNBC treatment [122]. This anti-tumour activity is most commonly 

associated with CD8+ and CD4+ T-lymphocytes, which can kill cancer cells and/or release pro-

inflammatory cytokines leading to improved anti-cancer activity of innate immune cells [115].  

Although TILs are broadly associated with positive chemotherapy response, other immune 

cells of the TME display chemoresistance-inducing properties [123]. TAMs are typically 

abundant in breast cancer tumours and have been associated with increased angiogenesis, 
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suppression of anti-cancer immunity and resistance to therapy [124]. Paracrine IL-6 signalling 

between TAMs and breast cancer cells has been shown to induce resistance to doxorubicin 

through upregulation of the detoxifying enzyme glutathione S-transferase P1 [125]. Secretion 

of IL-10 from TAMs has also been shown to induced paclitaxel resistance in BT-549 and T47D 

breast cancer cell lines [126]. 

The TME also plays a role in breast cancer metastasis both in the establishment and 

progression of metastatic tumours [127]. CAFs can be found in the metastatic TME and are 

either produced through activation of metastatic site stromal cells or from migration of CAFs 

from the primary tumour [128]. CAFs from the metastatic site have been shown to increase 

tumour growth and doxorubicin resistance with a greater activity than CAFs from the primary 

site in TNBC cell lines [129]. Moreover, these ‘metastatic’ CAFs have been shown to mediate 

hormone therapy resistance through the transfer of microRNA containing microvesicles [130]. 

Immune cells are also present in the metastatic TME, however enrichment of each cell type 

differs between metastatic sites [131]. TILs are present in the metastatic TME, although 

typically in lesser abundance [132, 133]. Currently, little is known about the prognostic 

relevance of TILs in the metastatic setting, however, regulatory T-lymphocyte abundance has 

been associated with poor post-recurrence survival in distant metastatic breast cancer [134]. 

1.5 The involvement of type-I IFN in cancer 

1.5.1 Type-I interferon 

IFNs are cytokines that play an important role in inflammation, the immune response to 

viruses, and modulation of both the innate and acquired immune system [135]. As well as 

this, IFN has been shown to have conflicting and context dependant roles in the progression 

of several malignancies, including breast cancer [136].  

There are three types of IFNs, type I, II and III, with distinct structures, receptors, and 

physiological roles. There are 5 type-I IFN subtypes in humans (IFNα, IFNβ, IFNε, IFNκ, IFNω) 

that share structural homology and physiological function, although IFNα and IFNβ are the 

most widely expressed and clinically relevant [136]. Type-I IFNs can be expressed by most cell 

types but during the early stages of viral infection their expression is largely associated with 

dendritic cells [137]. These IFNs modulate the expression of a vast array of genes influencing 

many physiological processes including cell proliferation, antigen presentation and immune 

cell activation [138]. However, in terms of pathology, type-I IFNs have also been implicated in 
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the modulation of tumour cell behaviours and in the progression of autoimmune disease 

underlining that their influence on gene expression and cellular behaviour is context 

dependant [138]. 

1.5.1.1 Type-I IFN expression 

IFN expression can be induced by a range of pattern recognition receptors (PRRs) including, 

Toll-like receptor (TLR) 3, 4, 8 and 9, RIG-I and MDA5. These receptors can be found on the 

cell surface or in endosomal compartments and are activated by pathogen or self-DNA/RNA 

fragments known as pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs) [139]. In the context of cancer, PRR activation occurs 

in cells of the TME due to the presence of tumour associated antigens such as ssDNA 

produced by cytotoxic chemotherapy and radiotherapy [140].  

Activation of these receptors results in a range of intracellular signalling pathways, which 

ultimately result in the activation of interferon-related factor 3 (IRF3) and NF-κB. Activation 

of these two transcription factors results in their nuclear translocation and subsequent 

increased expression of IFNα and IFNβ. Moreover, this pathway also induces the transcription 

of IRF7 which contributes to further expression of type-I IFNs in a positive feedback loop [141]. 

1.5.1.2 Type-I IFN-induced signaling pathways 

IFN-induced signalling has been shown to occur through multiple signalling pathways 

resulting in the altered expression of hundreds of genes [135]. The canonical signalling 

pathway, first identified in the 1990s, occurs through the janus activated kinase (JAK) and 

signal transducer and activator of transcription (STAT) families (Figure 1.1) [135, 142]. Once 

secreted type-I IFN binds its cell membrane receptor consisting of two transmembrane 

subunits IFNAR1 and IFNAR2 which are associated with the tyrosine kinases, tyrosine kinase 

2 (TYK2) and JAK1, respectively. Upon ligation, these subunits form a heterodimer and the 

resulting conformational change indues the autophosphorylation and activation of TYK2 and 

JAK1 [143]. These kinases recruit and phosphorylate STAT1 and 2, which bind IRF9 to form 

the transcription factor complex, IFN-stimulated gene factor 3 (ISGF3). Once formed, ISGF3 

translocates to the nucleus where it binds IFN-stimulated response elements (ISRE) in the 

promoter region of IFN stimulated genes (ISG), resulting in the activation of transcription 

[143]. 
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Type-I IFNs are also responsible for the phosphorylation of other members of the STAT family 

including STAT 3-6 which form alternative transcription factors with affinity for different gene 

promotors. Moreover, STATs may form various hetero- and homodimers such as 

phosphorylated-STAT1 (pSTAT1) homodimers, which bind to IFN-γ-activated site (GAS) in the 

promotors of ISGs [144]. ISG promoters can contain ISRE and/or GAS elements and therefore, 

differential expression, modulation, phosphorylation, and regulation of STAT family members 

can alter the expression profile of IFN signalling [145, 146]. 

As well as activation of STAT-dependant ISG expression, IFN also signals through non-

canonical pathways such as MAPK and PI3K/mTOR pathways, adding to the complexity of IFN-

induced biological response [147]. IFN-dependant activation of the p38 MAP kinase pathway 

has been shown to influence the translation of ISGs as well as directly effecting their 

expression [135, 148]. This pathway has been shown to act independently of STAT 

phosphorylation and ISRE binding and has been implicated in the growth inhibitory effects of 

type-I IFN both in healthy and malignant cells  [149-151].  

Figure 1.1. A Diagram showing both the (A) canonical and (B) non-canonical intracellular 

signalling pathways induced by type-I IFNs (created with BioRender.com). 



17 
 

IFN has also been shown to activate the PI3K/mTOR pathway, which effects biological 

processes including translation, proliferation, and metabolism [147]. IFN-induced activation 

of this pathway was shown to have a critical role in the translation of ISG proteins from their 

mRNAs [152]. Additionally, this non-canonical pathway has been implicated in the epithelial 

to mesenchymal transition in several cancer cell lines highlighting its potential importance in 

malignancy [153]. 

1.5.2 The roles of type-I IFN in cancer 

The involvement of IFN in cancer has been well researched in recent years, however, many 

studies have found contradictory roles in both cancer progression and inhibition likely due to 

the complex and context-dependent pleiotropisms of IFN signalling [154].  

The anti-tumour effects of IFN on cancer were first characterised in 1969, where high dose 

IFN treatment was shown to improve the survival of tumour inoculated mice [155]. 

Subsequent clinical trials showed improved survival in IFNα treated patients with multiple 

haematological malignancies and solid tumours leading to the broad use of IFNα as a 

cytostatic therapy [141]. However, continuous high-dose treatment regimens led to frequent 

toxicities leading to cessation of treatment in many patients. Moreover, later clinical trials 

showed reduced efficacy compared to newer therapeutic agents and IFN treatment in cancer 

has been discontinued [156].  

Since the discovery of IFN’s involvement in cancer, research has shown both pro- and anti-

tumorigenic roles in multiple types of cancer. Furthermore, IFN has been shown to modulate 

a range of pathways relating to cancer progression including tumour growth, apoptosis, 

differentiation, epithelial to mesenchymal transition, migration, antigen presentation and 

immune cell interactions [154].  

The influence of IFN on therapy response has been characterised in several cancers. Type-I 

IFN has been shown to increase sensitivity to chemotherapy through up-regulation of the 

chemokine Cxcl10 in sarcomas in vivo [157]. However, contrary to this, several studies have 

found an association between IFN signalling and resistance to radio and chemotherapy. This 

resistance has been largely associated with the increased expression of several ISGs known 

as the IFN-related DNA-damage resistance signature (IRDS) [158]. Selecting human squamous 

carcinoma cells for radiation resistance, resulted in a radioresistant cell line which 
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differentially expressed 49 genes associated with the IRDS. Inhibition of STAT1 restored 

sensitivity of this cell line in vivo. Moreover, this resistance extended to the DNA-damaging 

agent doxorubicin, and knockdown of STAT1 restored chemosensitivity in resistant cells. Up-

regulation of STAT1 also induced doxorubicin resistance in the HER2-enriched BC cell line SK-

BR-3 [159]. This was additionally confirmed in B16F1 cells, in which clones highly expressing 

ISGs showed increased radiotherapy and doxorubicin resistance coupled with increased 

activation of caspases 3/7 compared to those with low ISG expression [160]. Clinical analysis 

has shown increased expression of IRDS genes was predictive of increased risk of metastasis 

in a data set of 295 early breast cancer patients. This increased risk was greater in those 

treated with adjuvant chemotherapy, further suggesting its involvement in chemotherapy 

resistance [159]. Moreover, increased expression of MX1, a common marker of IFN signalling, 

was significantly associated with reduced overall survival and distant metastasis-free survival 

in a cohort of 845 BC patients. MX1 expression also differed between BC subtypes and was 

specifically associated with TNBC [161]. Similarly, increased expression of a 7 gene IRDS was 

significantly associated with reduced distant metastasis-free survival and local-regional 

relapse-free survival in breast cancer patients treated with adjuvant chemotherapy. This 

correlation did not persist in the cohort treated without adjuvant chemotherapy [159].  

In breast cancer, the involvement of IFN paracrine signalling between CAFs and BC cells has 

also been implicated in cancer progression and resistance. Co-culture with CAFs increased the 

expression of ISGs as well as increasing proliferation and radioresistance in claudin-low TNBC 

in vivo [162]. Knockdown of STAT1 further eliminated the radio and chemoresistance effects 

of CAFs cocultured with MDA-MB-231 in vitro. Moreover, cell lines which showed no IRDS 

gene expression did not acquire chemoresistance in CAF cocultures suggesting this signature 

is crucial for CAF-dependant chemoresistance [162]. An additional study has also shown 

indirect co-culture of MCF-7 and primary CAFs induced proliferation in cancer cells, which was 

inhibited by an IFNβ neutralising antibody [163]. Although this study did not investigate the 

chemoresistance potential of this paracrine signalling, the role of type-I IFN in DNA-damage 

resistance is supported by an increase in autophagy in MCF-7 cells treated with IFNβ1. 

Autophagy has been shown to increase both DNA-damage resistance and chemoresistance 

and inhibition of autophagy in IFN-treated cells resulted in an increase in apoptosis, 

suggesting this process is involved in evading cell death [164].  
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A recent study by Broad et al. has further shown IFN-dependant resistance in breast cancer 

which is both CAF-dependant and subtype specific [120]. CAFs were shown to protect claudin-

low (MDA-MB-231 and MDA-MB-157), but not claudin-high (MDA-MB-468), TNBC cell lines 

from epirubicin. This protection coincided with an increase in IFNβ1 and ISG expression in 

CAFs and cancer cells respectively, upon introduction of epirubicin. Furthermore, inhibition 

of the type-I IFN receptor significantly reduced chemoprotection from CAFs in cocultures, and 

recombinant IFNα alone increased proliferation and epirubicin resistance in claudin-low TNBC 

cell lines with no effect on claudin-high TNBC. When analysing the clinical relevance of this 

pathway in a cohort of 109 TNBC patients, CAF IFNβ1 expression was significantly correlated 

with MX1 expression in cancer cells (r = 0.21, P = 0.028). Additionally, both high IFNβ1 

expression in CAFs and high MX1 expression in cancer cells were significantly negatively 

associated with survival in claudin-low TNBC, suggesting this paracrine mechanism is clinically 

relevant in this subtype [120]. 

Although subtype-specific IFN-dependent chemoresistance has been identified in breast 

cancer, it is still unclear which subtypes are affected by this resistance pathway. Moreover, 

investigations into this chemoresistance mechanism have largely been in primary BC and its 

clinical implications in metastatic breast cancer are still unclear. Further exploration of these 

areas may elucidate the clinical relevance of this pathway and could potentially lead to 

targeted treatments to improve chemotherapy response.   

