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Abstract 
 

Background: Late-stage breast cancer often recurs in bone. Neoadjuvant Zoledronic Acid (Zol) 

combined with standard of care can reduce bone metastases in pre- and post- menopausal women 

while prolonging life in post-menopausal women. However, pre-menopausal women experience 

worse iDFS and increased soft tissue tumour recurrence. Zol and oestrogen can both affect bone 

homeostasis and immune cells. Therefore, we hypothesise that oestrogen may inhibit anti-tumour 

activities of Zol in pre-menopausal women through immune regulatory pathways, and that 

combination therapy with Avelumab and Zol could improve treatment efficacy.  

Methods: Menopausal conditions were modelled in mice by ovariectomy followed by 10 pM/L, 84 

pM/L and 300pM/L oestradiol. Metastases were induced by intracardiac injection of mouse mammary 

cancer E0771 and 4T1 cells before treatment with 100ug/kg/week Zol or control. Effects on tumours, 

bone, immune cells and hormones were assessed by IVIS imaging, uCT, flowcytometry, NanoString 

and ELISA. In same model, mice were treated with 400µg/kg every 2-days Avelumab in combination 

with Zol. 

Finding: Ovariectomy followed by oestrogen administration (n=15 per group) reliably recreated pre- 

peri and post- menopausal serum concentrations, while trabecular bone volume was significantly 

decreased under postmenopausal oestradiol (p<0.0001). Non-bone metastasis in pre-menopausal 

mice increased following Zol treatment, mirroring clinical findings. Data from flowcytometry and 

Nanostring analysis suggest that Zol and oestradiol exert deferential effects on immune populations, 

with oestrogen increasing M2 macrophage populations while decreasing B cells (P= 0.0091), and Zol 

increasing M1 (P=0.0374) populations, increasing T cells and decreasing PD-1 expression in the bone. 

Combination therapy with Avelumab and Zol significantly reduced metastasis to bone (P=0.0011) and 

lung (P=0.0004), irrespective of oestradiol concentrations, while increasing T cell activity.  

Conclusions: Oestradiol inhibits the anti-metastatic effect of Zol by inducing a pro-tumour immune 

microenvironment. Novel combination therapy with the anti PD-L1 Avelumab removes this inhibition 

and prevents bone and soft tissue metastasis.  
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1.1 Background 

Breast cancer is the most common form of cancer in women, resulting in 11,563 deaths in the 

UK alone in 2016 (Cancer Research UK). Furthermore, in 2011 the national audit office estimated the 

NHS annually spent over £6.7 billion on the treatment of cancer, with the economic cost from patient 

deaths and loss of productivity bringing this figure up to a staggering £18.3 billion (Creighton et al., 

2015). This highlights the need for new treatments for breast cancer patients to increase patient 

survival, decrease suffering, and reduce economic burden. It is rarely the primary tumour in breast 

cancer that causes fatalities, but its dissemination and growth in distal organs forming secondary 

incurable tumours around the body, resulting in mortality (Jin and Mu, 2015).  

Metastasis occurs independently of the breast cancer subtype. Oestrogen Receptor (ER)+ve 

breast cancers preferentially metastasise to bone and ER-ve preferentially metastasise to lung and 

although lung metastases often occur soon after removal of the primary tumour, recurrence in bone 

is commonly not detected until many years after removal of the primary tumour. However, recurrence 

in any metastatic site can occur at any time point with recent data showing increased incidence of 

recurrence associated with increased time post primary tumour removal (Colzani et al., 2014). Once 

secondary tumours have formed, breast cancer is considered incurable with few effective treatments 

available. Breast cancers metastasise to bone, lung, liver and brain, with the bone being the most 

common site (Roodman, 2004). Therefore, finding new drugs or repurposing old drugs to prevent 

bone metastasis is important for reducing mortality in breast cancer patients. Bisphosphonates, a class 

of bone targeting agents used to treat osteoporosis and prevent bone loss, have shown promise at 

preventing bone metastasis in both the lab and the clinic. 

 

1.2 Breast cancer 

Breast cancers are graded and characterised using three different classification systems. One 

system assesses tumours for aggressiveness using the tumour, node, metastasis (TNM) stage system 

which factors in: Tumour size and location, lymph node involvement and distant metastasis (Table 