1.6 Hypothesis and aims 

My hypothesis is that type-I IFN is capable of inducing chemoresistance in breast cancer in a 

subtype dependant manner. I also hypothesise that paracrine IFN-dependant resistance 

previously observed in primary breast cancers persists in the metastatic TNBC setting. 

Specific aims: 

1. To identify breast cancer subtypes that are subject to IFN-dependant chemoresistance 

through viability screening assays. 

2. To investigate the relevance of type-I IFN signalling in the extent of DNA damage 

during chemotherapy treatment in breast cancer. 
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3. To use immunohistochemistry to evaluate the expression of IFNβ and MX1 in 

metastatic breast cancer tissues and make preliminary assessments of their potential 

clinical relevance through correlations with survival. 
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2 Methods 

2.1 Reagents 

Human IFNα1 (Sigma Aldrich, Missouri, USA) was rehydrated in 0.5 % (w/v) BSA solution at a 

concentration of 0.1 mg/ml before aliquoting into 4 µL aliquots and freezing at -80 °C. Upon 

thawing, IFN was diluted to a 0.01 mg/ml intermediate stock and used immediately. IFN 

aliquots were not used more than once to avoid freeze-thaw cycles. Epirubicin hydrochloride 

(Sigma Aldrich, Missouri, USA) was dissolved in ultra-pure water to a stock concentration of 1 

mg/ml and stored at -20 °C. Docetaxel (Alfa Aesar, Massachusetts, USA) was dissolved in 

DMSO to a stock concentration of 0.1 mg/ml and stored at -20 °C.   

2.2 Ethical approval and patient samples 

Ethical permission for the use of breast cancer tissue samples in this project was granted by 

Leeds East Research Ethics Committee (reference: 06/A1206/180). Formalin-fixed paraffin-

embedded tissue blocks were collected from the LTH pathology archive representing 31 

breast cancer metastases from 31 patients, along with 13 matched primary breast cancer 

samples from 13 patients.  

2.3 Haematoxylin and eosin staining 

5 µm tissue sections were taken from formalin fixed paraffin embedded tissue using a 

microtome and were collected on X-tra adhesive glass microscope slides (Leica Biosystems, 

Wetzlar, Germany). Slides were then heated at 70 °C for one hour before dewaxing and 

dehydration with xylene (5 min in 3 fresh xylene solutions) and 100 % ethanol (5 min in 3 fresh 

ethanol washes), respectively. Slides were then stained with haematoxylin for 30 seconds 

before rinsing in tap water for 1 minute. Slides were then transferred to Scott’s tap water for 

1 min before an additional rinse in tap water for 1 minute. Next slides were stained with eosin 

for 1 minute before again rinsing in tap water. After staining, slides were dehydrated in 

ethanol (5 min in 3 fresh ethanol washes) and xylene (5 min in 3 fresh xylene washes) before 

mounting under coverslips using depex (SERVA, Oklahoma, USA).   

2.4 Immunohistochemistry 

2.4.1 Optimisation 

Dilution of antibodies was initially optimised using primary breast tumour tissues, starting 

with dilutions optimised in a previous study [120]. Further confirmation of these dilutions was 

performed on sections of tissue microarrays containing breast tumour tissue. Staining was 
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then expertly assessed by Dr Eldo Verghese (Consultant Breast Histopathologist) before 

proceeding to perform IHC on the full cohort. Optimisation of IHC was performed as described 

in 2.4.2. 

2.4.2 Immunohistochemistry  

FFPE tissues were sectioned, dewaxed and hydrated as in section 2.3. They were then washed 

under running tap water before antigen retrieval by submersion in 10 mM citric acid buffer 

(pH 6.0) and heating for 10 min in a microwave (900W, high power). Slides were left in citric 

acid buffer to cool for 20 min before an additional wash under running tap water. Blocking 

was then performed by submersion in 1 % (v/v) hydrogen peroxide for 10 min. Slides were 

washed under running tap water and in Tris-buffered saline (TBS) before incubation in 

antibody diluent (Life Technologies, California, USA) for 10 min. Diluent was removed and 

antibodies were added to cover each sample at their optimal dilutions of 1:50 and 1:800 for 

MX1 (37849S, Cell Signal Technologies, Massachusetts, USA) and IFNβ (PA5-20390, 

Thermofisher Scientific, Massachusetts, USA), respectively. Negative controls were treated 

with diluent only at this stage. Slides were incubated in primary antibody or control at 4 °C 

overnight in a humidified chamber. Next, slides were washed twice in TBS-T (TBS with 0.1 % 

Tween-20) and once in TBS before application of 40 - 120 µL the anti-rabbit SignalStain Boost 

IHC Detection Reagent (Cell Signal Technologies, Massachusetts, USA) and incubation in a 

humidified chamber at room temperature for 30 min. IHC detection reagent was removed 

and slides were further washed in TBS-T and TBS. DAB substrate (Cell Signal Technologies, 

Massachusetts, USA) was made up to its working concentration following the manufacturer’s 

instructions and 60 µL added to slides for 10 min (room temperature). After washing under 

running water, samples were counter-stained with haematoxylin for 1 min before emersion 

in Scott’s tap water for 1 minute. This was followed by an additional wash in running water 

followed by a wash in Scott’s water and further running water. Once counter-stained, slides 

were mounted with cover slips using depex (SERVA, Oklahoma, USA).  

2.4.3 Scoring protocol 

Scoring protocols for the expression of IFNβ1 and MX1 were developed in discussion with Dr 

Eldo Verghese (Consultant Breast Histopathologist). In cancer cells, scoring of IFNβ1 was 

based on both intensity of staining (a scale of 1-3, where 1 = weak, 2 = intermediate and 3 = 

strong staining) and proportion of cells stained (1 = < 50 %, 2 = 51-75 % and 3 = 75-100 %). 
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These scores were then combined to produce a final expression score between 2 and 6. For 

MX1 expression of cancer cells, scoring was also based on intensity (0-3) and proportion of 

cells stained (0 = 0 %, 1 = 1-15 %, 2 = 16-30 % and 3 = > 30 %). Scores were then combined to 

produce a final expression score between 0 and 6. The expression of IFNβ1 and MX1 in CAFs 

and lymphocytes was scored independently for each cell type based on the proportion of 

stained cells within the tumour (0 = 0 %, 1 = < 50 % and 2 = > 50 %).  

2.5 Cell culture 

Breast cancer cell lines were acquired from ATCC (ATCC, Virginia, USA). MDA-MB-231 and BT-

474 and MCF-7s where grown in Dulbecco’s Modified Eagle Media (DMEM) (Thermofisher 

Scientific, Massachusetts, USA) and AU565 were grown in Roswell Park Memorial Institute 

(RMPI) media (ATCC, Virginia, USA). All media was completed with 10 % (v/v) FCS and 0.1 % 

(v/v) penicillin-streptomycin before use. All cells were incubated at 37 °C in humidified air / 5 

% CO2; incubation for tissue culture will refer to these conditions unless otherwise specified. 

2.6 MTT assays 

Breast cancer cell lines were seeded in 96-well plates in complete media and incubated for 

24 h. Cells were pre-treated with human IFNα1 or a media control before further incubation 

for 24 h. Cells were then treated with chemotherapeutics or media control for 24 h. 

Treatments were removed and fresh media added before further incubation for 72 h. A 5 

mg/ml MTT stock (dissolved in PBS) was diluted 1:10 in complete media. Media was removed 

from wells and 100 µL of MTT (0.5 mg/ml) was added before incubation for 3 hr. Media/MTT 

was removed from wells and replaced with 100 µL of DMSO to dissolve formazan crystals. 

Absorbance was read using the Mithras LB 940 plate reader Berthold, Baden-Württemberg, 

Germany) at 620 nm.  

2.7 Colony forming assays 

Breast cancer cell lines were seeded in 6-well plates and incubated for 24 h to allow 

adherence. Cells were then pre-treated with IFN or a media control and incubated for a 

further 24 h. Cells were then treated with chemotherapy or a media control for an additional 

24 h in the continued presence of IFN or control. Each well was washed in PBS, and cells were 

trypsinised and reseeded in 10 cm dishes (300-750 cells per plate) before incubation for 14-

21 days in incubators with minimal disturbance. Fixing and staining of cells was performed 
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using 50 % methanol/ 20 % ethanol (crystal violet 0.5 %). Colonies were then counted 

manually, aiming to consider a group of ~40 cells as a colony. 

2.8 qPCR 

RNA extraction was performed using the ReliaPrep™ RNA Miniprep System (Promega, 

Wisconsin, USA), following the manufacturer’s protocol. RNA was then quantified using the 

Nanodrop 8000 (Thermofisher Scientific, Massachusetts, USA). Reverse transcription was 

then performed using 1 µg of RNA per sample using the GoScript™ Reverse Transcriptase kit 

(Promega, Wisconsin, USA) as per the manufacture’s protocol. Negative controls for each RNA 

sample were also generated by preparing parallel reactions lacking reverse transcriptase, and 

these controls were taken forward for qPCR. qPCR was performed using the Luna® Universal 

qPCR SYBR green Master Mix (New England Biolabs, Massachusetts, USA) and 

QuantStudioTM 3 Real Time PCR machine (Thermofisher Scientific, Massachusetts, USA) with 

the SYBR setting. Primers used during qPCR were as follows; MX1 (Hs.PT.58.40261042), ACTB 

(Hs.PT.39a.22214847) and were provided by Integrated DNA Technologies. qPCR was also 

performed on negative controls, containing ultra-pure water in place of cDNA.   

2.8 γ-H2Ax immunofluorescence assay 

Breast cancer cell lines were seeded on glass cover slips in 6-well plates (200,000 cells seeded) 

before incubation for 24 h to allow cells to adhere. Cells were then pre-treated with IFNα1 or 

a vehicle control and incubated for a further 24 h. Cells were treated with chemotherapy and 

IFNα1 or a vehicle control, in the continued presence of IFN or control, before incubation for 

2 h. Cover slips were then washed in PBS and cells were fixed in 4 % formaldehyde at room 

temperature for 10 min. Cover slips were washed in PBS and then incubated on ice in 0.2 % 

Triton X-100 solution (10 min) to allow permeabilisation. Cells were further washed with PBS 

and then incubated in 5 % FBS blocking solution for 1 h on ice. After washing in washing buffer 

(0.5 % FBS, 0.05 % Tween-20), cover slips were transferred to a humidified chamber and 

treated with γ-H2Ax primary antibody at a dilution of 1:800 (#2577, Cell Signal Technologies, 

Massachusetts, USA) and incubated at 4 °C overnight. Coverslips were then washed in wash 

buffer before treatment with Anti-rabbit IgG, F(ab')2 Fragment (Alexa Fluor® 488 Conjugate) 

(#4412, Cell Signal Technologies, Massachusetts, USA) at a dilution of 1:1000 and incubated 

for 1 h in a dark humid environment. Once incubated, coverslips were further washed with 

wash buffer before mounting on superfrost plus slides (Epredia, Michigan, USA) in mounting 
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media consisting of 50 % ultrapure water, 50 % glycerol and 10 µg/ml Hoechst 33342 

(Thermofisher Scientific, Massachusetts, USA). Coverslips were then sealed with nail varnish. 

Images were taken using a Nikon A1R confocal laser scanning microscope (Nikon Instruments 

Inc., New York, USA). ImageJ was then used to quantify foci in individual cell nuclei. 
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3. IFN-induced chemoresistance is not a consistent feature of breast cancers, across cell 

lines representing different subtypes 

 

3.1 ABSTRACT 

Resistance to chemotherapy is a major obstacle in the treatment of breast cancer and one 

third of patients develop resistance, often resulting in local recurrence or metastasis. 

Identification of the resistance pathways utilised by breast cancer is therefore necessary to 

improve chemotherapy response and patient survival. Recent work within the Hughes group 

has identified an IFN-dependant resistance pathway in claudin-low TNBC which can be 

inhibited to improve response to chemotherapy. However, the relevance of this pathway in 

other breast cancer subtypes has not yet been explored. 

The effects of IFNα1 on the anticancer activity of epirubicin was assessed in 4 breast cancer 

cell lines representing luminal A (MCF-7), luminal B (BT-474), HER2-enriched (AU565) and 

claudin-low TNBC (MDA-MB-231) through colony forming and MTT viability assays. The ability 

of IFNα1 to induce resistance to docetaxel was also assessed in these cell lines. The effects of 

IFNα1 on epirubicin-induced DNA DSB formation was also assessed in the claudin-low TNBC 

cell line MDA-MB-231 using a γ-H2Ax immunofluorescence assay. IFNα1 induced epirubicin 

resistance in a dose-dependent manner in MDA-MB-231 cells in viability assays but did not 

induced resistance to epirubicin in AU565, MCF-7 or BT-474. Docetaxel resistance was also 

not induced by IFNα1 in any breast cancer cell lines tested. The introduction of IFNα1 to 

epirubicin treatment in MDA-MB-231 resulted in a decrease in epirubicin-induced DNA DSB 

formation. This chapter has shown type-I IFNs induce breast cancer resistance to 

chemotherapy in a subtype and chemotherapeutic dependent manner in vitro, likely through 

the reduction of chemotherapeutic-induced DSB formation. 
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3.2 Introduction 

Type-I IFNs have been shown to induce anthracycline resistance in TNBC cells through a 

paracrine CAF-dependant resistance mechanism, which could be induced through the 

addition of IFNα1 alone. This resistance was shown to occur in claudin-low but not claudin-

high TNBC suggesting it may be subtype specific [120]. Although the role of IFN-dependant 

resistance has been established in breast cancer, the specific breast cancer subtypes effected 

by this mechanism have still not been explored.  

Cytotoxic chemotherapy is used in the treatment of all breast cancer subtypes, particularly in 

locally advanced disease, and resistance to chemotherapy is a major cause of recurrence and 

metastasis [66]. The considerable heterogeneity of breast cancer means subtypes respond 

differently to therapy and may induce chemoresistance through different pathways [165]. 

Moreover, chemotherapeutics, such as anthracyclines and taxanes commonly used in the 

treatment of breast cancer, function via distinct mechanisms and are affected by different 

resistance pathways [166, 167]. Identifying which chemotherapeutics and BC subtypes are 

affected by chemoresistance pathways may provide opportunity for additional therapies to 

combat chemoresistance and reduce the frequency of treatment failure.  

In this chapter, I therefore aimed to identify which breast cancer subtypes may be susceptible 

to IFN-dependant resistance using four breast cancer cell lines representing luminal A, luminal 

B, HER2-enriched and claudin-low TNBC. In addition, I investigated the effects of IFN on the 

efficacy of two different chemotherapeutics, representing the anthracyclines and taxanes. 
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3.3 Results 

3.3.1. Breast cancer subtypes show differential responses to IFNα1 in combination with 

chemotherapy treatment in short-term viability/growth assays 

To assess whether IFN-dependant chemoresistance occurs in breast cancer subtypes other 

than the claudin-low triple negative subtype previously reported, cancer cell lines were 

selected as representatives of different subtypes and were screened for IFN-dependant 

chemoresistance using a short-term viability/growth assay. The breast cancer cell lines 

selected were AU565, BT-474 and MCF7 that are representative of HER-enriched, luminal B 

and luminal A breast cancer respectively [168]. MDA-MB-231 cells, representing claudin-low 

TNBC were also assessed as a positive control, since IFN-dependant chemoresistance has 

been seen in these cells previously. Claudin-high TNBC was not examined as the resistance 

pathway has been shown to be absent in this subtype in the previously study [120].  

An MTT assay was designed for use to assess IFN-induced chemoresistance, including effects 

both at the levels of cytotoxicity and growth inhibition. In order to take account of any growth 

inhibition effects correctly, it was first important to ensure each cell line was in the log or near 

log phase of growth during treatment and subsequent recovery. Growth kinetics experiments 

were therefore performed for each cell line to determine the duration of log phase and 

establish an appropriate seeding density for MTTs (Figure 3.1). Time points for MCF-7 growth 

kinetics are limited to days 1, 4, 7 and 10. 
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Figure 3.1. Breast cancer cell line growth curves in 96 well plates. Cells were seeded at 

1000, 2000 and 4000 cells per well and growth was assessed through MTT assay. Data 

represents the mean ± SD of two biological repeats. 
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MDA-MB-231, AU565 and BT-474 breast cancer cell lines showed little to no lag phase at least 

one, typically the highest number of cells, while the lowest seeding density resulted in a 

notable lag phase of up to 3 days. Lag phase could not be assessed in MCF-7 cells as data was 

not available at days 1-3.  

Although all cell lines showed a time dependant increase in absorbance, implying growth, this 

trend was not logarithmic in some cell lines, at some seeding densities, and exponential 

curves fit some data poorly, indicated by low R² values (Table 3.1). This prevented the 

accurate calculation of doubling times. Although exponential growth is expected during log 

phase theoretically under conditions where space and resources are unlimited for the cells, 

non-exponential growth during cell culture is not uncommon and continuous linear growth 

seen was deemed acceptable for the subsequent experiments. Each cell line showed distinct 

growth kinetics. MDA-MB-231 cells showed consistent growth until day 10 when seeded at 

1000 cells per well, but plateaued at day 7 when seeded at both higher densities. 

Alternatively, AU565 continued to grow at all seeding densities until day 9 whereas MCF-7 

cells grew continually up until day 10. BT-474 showed much slower, continuous, growth at all 

seeding densities (note that the y-axis scale for the BT-474 plot in Figure 3.1 is substantially 

different from the other plots). These findings were used to define the maximum time period 

for cell culture after treatment with IFN/chemotherapy (not to exceed 7 days) and 

appropriate seeding densities for the cells (1000 cells per well for both MDA-MB-231 and 

AU565; 4000 cells per well for BT-474 cells).  

 

 

 

Next, it was necessary to define appropriate concentration ranges of chemotherapy agents 

for each cell line. Previous published experiments had focused on epirubicin; I intended to 

Table 3.1. Doubling times and R squared values of exponential curves for the growth of 

breast cancer cell lines in 96 well plates at different seeding densities. 
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use this, and also separately to examine responses to docetaxel (a representative taxane). To 

allow relative assessment of the effects of IFN on chemoresistance, an ideal range of 

chemotherapy concentrations would show between 20 - 80 % growth/survival inhibition 

compared with untreated controls, allowing scale for IFN to either increase or decrease this 

influence. 

 

 

 

 

 

As expected, both epirubicin and docetaxel induced dose-dependent growth/survival 

inhibition in all breast cancer cell lines (Figure 3.2). When treated with epirubicin, AU565 and 

MCF7 showed similar sensitivity with IC50s of 37.0 and 39.2 nM, respectively. MDA-MB-231 

showed slightly higher innate resistance (IC50 = 86.9 nM) but produced a full dose-response 

curve within the same concentration range. BT-474 however, displayed the greatest 

resistance to epirubicin with an IC50 of 164.2 nM. Docetaxel showed dose-dependent growth 

inhibition at a much lower concentration range than epirubicin in all cell lines, demonstrating 

that it has a more potent chemotherapeutic effect in this assay. Relative sensitivity to 

docetaxel determined through the IC50 values was however similar to that of epirubicin, with 

Figure 3.2. Dose response curves of breast cancer cell lines treated with (A) epirubicin or 

(B) docetaxel. Cells were treated with chemotherapy for 24 h before further incubation 

for 72 h in fresh media. Cell viability was then assessed through MTT assay. Absorbance 

was then normalised to that of vehicle controls. Data represents the mean ± SE of 3 

biological repeats. 
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BT-474 being the most resistant followed by MDA-MB-231, MCF-7 and AU565, respectively 

(IC50s = 3.82 ± 0.94 nM, 1.49 ± 0.19 nM, 0.84 ± 0.09 nM, 0.32 ± 0.07 nM, respectively).     

After cell growth conditions and chemotherapy dose ranges had been defined, the next step 

was to assess chemotherapy dose-response curves in the presence of increasing 

concentrations of IFNα1 (0, 250 and 500 U/ml). Concentrations of IFNα1 to be used were 

determined based on those found in the literature [120, 169, 170].   

3.3.1a MDA-MB-231 cells: a positive control for IFN-induced chemoresistance 

To assess whether the MTT assay to be used was sensitive enough to detect IFN-dependent 

resistance, the assay was first performed using our positive control cell line (MDA-MB-231) 

and epirubicin chemotherapy. It should be noted that IFN-dependant chemoresistance was 

not reported using a relatively short-term survival assay in the previously published work 

(which focused on colony forming assays), therefore this validation of the assay was 

particularly important. Cells were pre-treated with IFN α1 for 24 h before receiving additional 

treatment with the appropriate concentrations of chemotherapy.  

Initially, MDA-MB-231 showed no significant difference in response to epirubicin in the 

presence of IFNα1 at either concentration tested (Figure 3.3). As a result, the experiment was 

repeated with a higher concentration of  IFN α1 which also showed no difference in response 

relative to epirubicin alone (Figure 3.4). 

 

 

 

 

Figure 3.3. Dose response curves of MDA-MB-231 cells treated with epirubicin and IFNα1 

at concentrations of 0 U/ml (Blue line), 250 U/ml (red line) and 500 U/ml (purple line). 

Cells were cultured with IFNα1 or vehicle control for 24 h before treatment with 

chemotherapy and IFNα1 for a further 24 h. cells were then incubation for 72 h in fresh 

media. Cell viability was then assessed through MTT assay. Absorbance from each dose 

response was then normalised to vehicle controls treated with the same concentration of 

IFNα1. Data represents the mean ± SE of 3 biological repeats. 
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As the positive control cell line showed no observable IFN-dependant epirubicin resistance in 

MTT assays, I next assessed whether the IFNα1 I had used was able to induce signalling in 

these cells effectively or was potentially inactive, perhaps through degradation. This was 

assessed through measurement of the expression of MX1, an ISG which has been shown to 

increase in expression as a result of IFN signalling in multiple studies and therefore serves as 

a good indicator of IFN function [120, 171]. 

Cells were treated under two different conditions before MX1 expression analysis by qPCR; 

(1) high-dose IFN treatment (1000 U/ml) for 24 h; (2) lower-dose IFN treatment (250 U/ml) 

using a dose schedule and cell seeding density exactly as for the MTT chemoresistance assays 

in Figure 3.3. High-dose IFNα1 treatment resulted in a significant 5538 (± 4169)-fold (P = 0.05) 

increase in MX1 expression relative to untreated controls (Figure 3.5). Additionally, at the 

lower dose, MX1 expression was only observed in IFNα1 treated cells. These results 

demonstrate that the IFN stock was functional and that the MDA-MB-231 cells were capable 

of receiving and responding to the signal.   

 

Figure 3.4. Dose response curves of MDA-MB-231 cells treated with epirubicin and IFNα1 

at concentrations of 0 U/ml (Blue line), 1000 U/ml (red line). Cells were cultured with 

IFNα1 or vehicle control for 24 h before treatment with chemotherapy and IFNα1 for a 

further 24 h. cells were then incubation for 72 h in fresh media. Cell viability was then 

assessed through MTT assay. Absorbance from each dose response was then normalised 

to vehicle controls treated with the same concentration of IFNα1. Data represents 8 

technical repeats. 
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Next, I evaluated whether I was unable to observe IFN-induced chemoresistance because of 

genetic drift of my cells from the MDA-MB-231 genotype and behaviour. Cells were analysed 

through short-tandem repeat (STR) profiling for the genotype of 16 hypervariable genetic loci 

which were compared with the genotype of MDA-MB-231 reference samples. STR analysis 

showed an 88 % similarity between my MDA-MB-231 stock and reference samples, 

confirming that they originate from same source material but have developed some slight 

genetic drift.  Accordingly, replacement, low-passage, MDA-MB-231 cells were bought, and 

the assay to detect IFN-induced chemoresistance was repeated. 