1.1). This clinical classification can be accompanied by classification according to receptor expression, 

most notably oestrogen and progesterone hormone receptors (HR), the proliferation marker Ki-67, as 

well as HER2 expression (Sorlie et al., 2003). Expression of these markers are not only important for 

informing treatment options (Braunstein et al., 2015), but can also predict likely recurrence and 

metastatic sites and are used to determine which subtype a breast cancer is classified into (Table 1.2). 
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A third grading system is also used to predict the outcome of breast cancers, the Nottingham 

grading system (NGS). This is a histological grading system based on the evaluation of three 

morphological features in the tumours: the degree of tubule or gland formation, the nuclear 

pleomorphism and the mitotic count (Elston and Ellis, 1991). Studies have shown that NGS has 

prognostic value equal to that of lymph node status  and above simple tumour size grading (Sundquist 

et al., 1999). Therefore, in the clinic, NGS is often used in combination with lymph node status and 

tumour size to determine the tumour grade. Furthermore, NGS is an inexpensive and simple grading 

system that does not require access to expensive new technologies. Studies suggest that molecular 

characterisation of tumours should become the gold standard of breast cancer grading, with NGS 

receiving criticism due to the subjective nature of histological grading (Peppercorn et al., 2008). 

However, evidence suggests that newer molecular tests should be used to compliment the histological 

grading, not replace it, providing optimal predictive behaviours to ensure the best therapy for patients 

(Rakha et al., 2010). 

Table 1.1: Tumour, Node, Metastasis staging for breast cancer classification 
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1.3 Metastasis 

Due to an increase in screening and more successful treatments for primary breast cancer 

patients, the breast cancer survival rate has almost doubled over the last 40 years (Cancer Research 

UK). However, treatments have not improved significantly for breast cancers that have spread and 

consequently most breast cancer related deaths are due to metastasis, which is often resistant to 

therapies and difficult to remove by surgery (Langley and Fidler, 2007). In order to metastasise, 

tumour cells must undergo a series of transformations in the primary site, named the epithelial to 

Table 1.2: Breast cancer molecular and hormone receptor classification showing expression of hormone 
receptors, HER2 and KI-67, and predicting growth characteristics and metastatic tendencies 
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mesenchymal transition (EMT) (Thiery, 2003) (Figure 1.1). This process is vital to enable tumour cells 

to leave the primary site and disseminate into the blood/lymph (Figure 1.1).  

 

 

From the circulation tumour cells home to a metastatic niche within a distant organ before 

undergoing the reverse process of mesenchymal to epithelial transition enabling subsequent 

proliferation and formation of a secondary tumour. Throughout all these processes tumour cells must 

evade clearance by the immune system. Therefore, unsurprisingly, metastasis is an inefficient process 

with in vivo studies showing that only 0.01% of injected tumour cells successfully form secondary 

tumours (Fidler, 1970). 

Cancer metastasis is not a random process. In 1889, it was first proposed that different cancers 

have preferential sites of metastasis (Paget, 1989). Furthermore, different classes of breast cancer 

also have preferential sites of metastasis (Table 1.2). Over time, cancer cells acquire a series of 

alterations to facilitate metastasis and survival at a metastatic site, as made evident in laboratory 

experiments from multiple research groups: Repeated passaging of human, MDA-MB-231 breast 

cancer cells through mouse bones or lungs produces distinct clones that subsequently metastasise 

Figure 1.1: Epithelial Mesenchymal Transition (EMT) where epithelial derived tumour cells lose adherence 
junctions via down regulation of E-Cadherin, polarity, epithelial markers and undergo a morphological 
switch towards a spindle shape allowing greater motility. Cells upregulate expression of fibroblast-specific 
protein 1 and nuclear β-catenin to promote tumour metastasis, as well as secreting numerous proteinases 
such as matrix metalloproteinase (MMP) 9, 2 and 3 to allow invasion of the basement membrane and 
connective tissue and facilitate entry into circulation.   

 

 



21 
 

specifically to these organs (Kang et al., 2003; Nutter et al., 2014). Importantly, all of these studies 

identified molecular changes in the organ homed cells that were also observed in primary tumours 

from breast cancer patients that subsequently developed metastases in these organs (Nutter et al., 

2014; Westbrook et al., 2016; Tulotta and Ottewell, 2018). For example, metastatic tumour cells 

upregulate expression of CXCR4, enabling interaction with CXCL12 found on osteoblasts and 

mesenchymal stem cells allowing efficient tumour homing to the bone (explored in section 1.6). The 

homing of tumours to preferred metastatic sites opens the possibility for a treatment that alters 

microenvironments preferential for metastatic outgrowth, such as the bone, to form an inhospitable 

environment for tumour cells, therefore preventing metastasis. 

 

1.4 Pharmacological treatment of primary tumours 

Breast cancer is normally removed from the primary site by surgery as a first line treatment 

before other pharmacological interventions are pursued (Heil et al., 2012). Breast cancer therapies 

are tailored to the molecular tumour type and aim to target the growth and survival of cancer cells. 