IFNα1 induced no change in epirubicin dose-response at a dose of 250 U/ml as compared to 

the non-IFN treated control cells (Figure 3.6). However, at both 500 and 1000 U/ml, IFNα1 

induced an increase in resistance to epirubicin. Non-linear regression analysis showed that 

when treated with 0 or 250 U/ml IFN, MDA-MB-231 cells show a biphasic dose-response to 

epirubicin. This implies epirubicin is functioning through two distinct anti-cancer mechanisms 

in this cell line and therefore produce two IC50 values (IC501 = 11.5 ± 1.0 nM or 9.3 ± 2.5 nM; 

IC502 = 496.7 ± 104.3 nM or 377.7 ± 92.1 nM for 0 or 250 U/ml IFN treated groups 

respectively). When treated at the two higher doses of IFNα1 (500 and 1000 U/ml) biphasic 

non-linear regression curves could not accurately fit the epirubicin dose-response data which 

Figure 3.5. Relative expression of MX1 in MDA-MB-231 cells treated with IFNα1 or vehicle 

control. Cells were seeded and treated with IFNα1 or vehicle control for 24 h. RNA was 

then extracted and MX1 expression was quantified by qPCR. MX1 expression was 

normalised to the expression of ACTB and data is shown as MX1 expression relative to 

vehicle control. Data represents the mean ± SE of 3 biological repeats and significance was 

determined using the Mann-Whitney U test (*p = 0.05). 
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instead fit more accurately in non-biphasic non-linear regression models. This suggests that 

IFN may eliminate the biphasic nature of epirubicin dose-response in MDA-MB-231 cells. To 

further investigate this, the epirubicin concentrations required to induce an equivalent 

decrease in relative cell number to IC501 and IC502 of non-IFN treated cells was compared 

between treatment groups. The statistical significance of these differences were determined 

by Mann Witney U tests. IFNα1 induced a significant 5.6-fold and 9.7-fold increase in IC501 at 

concentrations of 500 and 1000 U/ml, respectively (p = 0.05) (IC501 = 72.7 ± 22.3nM and 155.5 

± 85.1 nM, respectively). However, at the equivalent of IC502, epirubicin concentrations were 

similar to those of non-IFN treated controls in 500 and 1000 U/ml treated cells (563.0 ± 239.0 

and 436.8 ± 169.4 nM, respectively). This suggests IFN induces resistance to the initial 

mechanism of epirubicin anti-cancer activity in a concentration dependant manner but has 

less or no effect on the mechanism induced at higher concentrations. Furthermore, this clear 

IFN-dependant resistance response in the new MDA-MB-231 stock, coupled with the 

previously published IFN-dependant resistance in this cell line, suggests the lack of IFN 

response in the initial MDA-MB-231 cells may have been a result of phenotypic drift. 

 

 

 

 

 

 

Figure 3.6. Dose response curves of MDA-MB-231 cells treated with epirubicin and IFNα1 at 

concentrations of 0 U/ml (Blue line), 250 U/ml (red line), 500 U/ml (purple line) and 1000 U/ml 

(green line). Cells were cultured with IFNα1 or vehicle control for 24 h before treatment with 

chemotherapy and IFNα1 for a further 24 h. cells were then incubation for 72 h in fresh media. 

Cell viability was then assessed through MTT assay. Absorbance from each dose response was then 

normalised to vehicle controls treated with the same concentration of IFNα1. Data represents the 

mean ± SE of 3 biological repeats. 
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3.3.1b AU565, BT-474 and MCF-7 breast cancer cell lines show differential IFN-dependent 

chemoresistance to epirubicin in short-term viability/growth assays 

 

After confirming IFN-dependant epirubicin resistance can be detected through short-term 

viability/growth assays in the positive control cell line (MDA-MB-231), assays were repeated 

at all concentrations of IFNα1 with each other breast cancer cell line (Figure 3.7).  

 

 

 

 

 

 

Like MDA-MB-231 cells, MCF-7 produced a biphasic response to epirubicin. This biphasic 

curve persisted at all IFNα1 treatment concentrations, however a slight significant increase 

in IC501 is seen when treated with 500 U/ml IFN relative to the control (1.3-fold p = 0.05). 

Treatment with 1000 U/ml induced a similar fold increase in IC501 but this increase was not 

significant (1.4-fold). No difference was seen in IC502 at any concentration of IFNα1 in this 

cell line. AU565 and BT-474 did not show a biphasic response to epirubicin. Additionally, 

AU565 showed no change in response to epirubicin at any concentration of IFNα1. BT-474 

however, showed a significant 1.4-fold increase in IC75 when treated with IFNα1 at only the 

250 U/ml (p = 0.05), although, this increase was not maintained at higher concentrations of 

IFNα1.  

 

Figure 3.7. Dose response curves of (A) AU565, (B) BT-474 and (C) MCF-7 cells treated with 

epirubicin and IFNα1 at concentrations of 0 U/ml (Blue line), 250 U/ml (red line), 500 U/ml (purple 

line) and 1000 U/ml (green line). Cells were cultured with IFNα1 or vehicle control for 24 h before 

treatment with chemotherapy and IFNα1 for a further 24 h. cells were then incubation for 72 h in 

fresh media. Cell viability was then assessed through MTT assay. Absorbance from each dose 

response was then normalised to vehicle controls treated with the same concentration of IFNα1. 

Data represents the mean ± SE of 3 biological repeats. 

A B C 
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As AU565 was the only cell line to show no significant response to IFNα1 whatsoever, qPCR 

was performed to determine whether IFNα1 was capable of inducing signalling in this cell 

line. As previously, this was assessed through the expression of MX1. IFN α1 induced a 

significant 127.5 ± 3.7 -fold increase in MX1 expression relative to untreated controls, 

suggesting this cell line is capable of IFN signalling in response to IFNα1 (Figure 3.8). AU565 

was therefore taken forward for the investigation of IFN signalling in docetaxel treatment 

along with the other three cell lines.  

3.3.1c IFN does not induce resistance to docetaxel in breast cancer cell lines in short-term 

viability-growth assays 

To investigate whether IFN-dependant resistance persisted in treatment with other 

chemotherapeutics, MTT assays were repeated with docetaxel in place of epirubicin using 

only the highest dose of IFNα1 (1000 U/ml) or control (Figure 3.9). However, IFNα1 had no 

significant effect on IC50 values in any cell lines tested. 

 

Figure 3.8. Relative expression of MX1 in AU565 cells treated with IFNα1 or vehicle 

control. Cells were seeded and treated with IFNα1 or vehicle control for 24 h. RNA was 

then extracted and MX1 expression was quantified by qPCR. MX1 expression was 

normalised to the expression of ACTB and data is shown as MX1 expression relative to 

vehicle control. Data represents the mean ± SE of 3 biological repeats and significance was 

determined using the Mann-Whitney U test (*p = 0.05). 

* 
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3.3.2 Breast cancer subtypes show differential responses to IFNα1 during chemotherapy 

treatment in long-term growth assays 

To test further for IFN-dependant resistance in breast cancer cell lines, colony forming assays 

were performed to assess the effects of IFNα1 on chemotherapy-induced long-term cell 

survival. Previous research has shown a greater increase in chemoresistance in response to 

IFNα1 in colony forming assays as compared to that observed in MTT assays and therefore 

this may provide a more sensitive measure of IFN-dependant resistance. Cells were treated 

with IFNα1 and chemotherapy for 24 h then reseeded at low density and left to grow in the 

absence of drugs. The replicative potential of cells was then assessed through their ability to 

form colonies.  

Figure 3.9. Dose response curves of (A) MDA- MB-231, (B) AU565, (C) BT-474 and (D) MCF-

7 cells treated with docetaxel and IFNα1 at concentrations of 0 U/ml (Blue line) and 1000 

U/ml (green line). Cells were cultured with IFNα1 or vehicle control for 24 h before 

treatment with chemotherapy and IFNα1 for a further 24 h. cells were then incubation for 

72 h in fresh media. Cell viability was then assessed through MTT assay. Absorbance from 

each dose response was then normalised to vehicle controls treated with the same 

concentration of IFNα1. Data represents the mean ± SE of 3 biological repeats. 
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As previously established (see section 3.3.1), breast cancer cell lines display very different 

growth kinetics. As a result, seeding density was optimised for the formation of an 

appropriate number of colonies in each cell line. The number of colonies produced in the 

untreated control cells must be low enough to allow that resultant colonies are distinct from 

each other and therefore that counting is reliable but must also be high enough that the 

growth inhibitory effects can be accurately measured in the chemotherapy treated cultures. 

Colony numbers between 100 – 200 per plate were considered suitable. 

 

 

 

Optimal seeding densities differed between breast cancer cell lines (Figure 3.10). MDA-MB-

231, MCF-7 and AU565 cell lines were able to produce approximately 100-200 colonies at 

seeding densities of 500 and 750 cells per plate, respectively. BT-474 cells required much 

longer incubation times because of their low growth rate (see Figure 3.1) and data was 

therefore not produced in time for this thesis. 

As well as seeding density, concentrations of chemotherapeutics were optimised due to the 

differential innate resistance of breast cancer cell lines found during MTT assays. Breast 

cancer cell lines were treated with a range of epirubicin or docetaxel doses for 24 h before 

being reseeded for colony forming assays (Figure 3.11); concentrations are necessarily much 

lower than for MTT assays as this alternative assay is far more sensitive to lower amounts of 

DNA damage. Concentrations corresponding to approximate IC50 values were selected for 

Figure 3.10. Colonies formed by breast cancer cell lines seeded at different densities in 10 

cm tissue culture dishes. Cells were incubated for 2 weeks before colonies were fixed, 

stained and counted. Data represents the mean of 2 technical replicates. 
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each cell line (for epirubicin treatment: 10 nM for MDA-MB-231 and MCF-7, and 20 nM for 

AU565; for docetaxel treatment: 1 nM for all cell lines).  

 

 

 

 

After the optimisation of chemotherapy concentrations, colony forming assays were repeated 

at approximate IC50 doses of epirubicin or docetaxel with increasing concentrations of IFNα1 

(0, 250, 500, 1000 U/ml). This assay was initially performed with the positive control cell line 

(MDA-MB-231) and epirubicin.  

 

 

Figure 3.11. Dose-response of breast cancer cell lines to (A) epirubicin and (B) docetaxel 

in colony forming assays. Cells were treated with chemotherapy for 24 h before being 

incubated for 2 weeks. Colonies were then fixed, stained, and counted. Data are 

normalised to vehicle controls and represent the mean ±range of 2 technical replicates. 

Figure 3.12. The effects of IFNα1 on epirubicin treatment in MDA-MB-231 in colony 

forming assays. Cells were cultured with IFNα1 for 24 h before treatment with epirubicin 

(10 nM) and IFNα1 for an additional 24 h. Colonies were then fixed, stained, and counted. 

Data are normalised to vehicle controls and represent the mean ± SE of 3 biological 

replicates. Significance was calculated using the Mann Whitney U test (*p = 0.05). 
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IFNα1 induced epirubicin resistance in a concentration dependant manner in MDA-MB-231 

cells. However, this increase was only significant at 1000 U/ml IFN, where relative survival 

was 27.1 % higher with IFN compared to the epirubicin only treatment (P = 0.05) (Figure 3.12). 

This dose-dependent protection is consistent with both MTT assay results (section 3.3.1a) and 

previously published data, showing IFN-dependant resistance in MDA-MB-231 is reproducible 

both between assays and independent researchers [120]. Colony forming assays were then 

repeated for both other cell lines with epirubicin (Figure 3.13) or docetaxel (Figure 3.14). 

 

 

 

 

 

 

Intriguingly, IFNα1 induced a non-significant decrease in AU565 survival of 21.4 % relative to 

untreated controls (Figure 3.13a). Moreover, in combination with epirubicin, IFNα1 induced 

a dose-dependent decrease in relative survival. IFNα1 significantly decreased survival relative 

to epirubicin alone at 1000 U/ml suggesting IFN has a survival/growth inhibitory effect. 

Figure 3.13. The effects of IFNα1 on epirubicin treatment in (A) AU565 and (B) MCF7 cells 

in colony forming assays. Cells were cultured with IFNα1 for 24 h before treatment with 

epirubicin (20 nM and 10 nM for AU565 and MCF-7 respectively) and IFNα1 for an 

additional 24 h. Colonies were then fixed, stained, and counted. Data are normalised to 

vehicle controls and represent the mean± SE of 3 biological replicates. Significance was 

calculated using the Mann Whitney U test (*p = 0.05).  
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In MCF-7 cells, IFNα1 alone induced a significant 13.0 % increase in clonogenicity (Figure 

3.13b). Moreover, IFNα1 induced a similar increase in clonogenicity at 250 U/ml relative to 

epirubicin treated cells (14.9 %). However, this increase did not persist at higher 

concentrations of IFNα1. I concluded that neither MCF-7 nor AU565 cells showed any 

evidence of IFN-induced chemoprotection as had been seen with MDA-MB-231 cells. 

 

 

 

 

 

With respect to docetaxel, IFNα1 induced no significant changes in number of colonies 

formed after docetaxel treatment in any breast cancer cell line tested (Figure 3.14), a finding 

that is consistent with MTT assays finding of no IFN-induced protection (Figure 3.8). As 

previously (Figure 3.14a), IFN alone induced a significant decrease in colony formation in 

AU565 of 27.8 %, although unlike for the epirubicin treated cells, this decrease did not 

contribute to further reductions in colony formation in combination with docetaxel. I 

concluded that there was no evidence of IFN-dependant protection from docetaxel in any cell 

line. 

3.3.3 IFNα1 caused reduced DNA double-stranded break formation in MDA-MB-231 

treated with epirubicin 

As IFNα1 was capable of inducing resistance to epirubicin but not docetaxel in both short- and 

long-term viability assays, I hypothesised that the mechanism of IFN-dependant resistance 

may be specific to the mechanism of action of epirubicin. Several studies have implicated 

Figure 3.14. The effects of IFNα1 on docetaxel treatment in (A) MDA-MB-231 (B) AU565 

and (C) MCF7 cells in colony forming assays. Cells were cultured with IFNα1 for 24 h before 

treatment with docetaxel (1 nM) and IFNα1 for an additional 24 h. Colonies were then 

fixed, stained, and counted. Data are normalised to vehicle controls and represent the 

mean ± SE of 3 biological replicates. Significance was calculated using the Mann Whitney 

U test (*p = 0.05).  
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type-I IFN signalling in resistance to DNA-damage inducing therapies such as radiotherapy and 

anthracycline-based therapy, both of which induce double stranded breaks [172, 173]. I 

therefore investigated the effects of IFNα1 on DSB formation during epirubicin treatment 

using a γ-H2Ax immunofluorescence assay. H2Ax is a histone protein which is phosphorylated 

(once phosphorylated it is referred to as γ-H2Ax) at the site of DNA double stranded breaks 

and therefore provides a good indication of DSB frequency in cells [174]. 

I first confirmed that epirubicin was capable of inducing H2Ax phosphorylation in MDA-MB-

231. Cells were treated with epirubicin (0, 10, 50 and 100 nM) for 2 h before fixing and 

fluorescent labelling of γ-H2Ax. Images were then taken using a confocal microscope and 

relative H2Ax phosphorylation was assessed through number of foci per cell using image J 

analysis software.  

 

 

To ensure enough data were collected to produce an accurate mean, averages of foci per cell 

were taken in my 100 nM treatment group with an increasing number of cells. A mean of 30 

cells was determined to be sufficient, as mean values using a larger number of cells showed 

only small fluctuations between 12.9 and 13.7 foci per cell (Figure 3.15). Mean foci per cell 

values were then calculated for each treatment group. As expected, epirubicin induced a 

dose-dependent increase in foci number per cell relative to untreated controls using doses 

ranging from 10 to 100 nM (Figure 3.16).  

 

Figure 3.15. Changes in mean γH2Ax Foci per cell as the number of cells measured is 

increased. Nuclear foci were counted using image J. 
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Epirubicin treatment was then repeated in the presence and absence of IFNα1 and γ-H2Ax 

foci were counted. As in the previous experiment epirubicin induced a significant increase in 

H2Ax phosphorylation (P = 0.05). However, the introduction of IFNα1 to epirubicin treatment 

induced a significant 1.8-fold decrease in γ-H2Ax expression (P = 0.05; Figure 3.17). I 

concluded that IFN did potentially decrease the DNA damage induced by epirubicin, and 

therefore that this was most likely a component of the IFN-induced resistance. 

 

Figure 3.16. The effects of epirubicin on γ-H2Ax expression in MDA-MB-231 cells. Cells 

were treated with epirubicin for 24 h before being fixed and fluorescently labelling. (A) 

Imaging was then performed using a confocal microscope and (B) nuclear foci were 

counted using image J. Foci per cell were then normalised to the vehicle control. Data 

represent the mean foci per cell of 30 cells per treatment group. 
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Figure 3.17. The effects of epirubicin and IFNα1 on γ-H2Ax expression in MDA-MB-231 

cells. Cells were pre-treated with IFNα1 (1000 U/ml) for 24 h before treated with 

epirubicin (50 nM) and IFNα1 for an additional 24 h. Cells were then fixed and 

fluorescently labelled. Imaging was then performed using a confocal microscope and 

representative images can be found in (A). (B) Nuclear foci were counted using image J 

and foci per cell were then normalised to the vehicle control. Data represents the mean ± 

SE of 3 biological repeats. Significance was calculated using the Mann Whitney U test (*p 

= 0.05). 
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3.4 Discussion 

Resistance to chemotherapy presents a major obstacle in breast cancer treatment and is 

commonly responsible for local recurrence and metastasis [96]. Therefore, identification of 

resistance pathways may lead to new strategies to overcome resistance and improve 

treatment response rates. A recent paper published by the Hughes group has identified 

paracrine type-I IFN signalling between CAFs and breast cancer cells can induce anthracycline 

resistance in claudin-low TNBC and may be inhibited to improve chemotherapy response 

[120]. Although most prevalently used in TNBC, chemotherapy is also commonly used in the 

treatment of HER2-enriched, luminal B and aggressive luminal A BC subtypes [56].  The role 

of type-I IFN signalling in these subtypes has not yet been established and may present an 

opportunity to expand the potential beneficiaries of chemosensitising treatments in the 

future. This chapter therefore focused on assessing the chemoresistance properties of type-I 

IFN in cell lines representing these breast cancer subtypes. 

The initial aim of this chapter was to establish a viability assay protocol to screen cell lines 

representing 4 breast cancer subtypes for IFN-dependant resistance to anthracyclines. As IFN-

dependant resistance has previously been observed in MDA-MB-231, this was used as my 

positive control [120]. 

3.4.1 Type-I IFNs induce epirubicin resistance in claudin-low TNBC 

The addition of IFNα1 induced a dose-dependent resistance to epirubicin in MDA-MB-231 

cells in both MTT and colony forming assays. Broad et al. has also shown an IFN-dependent 

resistance to epirubicin in two claudin-low TNBC cell lines (MDA-MB-231 and MDA-MB-157) 

through a CAF paracrine signalling mechanism [120]. In this study IFNα1 alone was capable of 

inducing a dose-dependent resistance to epirubicin during colony forming assays. Colony 

forming assays used in this chapter were specifically modelled from those used by Broad et 

al. to allow comparison. At equivalent concentrations of epirubicin and IFNα1 (epirubicin = 10 

nM; IFN = 500 U/ml), IFN induced a similar increase in clonogenicity relative to epirubicin 

alone of between 15 – 20 % [120]. This study also showed inhibition of type-I IFN signalling 

reverted CAF-induced resistance in both cell lines, suggesting inhibition of this pathway could 

be used in the sensitisation of claudin-low TNBC to chemotherapy. Boelens et al. have also 

shown CAF-induced upregulation of IFN signalling to increase resistance to radiotherapy and 

cisplatin treatment in breast cancer cells [162]. Moreover, the cell lines effected by this 
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resistance pathway, including MDA-MB-231 and MDA-MB-157, were representative of 

claudin-low TNBC. However, contrary to the previous study, this paper suggested IFN 

signalling was induced through the release of miRNA containing exosomes which activated 

STAT1 signalling in breast cancer cells through activation of RIG-1. Although this chapter did 

not address the role of CAFs in IFN-dependant resistance, it should be noted I have shown 

exogenous IFNα1 is capable of inducing resistance in concordance with the former study. 

However, this does not exclude the possibility of resistance induced by other means such as 

exosomes. 

3.4.2 Type-I IFNs reduce epirubicin-dependent DNA-damage in the claudin-low TNBC cell 

line MDA-MB-231 

In MTT assays, MDA-MB-231 showed a biphasic dose-response to epirubicin treatment. 

Biphasic response is associated with the presence of multiple mechanisms of cytotoxicity in 

which each curve is associated with a distinct mechanism of action. Evidence of the biphasic 

action of epirubicin can also be observed in the dose response of HCT-116 and LXFL-529 in 

the NCI-60 database 

(https://dtp.cancer.gov/dtpstandard/servlet/dwindex?searchtype=CAS&chemnameboolean

=and&outputformat=html&searchlist=CAS+56390-09-1%0D%0A&Submit=Submit). 

Epirubicin has been shown to induce cytotoxicity through the inhibition of topoisomerase II 

resulting in DNA DSBs as well as through the production of ROS [77]. Biphasic cytotoxicity 

seen in MTT assays could therefore be a result of these two distinct mechanisms of action.  

The addition of IFNα1 resulted in the apparent inhibition of the initial mechanism of reduced 

relative cell number induced by epirubicin in MDA-MB-231 cells. Moreover, 

immunofluorescence assays showed a significant decrease in DNA damage marker, γ-H2Ax, 

induced by epirubicin in the presence of IFNα1. Gewirtz et al. observed protein-associated 

DNA strand breaks, such as those associated with topoisomerase II inhibition, occurred at 

lower anthracycline concentrations whereas free radical induced cytotoxicity was associated 

with higher concentrations [175]. This suggests the induction of DNA DSBs may be responsible 

for the initial dose-response curve observed in MTT assays, which is subsequently inhibited 

by the addition of IFNα1 in MDA-MB-231 cells. In further support of this, IFNα1 had no effect 

on resistance to docetaxel in MTT and colony forming assays, in which the primary mechanism 

of cytotoxicity is not related to DNA damage [176]. 

https://dtp.cancer.gov/dtpstandard/servlet/dwindex?searchtype=CAS&chemnameboolean=and&outputformat=html&searchlist=CAS+56390-09-1%0D%0A&Submit=Submit
https://dtp.cancer.gov/dtpstandard/servlet/dwindex?searchtype=CAS&chemnameboolean=and&outputformat=html&searchlist=CAS+56390-09-1%0D%0A&Submit=Submit
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It should be noted, the mechanism by which IFN α1 reduces γ-H2Ax expression is still 

unknown. This reduction in H2Ax phosphorylation can occur due to a decrease in double-

stranded break formation, suppression of DNA damage repair pathways (reducing H2Ax 

expression or phosphorylation) or an increase in DNA damage repair. Further study of this 

may identify targets for inhibition to sensitise resistant tumours to chemotherapy. 

The involvement of type-I IFN signalling in DNA-damage resistance has been observed in 

several studies [158]. Rickardson et al. found the expression of STAT1 significantly correlated 

with topoisomerase II inhibitor resistance across a panel of 10 human cancer cell lines [172]. 

Moreover, several studies have found an association between expression of a group of ISGs 

known as the IFN-related DNA damage resistance signature (IRDS) and resistance to DNA 

damaging therapies [173]. High expression of ISGs, STAT1, MX1 and OAS1 has been observed 

in breast cancer cell lines resistance to cisplatin and radiotherapy, both of which induce 

apoptosis through DSB formation. Inhibition of STAT1 restored sensitivity to radiotherapy in 

these resistance cell lines [162]. Human squamous carcinoma cells selected for radiotherapy 

resistance have also been shown to have increased expression of an IRDS, which induced 

resistance to both radiotherapy and doxorubicin treatment. Like in the previous study, 

inhibition of STAT1 restored doxorubicin sensitivity. Also, overexpression of STAT1 in the SK-

BR3 breast cancer cell line has been shown to induce doxorubicin resistance [159]. In the 

clinical setting, expression of an IRDS has been associated with poor response to adjuvant 

chemotherapy in a cohort of 295 early breast cancer patients [159]. 

Both pre-clinical and clinical data suggest type-I IFN signalling is capable of inducing DNA 

damage resistance in some cancers. In this chapter, I have shown type-I IFNs can reduce 

epirubicin-induced DSB-formation in the claudin-low TNBC cell line MDA-MB-231, suggesting 

a possible mechanism of resistance to genotoxicity. Further study of the mechanism utilised 

by type-I IFN to reduce DNA damage may provide insight into which chemotherapeutics are 

susceptible to this pathway and how best to inhibit IFN-dependant resistance. 

3.4.3 The effects of Type-I IFNs on chemotherapy response are subtype dependent 

Viability assays were extended to additional cell lines representing three breast cancer 

subtypes. BC cell lines showed different innate resistance to epirubicin with MDA-MB-231 

and BT-474 showing greater resistance than AU565 and MCF-7 cells. This is consistent with 

comparisons found in the literature that show MCF7 to be more sensitive to anthracyclines 



48 
 

than BT-474 and MDA-MB-231 [177]. Three forms of dose-response could be observed in 

breast cancer cell lines treated with epirubicin and IFNα1; (1) biphasic dose response which 

was sensitive to IFN-dependant chemoresistance (MDA-MB-231); (2) biphasic dose-response 

which showed little sensitivity to IFN-dependant resistance (MCF-7); (3) monophasic dose-

response which showed little or no sensitivity to IFN-dependant resistance (AU565 and BT-

474).  

Like MDA-MB-231 cells, MCF7s showed a biphasic response to epirubicin, which has also been 

observed in the literature [178]. Also, like MDA-MB-231, MCF-7 showed a significant increase 

in IC501 but no change in IC502 in the presence of IFNα1, however, this increase was relatively 

small suggesting IFN has a less pronounce effect on resistance in this cell line. This was further 

confirmed in colony forming assays where IFN induced a non-dose dependant increase in 

clonogenicity of MCF-7 in the presence of epirubicin.  