Hormone treatments are often utilised as a first line in ER+ cancer prior to cytotoxic chemotherapy if 

visceral metastasis has not been identified (Salkeni and Hall, 2017). HR positive tumours are treated 

with goserelin to inhibit the GnRH pathway and prevent ovarian release of oestrogen. In pre-

menopausal women, ovarian suppression reduces the mortality rate and recurrence by 25% and is 

more common than adjuvant therapy alone (Bui et al, 2020). The beneficial use of goserelin is limited 

to premenopausal women with ER+ tumours, since circulating oestrogen is low in postmenopausal 

women (Puhalla et al., 2012). Furthermore, when patients with ER- tumours were treated with 

goserelin it was found to be less effective than chemotherapy standard of care (Kaufmann et al.). 

Tamoxifen is also commonly used in ER+ve breast cancer. Tamoxifen is a selective oestrogen receptor 

modulator, which blocks the effect of oestrogen on ER and stops proliferation of breast cancer ductal 

cells leading to a 31% reduced mortality rate (Abe et al., 2005). Furthermore, this drug has favourable 

effects on bone metabolism since it does not abolish systemic oestrogen, allowing normal bone 

turnover and has even been shown to increase bone health in post-menopausal women. Both 

goserelin and tamoxifen are regularly used drugs in the clinic, and are often used together as an 

alternative to chemotherapeutic agents in ER+ve breast cancer, as shown in the ABCSG 05 (Austrian 

Breast Cancer Study Group) trial (Jakesz et al., 2002). 

Hormonal treatments for post-menopausal women target local oestrogen synthesis since 

local oestrogen concentrations in tissues can be much higher than systemic concentrations (Simpson 

et al., 2000). Aromatase, the hormone that normally converts androgens to oestrogen in organs 
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including bone, vascular endothelium and liver (Schneider et al., 2011), is overexpressed in adipose 

tissue of breast cancer patients and is the target for treatment in these women (Bulun et al., 2007). 

Therefore, aromatase inhibitors (AIs) block conversation of androgen to oestrogen and reduce 

circulating oestrogens. In premenopausal women, AIs as a single treatment can lead to an increase in 

secretion of gonadotropins and raised systemic oestrogen, therefore they must be used alongside 

GnRH inhibitors (Pistelli et al., 2018). In the TARGET clinical trial of 668 post-menopausal women 

receiving either anastrozole 1 mg once daily relative to tamoxifen 20 mg once daily, following 

subgroup analysis of women with ER+ breast cancer, anastrozole (an AI) gave a longer disease free 

progression when compared to tamoxifen (Nabholtz and Arimidex Study, 2003). However, guidelines 

for use have still not changed much, with both drugs still in regular clinical use in postmenopausal 

women.  

Triple negative breast cancer (TNBC), representing about 15% of all breast cancer (Dent et al., 

2007), does not respond well to hormone treatment, instead standard of care for these patients is 

anthracycline/ taxane–based doxorubicin and cyclophosphamide chemotherapy drugs. Although 

TNBC response is good, the chance of relapse is still very high after 3-4 years, but decreases following 

8-10 years (Criscitiello et al., 2012).  In addition, the platinum based chemotherapeutic agent cisplatin 

has been shown both clinically and pre- clinically to be effective against BRCA1 mutated breast cancers 

with a 56% response rate compared to 25% overall response rate (Isakoff et al., 2015). These agents 

work by causing excessive DNA damage, leading to tumour cell apoptosis.  

Alongside these older treatments, there are now newer targeted treatments available to 

patients as standard of care. PARP inhibitors are a targeted therapy licenced for use against BRCA1/2+ 

breast cancer and work by interfering with DNA damage repair (Zeman and Cimprich, 2014) to 

sensitise cancer cells to chemotherapy or radiation. HER2 inhibitors are routinely used in the 

treatment of HER2-positive breast cancers. Drugs including pertuzumab, along with trastuzumab are 

monoclonal antibodies against HER2/3 to block proliferation and survival signalling (Swain et al., 

2015). Cyclin-dependent kinase 4 and 6 (CDK4/6) are also cancer treatment targets, with palbociclib 

being a selective inhibitor for CDK4/6 for use in HR positive HER2 negative patients leading to 

improved progression free survival in these patients (Kim and Scott, 2017).  

 

1.5 Targeting the immune system 

Newer treatments for breast cancer aim to target the immune system to stimulate immune 

cell clearance of tumour cells by unmasking cells and allowing immune detection and killing. 
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Treatments targeting the immune system are common in cancers such as lymphoma, melanoma and 

lung, but are less common for breast cancer due to poor response rates. Breast cancer is often 

categorised as immunologically silent depending on their subtype, with low rates of infiltrating 

immune cells making immune based therapies a challenge for ER+ tumours (Julia et al., 2018). 