Expression of ISGs has been observed in MCF-7 cells selected for radiotherapy resistance. 

These cells had increased resistance to both tamoxifen and radiotherapy in cell counting 

viability assays, although significance was calculated from technical and not biological 

replicates. Contradictory to results found in this chapter (albeit with epirubicin), IFN signalling 

did not induce resistance to doxorubicin in tamoxifen resistant MCF-7 cells [179].  

In colony forming assays, IFNα1 alone induced an increase in the clonogenicity of MCF-7 cells 

by a similar margin to that seen in combination with epirubicin, suggesting this effect may be 

a result of increased proliferation and unrelated to epirubicin resistance per se. IFN-β 

expressing CAFs have been shown to increase proliferation of MCF-7 cells in co-culture 

models. This increase in proliferation was of a similar level to that seen in this study. 

Moreover, inhibition of IFN-β using monoclonal antibodies in these co-cultures significantly 

reduced cancer cell proliferation to levels similar to those of the cancer cell monocultures 

[163]. High MX1 expression has been associated with the Ki67 marker of proliferation in a 

cohort of 845 early breast cancer patients suggesting IFN signalling may be responsible for 

aggressive proliferative phenotypes [161]. Broad et al. identified a similar proliferative effect 

of type-I IFN in MDA-MB-231 cells using colony forming assays [120]. However, this effect was 

not observed in colony forming assays in this thesis, where IFNα1 had no effect on MDA-MB-

231 clonogenicity in the absence of epirubicin.   
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AU565 showed no sign of IFN-dependant resistance in MTT assays. This absence of resistance 

was not due to a lack of signalling capability as IFNα1 induced MX1 expression in this cell line. 

Furthermore, in colony forming assays, IFNα1 induced a decrease in AU565 clonogenicity and 

further decreased growth potential in combination with epirubicin. The absence of a biphasic 

response of AU565 to epirubicin in MTT assays suggests either a high sensitivity or resistance 

to one mechanism of epirubicin cytotoxicity resulting in only one mechanism of action. As 

shown in MTT assays, IFNα1 may induce resistance to one of multiple mechanisms of 

epirubicin cytotoxicity through reduced DSB formation. An analysis of gene expression in 

breast cancer cell lines showed MDA-MB-231 and MCF-7 to express wild type BRCA 1, a 

protein associated with DNA DSB repair, whereas AU565 showed no measurable expression 

[180, 181]. Cancer cells deficient in BRCA 1 have been shown to have greater sensitivity to 

chemotherapeutics which induced double stranded breaks, including doxorubicin [182]. 

AU565 may therefore have increased sensitivity to epirubicin-induced DSB formation which 

may overcome the resistance effects of IFNα1. However, further study of the effects of IFNα1 

on DSB formation in this cell line are required to define its lack of IFN-dependant resistance.  

Intriguingly, during colony forming assays, IFNα1 induced a decrease in clonogenicity of 

AU565, both alone and in combination with epirubicin. Multiple studies have suggested IFNs 

can have anti-proliferative and cytotoxic activity in some contexts [183]. In the colon cancer 

cell line DU145, IFN α was shown to reduce colony formation which was associated with a 

G0/G1 cell cycle arrest [184]. Moreover, growth inhibitory effects of type-I IFNs has been seen 

in multiple human melanoma cell lines through MTT growth assays [185]. Direct cytotoxic 

effects of type-I IFNs have also been observed in several cancer cell lines [186]. Melanoma 

cells treated with high-dose IFNα1 (5000 U/ml) showed an increase in apoptosis relative to 

controls which was reduced by inhibition of STAT1 [187]. Dedoni et al. also found IFNβ to 

increase cytochrome C release and caspase activation, associated with intrinsic apoptosis in 

neuroblastoma cells [188]. Although, this chapter has shown type-I IFN to have anti-tumour 

activity in AU565s, it is unclear whether this has been caused by an anti-proliferative or 

cytotoxic mechanism, both of which have been observed in the literature. 

In this chapter, IFNα1 reduced the clonogenicity of AU565 to a greater extent in combination 

with epirubicin as compared to alone (28.9 % and 11.4 %, respectively), suggesting it may also 

have a chemosensitising effect in this cell line. This chemosensitisation was shown to be drug-
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specific as IFN did not further decrease the clonogenicity of AU565 cells treated with 

docetaxel. Type-I IFN has been suggested to increase sensitive of MCA205 fibrosarcoma cells 

to doxorubicin in vivo through a TLR3-IFN-CXCL10 signalling axis. IFN induced a significant 

increase in sensitivity to doxorubicin in tlr3-/- tumour cells implanted in mice, which was 

inhibited by the addition of anti-IFNAR1 antibodies, suggesting IFN improves chemotherapy 

response in this context [157]. Due to the anti-tumour effects of IFNα1 seen in this chapter, 

it is likely HER2-enriched BC may not respond well to inhibition of IFN during chemotherapy.  

In this chapter, I have shown the effects of type-I IFNs on chemotherapy response are specific 

to both breast cancer subtypes and chemotherapeutic drugs. These conflicts may also be 

found in the literature where type-I IFNs have been shown to induce both chemosensitisation 

and resistance to anthracyclines in different contexts [120, 157]. The effects of IFN on specific 

cell types are therefore likely dependant on the relative sensitivity of cells to each of these 

conflicting effects, defined by their malignant phenotype. Further study into the specific traits 

associated with IFN-resistance and -sensitising phenotypes is required to better understand 

when inhibition of this pathway may be relevant in improving chemotherapy response. 

It should be noted, the effects of IFN described in this chapter are from in vitro experiments 

performed in monocultures and do not account for the interactions of cancer cells and IFN 

with the TME. IFN has been associated with influencing chemoresistance and sensitivity 

through interactions with multiple TME cells including fibroblasts and lymphocytes [120, 189]. 

Further investigation of IFN-dependant resistance in these cell lines in vivo may therefore give 

a better indication of the susceptibility of BC subtypes in the context of the TME. Additionally, 

only one cell line was used as a representative of each BC subtype in this study and therefore 

is likely not representative of the heterogeneity found within these subtypes. Screening of 

additional cell lines associated with these subtypes would provide a more robust 

representation of the susceptibility of these subtypes to IFN-dependant resistance. Further 

analysis of the associations between type-I IFN, ISG expression and chemotherapy response 

in the clinical setting may also give an indication of which subtypes are affected by this 

resistance pathway.    
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4.3.4 Conclusion 

In conclusion, this chapter has confirmed type-I IFNs are capable of inducing chemoresistance 

in claudin-low TNBC in vitro and suggests this is likely to occur through a reduction in 

anthracycline-induced DNA DSB formation. IFN-dependent resistance was also shown to be 

breast cancer subtype specific as IFN did not induce resistance in cell lines representing HER2-

enriched or luminal A breast cancer in viability assays. Moreover, IFN had no effect on 

resistance to docetaxel in viability assays in any cell line suggesting its mechanism is also 

chemotherapeutic specific. The results of this chapter therefore suggest that inhibition of IFN 

signalling may sensitise tumour cells of claudin-low TNBC patients to anthracycline 

treatments. However, identification of tumours which possess this resistance mechanism will 

be essential in developing sensitising combination therapies. Future studies should focus on 

inhibiting this pathway to restore chemotherapeutic efficacy in vitro and in vivo, with the 

intention of progressing chemosensitising combination treatments into the clinical setting. 
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4. Clinical Relevance of IFN-Dependent Chemoresistance in Metastatic Triple-Negative 

Breast Cancer 

 

4.1 ABSTRACT 

Resistance to chemotherapy is a major issue in the treatment of breast cancer, especially in 

the context of metastasis, where treatment failure is essentially inevitable. As a result, the 

identification of resistance pathways, with the ultimate goal of inhibiting these to sensitise 

tumours to chemotherapy, is essential to improving patient outcomes. Recent work by the 

Hughes group has shown that paracrine CAF-dependant IFN signalling induces resistance to 

chemotherapy in claudin-low TNBC. In this chapter, I therefore evaluated the clinical 

relevance of this resistance pathway in metastatic TNBC. The expression of IFNβ1 and MX1 

was assessed in the malignant and stromal cells of metastatic tumours from a cohort of 27 

TNBC patients using immunohistochemical evaluation. Expression of these IFN signalling 

biomarkers was correlated between cell types to identify active paracrine or autocrine IFN 

signalling. Kaplan-Meier survival analysis was also performed to assess the effects of IFN 

signalling on patient survival. Correlation of IFNβ1 and MX1 expression was further assessed 

in paired primary tumours of 9 patients from the same cohort. The expression of IFNβ1 in 

lymphocytes, but not fibroblasts, was significantly associated with MX1 expression in cancer 

cells of metastatic tumours (r = 0.376; p = 0.049). No correlation was seen in the expression 

of IFNβ1 or MX1 between paired primary and metastatic tumours. Neither expression of 

IFNβ1 or MX1 was associated with survival outcomes in this cohort. This chapter has shown 

paracrine IFN signalling is active within metastatic TNBC tumours between lymphocytes and 

cancer cells. However, no association was seen between this signalling axis and patient 

outcomes probably in part due to the small cohort size of this pilot study. Further studies, 

using a larger cohort, should be performed to assess the effects of IFN signalling on patient 

outcomes in the context of metastasis. 
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4.2 Introduction 

As shown in the previous chapter, as well as in independent work by the Hughes group, type-

I IFNs are capable of inducing chemoresistance in TNBC cell lines. In addition to this, previous 

work by the Hughes group has identified an association between IFNβ1 expression in CAFs 

and MX1 expression in cancer cells in a cohort of 109 primary TNBC patients, suggesting 

paracrine IFN signalling occurs between these cells in actual tumours. Furthermore, 

expression of both IFNβ1 in CAFs and MX1 in cancer cells were significantly associated with 

poor disease-free survival in the same cohort [120]. High expression of MX1 has additionally 

been associated with poor prognosis in a cohort of 845 primary breast cancer patients [161]. 

Inhibition of this signalling pathway therefore has the potential to improved disease free 

survival in breast cancer patients. 

Although the role of type-I IFNs has been described in primary breast cancer, little is known 

about their roles in breast cancer metastases and whether the association with poor 

outcomes is maintained in this context. Moreover, the primary and metastatic tumour 

microenvironment show distinct characteristics, including the origins and phenotypes of CAFs 

and therefore the source of IFN may differ in metastatic breast cancer tumours [128]. 

Metastasis in breast cancer is not curable using currently available therapies, and treatment 

in this context is palliative [190]. This is largely due to the high occurrence of chemoresistance 

in metastatic disease that is often acquired in breast cancer cells during treatment for primary 

disease [191]. Investigating the relevance of primary breast cancer resistance pathways in 

metastatic disease may therefore lead to opportunities to overcome chemoresistance in 

tumours which have already metastasised, improving outcomes for patients. 

In this chapter, I therefore investigated the potential of IFNβ1 and MX1 as predictive markers 

of chemotherapy response in metastatic breast cancer through evaluation of their expression 

in metastatic tumours in association with survival. 
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4.3 Results 

4.3.1. Assembling a cohort of metastatic TNBC tissues 

To assess the relevance of IFN-dependant chemoresistance and identify the relevant cellular 

source of IFN in metastatic TNBC, a cohort of 31 metastatic triple negative breast cancer 

samples from 31 patients were collected. The patients from whom these samples were taken 

all had primary TNBC, were treated with surgery and cytotoxic chemotherapy, and 

subsequently suffered metastatic recurrences. In 13 cases, it was also possible to collect a 

paired primary TNBC tumour tissue sample. 3 patients were subsequently excluded from the 

cohort due to limited available tissue whilst one was excluded because the tumour was a rare 

form of myoepithelioma, leaving a final cohort of 27 patients with 9 paired primary tissues. A 

summary of the clinicopathological features and treatment regimens of this final cohort can 

be seen in Table 4.1. 

 Table 4.1 Summary of the clinicopathological features and treatment regimens for a 

cohort of metastatic triple negative breast cancers. 
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The aim of using these samples was to assess evidence for active IFN signalling in the breast 

cancer cells in both the primary and metastatic setting to determine whether signalling in the 

primary setting is associated with active signalling in the matched metastatic sample, and 

whether active signalling in either sample is associated with poor response to chemotherapy 

in terms of a shorter disease free survival between primary and recurrence and/or a shorter 

overall survival after diagnosis with metastases.  It should be noted that the cohort is not well 

powered for these analyses, but it comprises all the suitable samples available – therefore 

this analysis should be regarded as preliminary and hypothesis generating. 

As previously, IFN signalling was assessed by determining expression analysis of both IFNβ1 

and MX1 [120]. MX1 is an ISG which has been shown to increase in expression during IFN-

induced signalling and is therefore used as an indicator of active IFN signalling within the 

cancer cells in this analysis, whereas IFNβ1 is a driver of IFN signalling previously shown to be 

released from the cancer associated fibroblast component of the primary breast cancer 

tissues.  

4.3.2. Optimisation of IFNβ1 and MX1 staining and quantification 

Optimal dilution of primary antibodies was determined prior to staining of the tissues 

representing full cohort for both IFNβ1 and MX1 antibodies. This was performed to ensure 

staining was both antigen specific and sensitive to changes in expression (allowing 

identification of different levels of antigen expression). The antibodies chosen for this analysis 

have been used in previous assessment of IFNβ1 and MX1 expression in primary breast cancer 

and therefore I used the optimised dilutions from this study in my initial staining [120]. To 

ensure similar staining I also used the same conditions and protocol for antigen retrieval and 

blocking, which similarly effect staining specificity and intensity. 

A cohort of 5 primary breast cancer tissues were used in the optimisation of staining. Staining 

appeared specific in both IFNβ1 and MX1 stained tissues in that both negative and positive 

cells could clearly be identified in the same region (Figure 4.1a). IFNβ1 was found to be 

expressed in the cytoplasm of most identified cell types including cancer cells, fibroblasts, 

lymphocytes, endothelial cells, and macrophages. Similarly, MX1 was expressed in the 

cytoplasm of cells and could be expressed by multiple cell types. 
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To further assess the ability of my staining protocol to show variation in staining intensity 

between tumours, further staining was performed on a tissue microarray of primary breast 

cancers. Staining varied considerably between tumours both in intensity and proportion of 

cells stained when stained for either IFNβ1 or MX1 (Figure 4.1b). Tissue was also expertly 

assessed by Dr Eldo Verghese (Consultant Breast Histopathologist), who confirmed staining 

appeared specific.  

Prior to staining of the full cohort, haematoxylin and eosin staining was performed on all 

tissues, and samples with no cancer cells present or limited tissue were removed from the 

cohort. 3 samples showed no cancerous tissue and were therefore removed from the cohort. 

Another was identified by Dr Eldo Verghese as a rare form of myoepithelioma. This form of 

breast cancer is extremely rare with distinct and ill-defined prognosis and was therefore 

Figure 4.1 Representative images of primary breast cancer tissue stained for IFNβ1 and 

MX1 for the optimisation of IHC staining protocol in (A) full tissue samples and (B) TMAs. 
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removed from the cohort. This resulted in a cohort of 27 metastatic breast cancer tissues and 

9 paired primary breast cancer tissues. The full cohort of tissues was stained for both IFNβ1 

and MX1 expression.  

 

 

 

Parameters were developed to score expression of IFNβ1 and MX1 semi-quantitatively in 

consultation with Dr Eldo Verghese. For IFNβ1, cancer cells were scored for both intensity and 

proportion of cancer cells staining positively, as both factors appeared to vary between 

tissues. Intensity was measured on a scale of 1-3 (1 = weak, 2 = intermediate, 3 = strong) 

(Figure 4.2a). The proportion of cells stained was also measured on a scale of 1-3 with defined 

percentage cut offs for each score (1 = 1 - 50 %, 2 = 51 - 75 %, 3 = >75 %). Scores for intensity 

and proportion were then added together to produce a score of 2 to 6. Similarly, MX1 was 

Figure 4.2. Images of immunohistochemical staining in metastatic breast cancer tissue for 

(A) IFNβ1 and (B) MX1, representative of tissues typical of each intensity scoring.  MX1 

intensity = 1 is not represented as no examples are found within the cohort. 
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scored for both intensity and portion of cells stained, however scoring for intensity was on a 

scale of 0-3 as some tumours showed no MX1 expression (0 = no staining, 1 = weak, 2 = 

intermediate, 3 = strong) (Figure 4.2b). Cut offs for staining coverage also differed from IFNβ1 

scoring as MX1 was typically expressed at lower levels (0 = no staining, 1 = <15 %, 2 = 16 – 30 

%, 3 = > 30 %). Scores for MX1 were also combined to produce a score of 0 to 6. Expression 

of IFNβ1 and MX1 also showed variability in cancer-associated fibroblasts and lymphocytes. 

Scoring was performed individually for these two cell types for proportion of cells stained on 

a scale of 0-2 (0 = no staining, 1 = < 50 %, 2 = > 50 %) (Figure 4.3). Having outlined a scoring 

strategy, the full cohort was scored by eye using a light microscope.  

 

 

Once scored, expression scores were validated by assessing the agreement between two 

independent scorers (myself and Dr Eldo Verghese). 24 % of the tissues were independently 

scored by Dr Eldo Verghese for expression of both IFNβ1 and MX1 and inter-scorer 

concordance was assessed through the Cohen’s Kappa statistical method, which considers 

both relative observer agreement and the probability of chance agreement. For IFNβ1 

expression, Cohen’s Kappa statistics showed substantial agreement for both intensity and 

Figure 4.3. Representative Images of lymphocytes and fibroblasts which are expressing or 

not expressing (A) IFNβ1 and (B) MX1. 
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coverage (0.71 and 0.66, respectively). Similarly, MX1 expression analysis showed a 

substantial agreement in inter-scorer concordance in both intensity and coverage (0.81 and 

0.66 respectively). 

Both IFNβ1 and MX1 were expressed at a wide range of levels in both cancer and stromal 

cells. Distribution of scores for metastatic and primary tumours are found in Figures 4.4 and 

4.5 respectively. 

 

 

 

 

 

4.3.3. Expression of INFβ1 in lymphocytes correlates with MX1 expression in metastatic 

breast cancer cells 

 

To determine the source of IFNβ1 that induces IFN signalling in metastatic breast cancer cells, 

IFNβ1 expression in lymphocytes, fibroblasts and cancer cells was correlated with MX1 

expression in cancer cells using Spearman’s rho. IFNβ1 expression in cancer cells showed no 

correlation with MX1 expression in cancer cells (r = -0.015; p = 0.939). Similarly, no significant 

Figure 4.4. Score distributions of IFN β1 (black) and MX1 (grey) in the metastatic TNBC 

cohort, in (A) cancer cell, (B) fibroblasts and (C) lymphocytes 

Figure 4.5. Score distributions of IFN β1 (black) and MX1 (grey) in paired primary breast 

cancer tissues of the metastatic TNBC cohort in (A) cancer cells, (B) fibroblasts and (C) 

lymphocytes 
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correlation was observed between IFNβ1 expression in fibroblasts and MX1 expression in 

cancer cells (r = 0.247; p = 0.206). However, analysis in stromal cells showed a significant 

positive correlation between IFNβ1 expression in lymphocytes and MX1 expression in 

metastatic cancer cells (r= 0.376; p = 0.049).  

This analysis was then reperformed in primary breast cancer tissues. No correlation was 

observed between lymphocyte or cancer cell IFNβ1 expression and MX1 expression in cancer 

cells (r = 0.315; p = 0.443 and r = 0.00; p = 0.771, for lymphocytes and cancer cells 

respectively). However, a correlation was seen between fibroblast IFNβ1 and cancer cell MX1 

expression which was close to significance (r = 0.685; p = 0.086). 

To determine whether IFN signalling in cancer or stromal cells from primary tumours 

persisted in the metastatic tumours, Spearman’s Rho correlations were performed for 

expression of IFNβ1 or MX1 between cells of the same type in paired primary and metastatic 

tumours. No significant correlation was observed in IFNβ1 or MX1 expression between 

primary cells of any tested cell type with paired metastatic cells of the same type (Table 4.2). 

 

 

 

4.3.4 Lymphocyte IFNβ1 and cancer cell MX1 expression does not correlate with survival in 

a metastatic TNBC cohort 

 

As a significant correlation was observed between IFN β1 in lymphocytes and MX1 expression 

in metastatic breast cancer cells, Kaplan-Meier survival analysis was performed to identify 

any association between expression and patient survival. For this analysis, the cohort was 

Table 4.2. Spearman’s Rho correlations of the expression of IFNβ1 or MX1 in paired 

primary and metastatic tumour cells of the same cell type. 
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separated into high and low expression of lymphocyte IFNβ1 and cancer cell MX1. Tissues 

with an IFNβ1 expression score of 0 in lymphocytes were considered low-expressing whereas 

those with expression of 1-2 were considered high-expressing. MX1 expression ≤ 3 in 

metastatic cancer cells was considered low whilst expression > 3 was considered high. Kaplan-

Meier curves were then produced for overall survival (OS), progression-free survival (PFS), 

and post-metastasis survival (PMS). No significant difference in OS, PFS or PMS was observed 

between high and low IFNβ1 or MX1 expressing groups (Figure 4.6). 

 

 

 

 

 

As seen in chapter three, IFN-dependant resistance is apparently caused by a reduction in 

chemotherapy-induced DNA damage. I therefore reperformed Kaplan-Meier analysis 

including only patients treated with DNA-damaging agents during treatment of metastatic 

tumours. Like the full cohort, no significant change in PMS was observed between groups for 

IFN β1 (p = 0.77) or MX1 (p = 0.31) (Figure 4.7).  

 

Figure 4.6. Kaplan-Meier analysis of breast cancer survival outcomes (overall survival, 

survival post-metastasis and progression-free survival) in metastatic TNBC cancer patients 

(n= 27). Patients were separated into groups defined by (A) expression of MX1 in 

metastatic cancer cells or (B) expression of IFNβ1 in tumour infiltrating lymphocytes as 

determined by immunohistochemically analysis. 
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As no correlation was observed between expression of IFNβ1 or MX1 and patient survival, I 

investigated the ability of tumour grade, a well-established prognostic marker in breast 

cancer, to predict overall survival in this cohort through Kaplan-Meier survival analysis (Figure 

4.8). Although patients with grade 3 tumours appeared to have worse overall survival (note 

the steep decrease in survival in this group relative to the grade 2 tumour group in Figure 4.8) 

no significant difference in OS was identified (p = 0.667).  

 

 

 

 

Figure 4.7. Kaplan-Meier analysis of survival post-metastasis in metastatic TNBC cancer 

patients treated with DNA-damaging agents as part their treatment of metastatic breast 

cancer (n = 20). Patients were separated into groups defined by (A) expression of MX1 in 

metastatic cancer cells or (B) expression of IFNβ1 in tumour infiltrating lymphocytes as 

determined by immunohistochemically analysis. 

 

Figure 4.8. Kaplan-Meier analysis of breast cancer overall survival in metastatic TNBC 

cancer patients (n= 25). Patients were separated into groups defined by the grade of the 

primary tumour. 
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4.3.5 CAF IFNβ1 and cancer cell MX1 expression do not correlate with survival in primary 

breast cancer tissue 

 

In paired primary TNBC tumours IFN β1 expression in CAFs showed a correlation with MX1 

expression in cancer cells which was close to significance. Moreover, significant correlation 

between CAF IFNβ1 expression and cancer cell MX1 expression has been observed in a 

previous study using a larger cohort [120]. Association between expression of these two 

markers and survival was therefore analysed using Kaplan-Meier survival analysis (expression 

cut offs for MX1 are the same as those in section 4.3.4; cut-offs for IFNβ1 in CAFs are the same 

as those in lymphocytes in section 4.3.4). No significant difference in OS or PFS was observed 

between high and low expressing IFN β1 or MX1 groups (Figure 4.9). 

 

 

 

 

 

 

Figure 4.9. Kaplan-Meier analysis of breast cancer overall survival and progression-free 

survival in primary TNBC cancer patients (n = 9). Patients were separated into groups 

defined by (A) expression of MX1 in metastatic cancer cells or (B) expression of IFNβ1 in 

tumour infiltrating lymphocytes as determined by immunohistochemically analysis. 
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4.4 Discussion 

Identification of prognostic markers in metastatic breast cancer may lead to improved 

treatment options and longer overall survival in this group. Active paracrine type-I IFN 

signalling has been previously identified in a cohort of 109 primary TNBC patients and was 

significantly associated with poor disease-free survival [120]. In this chapter, I therefore 

assessed the presence of active IFN signalling in metastatic breast cancer and evaluated its 

potential as a prognostic marker in this group, through a preliminary, hypothesis generating 

study. 

4.4.1 Active type-I IFN signaling occurs between lymphocytes and cancer cells in 

metastatic TNBC   

Previous work by the Hughes group has shown a significant correlation between IFNβ1 

expression in CAFs and MX1 expression in primary TNBC cells, suggesting active paracrine 

signalling between these cell types [120]. In this chapter, a similar correlation was also 

observed in primary TNBC tumours, however this correlation was found to be not significant 

by a small margin (r = 0.685 ; p = 0.086). The lack of significance in this study may have been 

due to the substantially smaller cohort of primary tissues (n = 9). Considering this, the 

correlation between IFNβ1 expression in CAFs and MX1 expression in primary breast cancer 

cells is in agreement with that of previous research but may require a larger cohort for 

statistical conformation. 

In the context of metastasis, this chapter showed no association between CAF IFNβ1 

expression and metastatic cancer cell MX1 expression, suggesting this paracrine signalling axis 

may not persist in metastatic breast cancer. Evaluation of metastatic CAF expression of type-

I IFNs is scarce within the literature. However, transcriptomic analysis of CAFs originating from 

primary and metastatic tumours, showed IFN signalling was the most prominently up-

regulated pathway in metastatic CAFs relative to primary CAFs. Moreover, metastatic CAFs 

cocultured with breast cancer cell lines induce a greater increase in resistance to doxorubicin 

in cancer cells relative to coculture with primary CAFs [129]. However, no direct association 

was made between CAF-dependant paracrine IFN signalling and chemoresistance suggesting 

further research into the implications of this signalling axis in metastatic chemoresistance is 

required. 
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Intriguingly, the IFNβ1 expression of lymphocytes in the TME was significantly correlated with 

MX1 expression in metastatic breast cancer cells. This suggests the source of IFN may shift 

from CAFs to lymphocytes in the metastatic TME. In primary breast cancer, lymphocyte 

infiltration of tumours is associated with improved prognosis, particularly in TNBC [192]. 

However, the role of lymphocytes in the metastatic setting is less clear. A study of 85 

metastatic breast cancer tumours showed a significant association between increased 

tumour infiltrating lymphocyte abundance and improved prognosis [193, 194]. Contradictory 

to this, no association was found between T-lymphocyte abundance and prognosis in a cohort 

of 34 metastatic patients, however, the abundance of regulatory T-lymphocytes (Tregs) was 

significantly associated with worse post-recurrence survival [134]. This suggest specific 

lymphocyte subtypes contribute to a pro-tumorigenic state of the TME however, as in this 

study, the cohort size for this analysis was limited.  

In this chapter, neither lymphocyte IFNβ1 expression or cancer cell MX1 expression correlated 

with OS, PFS or PMS in this cohort. Although this could suggest IFN signalling has no effect on 

the progression of metastatic breast cancer, this study was limited in statistical power due to 

the low number of patients in this cohort, which may reduce the likelihood of identifying 

significant associations. The statistical power of OS and PMS associations were further 

reduced as 5 patients were alive and were therefore censored during analysis. The low power 

in this study is exemplified by the lack of significant differences in OS between high- and low-

grade tumours (Figure 4.8), which is a well-established prognostic marker in breast cancer 

[195].  

Broad et al. showed paracrine IFN signalling was associated with poor disease-free survival in 

claudin-low but not claudin-high TNBC [120]. In this chapter, patients were not separated 

based on the expression of claudin-3, as in the latter study, and therefore the cohort likely 

consisted of a mix of claudin-low and claudin-high TNBCs. This may have further reduced the 

strength of associations between IFN signalling and survival, and separation of these groups 

may be required in future studies. 

As well as the size of the cohort, the distinct characteristics of different metastatic sites may 

affect the contribution of IFN signalling to cancer progression and thus reduce the strength of 

associations between markers and patient survival. For example, during gene expression 

profiling, CAFs taken from breast cancer metastases of the skin and lungs formed a distinct 
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cluster from those taken from metastasis of the liver, suggesting they may behave differently 

within the TME [129]. Moreover, the ratio of CD8+ and FOXP3+ lymphocytes (Tregs) was found 

to differ between sites of breast cancer metastasis, with skin metastasis showing significantly 

higher abundance of FOXP3+ lymphocytes than other sites [196].  

It should also be noted, other cells of the TME were not considered in this study including 

tumour associated macrophages (TAMs) and tumour infiltrating neutrophils (TINs). This was 

partially due to the difficulty of accurately identifying these cell types in tissues without 

additional cell-specific immunohistochemical markers. In breast cancer, a greater abundance 

of M2-like macrophages was identified in metastatic tumours relative to paired primary 

tumours in a cohort of 49 patients [133]. M2-like macrophages have been shown to have pro-

tumorigenic properties and their abundance in the TME has been associated with poor 

survival in multiple breast cancer studies [197]. Additionally, TAMs have been shown to 

increase breast cancer resistance to taxols in vivo as well as increased resistance to 

doxorubicin in co-culture models [198]. Similarly, TINs have been associated with tumour 

progression and increased risk of metastasis [199]. In breast cancer high abundance of TINs, 

post neo-adjuvant therapy, was significantly associated with poor prognosis suggesting they 

may also play a role in therapy resistance [200]. As both cell types have been associated with 

poor prognosis and treatment resistance in breast cancer, these cell types should be 

considered in future investigations of IFN-dependant resistance in metastatic tumours. 

The expression of IFN signalling markers was also not considered in metastasis-site specific 

cells due to the limited number of tumours from each metastatic site in this cohort. However, 

multiple site-specific cells have been implicated in metastatic breast cancer progression [127]. 

Cancer cells in bone metastasis have been shown to increase osteoclast activity and bone 

resorption leading to release of TGFβ which has pro-tumorigenic affects [201]. Moreover, 

Kupffer cells have also been shown to secrete growth factors and inflammatory cytokines 

promoting the establishment of metastasis in the liver [202]. Consideration of these cells in 

future studies may identify further sources of IFN paracrine signalling in breast cancer 

metastasis. 

4.4.2 Conclusions 

This chapter has shown IFN signalling occurs within the TME of metastatic TNBC breast 

cancer, although was unable to identify any associations between IFN signalling and survival 
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in this context. As a hypothesis generating study, this was expected due to the small cohort 

and therefore low power of statistical analysis. However, correlations between expression of 

type-I IFNs in lymphocytes and MX1 expression in metastatic cancer cells suggests this 

pathway may still influence cancer progression within metastatic TNBC breast cancer. Further 

studies, into the influence of this paracrine signalling pathway on metastatic breast cancer 

outcomes should therefore be performed using larger cohorts. In future studies, the 

expression of claudin-3 should also be considered as previous studies have associated IFN-

dependant resistance with claudin-low TNBCs specifically. Additionally, the role of metastasis-

site specific cells as well as further immune cells of the TME should be considered in future 

studies due to their role in chemoresistance found in the literature. Further investigation of 

IFN signalling in metastatic breast cancer patients may lead to new treatment strategies and 

improved response to chemotherapy in this group.       
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5 Discussion 

Despite the development of targeted therapies that have improved survival in several breast 

cancer subtypes, a third of patients still rely on systemic chemotherapy as a component of 

their treatment for breast cancer [28]. The development of resistance to chemotherapy is the 

most common cause of relapse and metastasis, which is not considered curable using current 

treatments; therefore, resistance presents a major obstacle in breast cancer treatment [96]. 

Although, several new targeted therapies are currently being introduced, such as PD-L1 

inhibitors and CDK 4/6 inhibitors, these are not applicable in all cases and developing new 

target treatments can take a long time [203, 204]. An alternative solution is to inhibit 

resistance pathways to sensitise cells to chemotherapy and improve treatment response 

using drugs that are already approved for clinical use, thus reducing the time taken in clinical 

testing. To achieve this, it is therefore essential to identify chemoresistance pathways which 

can be inhibited to improve treatment response. 

5.1 Type-I IFN-dependant resistance in breast cancer subtypes and metastasis 

This thesis showed IFN-dependant resistance, identified in claudin-low TNBC, is subtype 

dependant and may not be induced in other subtypes. For example, IFN-induced resistance 

was not evident in the luminal A breast cancer cell line, MCF-7. Additionally, in a cell line that 

is representative of the HER2-enriched subtype, AU565, type-I IFN induced dose dependant 

chemosensitisation, as opposed to resistance. Due to the heterogeneity in response of 

different breast cancer subtypes, biomarkers to identify IFN-dependant resistant tumours will 

be essential in identifying patients who will benefit from additional sensitisation therapies 

(see section 5.2 below).  

Additionally, clinical evaluation showed paracrine type-I IFN signalling is active within the 

metastatic TME of TNBC but failed to show an association between this signalling and survival. 

It should be noted, clinical evaluation of this resistance pathway in metastasis was only 

performed in TNBC. Although IFN-dependant resistance was not found in vitro in luminal A 

and HER2-enriched breast cancer cell lines, this resistance pathway may still occur within 

metastasis of these subtypes. Genetic and expression analysis of paired primary and 

metastatic breast cancer cells have shown them to be distinct, which may influence their 

response to treatment [205-207]. Moreover, cells of the TME are distinct within primary and 

metastatic tumours both in abundance and expression profiles [129, 133, 208]. Transcriptome 
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analysis of CAFs from paired primary and metastatic tumours showed IFN signalling to be the 

most upregulated pathway in metastatic verses primary CAFs, suggesting this signalling 

pathway can be increased in the metastatic TME [129]. As a result, evaluation of this signalling 

pathway in metastasis should be expanded to other breast cancer subtypes. 

5.2 Targeting Type-I IFN signalling during chemotherapy 

In this thesis I have shown type-I IFNs are capable of inducing anthracycline resistance in 

claudin-low TNBC breast cancer cell line, MDA-MB-231 through in vitro viability assays. This 

therefore presents an opportunity for intervention, through inhibition of IFN signalling in 

order to sensitise claudin-low TNBC cells to chemotherapy.  

Several inhibitors of JAK/STAT signalling have already been developed, such as ruxolitinib 

which is currently used in the treatment of myelofibrosis and graft vs host disease [209]. As 

ruxolitinib has already been approved for clinical use with established pharmacokinetics and 

pharmacodynamics, combination treatments may be developed relatively quickly to improve 

treatment response in these patients [210].  

Additionally, several clinical trials have previously investigated the use of ruxolitinib in breast 

cancer and have shown it is well tolerated in this context [211]. Ruxolitinib as a monotherapy 

was well tolerated in patients with STAT3-positive metastatic TNBC and showed on-target 

activity assessed through expression of JAK-STAT target genes in a non-randomised phase II 

clinical trial. However, this study was discontinued as it failed to show clinical response [212]. 

In the context of combination therapies, a randomised phase II clinical trial assessing 

ruxolitinib in combination with capecitabine, in patients with HER2-negative breast cancer, 

showed that ruxolitinib was generally tolerable, however showed no improvement in OS or 

PFS relative to the capecitabine plus placebo arm [213]. Similarly, ruxolitinib in combination 

with weekly paclitaxel was well tolerated and showed evidence of clinical activity in a phase I 

clinical trial [214]. Several additional clinical trials are also either recruiting or active in the 

investigation of ruxolitinib in breast cancer treatment (NCT03012230 and MCT02876302).  

Although clinical trials have shown little evidence of clinical activity of ruxolitinib in 

chemosensitisation, based on the results of this thesis, this may be improved by targeting 

these treatments to those with claudin-low TNBC. Additionally, this thesis has shown IFN-

dependant resistance to epirubicin but not docetaxel suggesting combination of JAK 
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inhibitors with anthracyclines but not taxanes may be beneficial in these patients. In future 

studies, evaluation of the ability of ruxolitinib and other JAK inhibitors to inhibit IFN-

dependant resistance in vitro and in vivo should be assessed in the context of claudin-low 

TNBC, with the intention of progressing combination treatments to clinical trials. 

Furthermore, as this thesis has shown paracrine IFN signalling to be active in metastatic TNBC 

(specifically between lymphocytes and cancer cells), clinical studies, through 

immunohistochemical evaluation of IFN signalling markers, should be performed with a larger 

cohort to assess the relevance of this pathway in metastatic TNBC. 

5.3 Conclusion 

In conclusion, type-I IFNs are capable of inducing resistance to chemotherapy in vitro in a 

subtype and chemotherapeutic dependent manner. The results of this thesis suggests 

targeting IFN inhibiting therapies to claudin-low TNBC patients in the context of anthracycline 

treatment may sensitise patients to chemotherapy and improve therapy response. Moreover, 

paracrine type-I IFN signalling was shown to persist in metastatic TNBC, although the origin 

of type-I IFNs may differ between primary and metastatic tumours. Further investigation of 

this pathway using a larger cohort is required to determine the effects of this signalling axis 

on survival in metastatic breast cancer.  
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