However, bioinformatic analysis of neoepitope frequency found that the less common TNBC has 

significantly more somatic mutations with a median of 63 mutations when compared to ER+ tumours 

with a median of 32 mutations (Narang et al., 2019). This led to a higher frequency of neoantigens 

detected when compared to other subtypes, increasing its immunogenicity. Therefore, therapies for 

TNBC have aimed to improve tumour targeting by unmasking tumour cells to make them more 

amenable to clearance by T cells and prevent T cell exhaustion. One such class are checkpoint 

inhibitors. Under normal physiological conditions, CD8+ T cell responses are mediated through antigen 

recognition by the T cell receptor (TCR), which is regulated by co-stimulatory and inhibitory signals 

known as immune checkpoints. This normally helps maintain self-tolerance; however, tumour cells 

can overexpress inhibitory signals to evade immune detection. Therefore, agents that are either 

agonists for co-stimulatory signals or antagonists for inhibitory signals are exciting targets in the clinic. 

The PD-1/PD-L1 inhibitory pathway is a promising strategy for therapy, and the drug atezolizumab 

(FDA approved) shows promise in the clinic for triple negative breast cancer with a 53% response rate 

verses 33% for placebo. Avelumab is another checkpoint inhibitor, an antibody inhibiting PD-L1. 

Interestingly, in pre-clinical studies avelumab has been shown to induce antibody dependent cell 

mediated cytotoxicity of tumour cells, an additional mechanism of action. For breast cancer, avelumab 

has been studied in the phase 1b JAVELIN Solid Tumour study clinical trial (Dirix et al., 2018a). 168 

patients with metastatic breast cancer who had already received extensive treatment were studied 

and the best overall response rate was observed in patients with PD-L1+ tumour associated immune 

cells (16.7% vs 1.6% for PD-L1-). TNBC patients also had a benefit from avelumab treatment.  

Immune based treatments represent an exciting new chapter in breast cancer therapy, 

forming the fourth pillar of standard care for patients. Although more work needs to be done to 

improve response rates and understand the mechanisms behind tumour immune suppression, these 

new treatments are paving the way for future combination therapies to target virulent tumours. 
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1.6 Bone metastasis 

70% of patients with late stage breast cancer develop bone metastases resulting in painful 

lesions, hypercalcemia and an increased risk of fractures (Roodman, 2004), leading to 10% survival 

rate of just 5 years after diagnosis (Svensson et al., 2017). It is thought that tumour cells are attracted 

to bone through biochemical and physical signals provided by cells within the bone microenvironment. 

Osteoblasts and peri-vascular cells within the bone express high levels of CXCL12 which binds to its 

receptor CXCR4, often expressed on breast cancer cells (Muller et al., 2001). This plays a vital role in 

tumour homing to the bone, and overexpression of CXCR4 on breast cancer cells increases their 

metastatic capabilities (Kang et al., 2003). The physiological process of bone remodelling, through 

osteoclast degradation of the bone and subsequent osteoblast deposition of bone matrix, releases 

growth factors and cytokines (Pfeilschifter and Mundy, 1987) stimulating tumour growth and survival 

(Pfeilschifter and Mundy, 1987). Moreover, the disseminating tumour cells secrete PTHrP, IL-6 and IL-

11, leading to increased bone degradation via stimulation of RANKL in osteoblasts, which subsequently 

stimulates osteoclastogenesis causing a vicious cycle of tumour growth and osteolysis (Figure 1.2). 

Tumour cells within the bone metastasis can inhibit osteoblast differentiation by secreting factors into 

Figure 1.2: The vicious cycle of breast cancer induced bone degradation. The growth factors TGF-β, IGF-1 
and IGF-2, normally trapped in the bone, are released when osteoclasts degrade the bone. These act on 
tumour cells to stimulate proliferation and survival of the cells, therefore increasing tumour burden. The 
tumour cells release molecules such as PTHrP, IL-6 and IL-11 which act on osteoblasts to downregulate 
differentiation and anabolic activity whilst upregulating release of RANKL (Mancino et al., 2001). RANKL acts 
on both the osteoclasts to increase their differentiation, survival and activity, and on the tumour cells 
directly to promote proliferation (Tan et al., 2011). This leads to a vicious cycle of bone degradation and 
excessive bone loss. 
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the microenvironment such as activin A, sclerostin, DKK-1 and noggin (Krzeszinski and Wan, 2015). 

Further to the classical model of the vicious cycle, tumour derived Jagged 1 can bind to Notch 

receptors on osteoblasts, increasing expression of osteoblast derived IL-6 in the bone/ tumour 

microenvironment (Sethi et al., 2011) stimulating tumour growth (Dethlefsen et al., 2013) and 

osteoclast differentiation (Bussard et al., 2010).  In order to break this vicious cycle, there have been 

efforts to treat bone metastasis with therapies targeted to reducing osteoclast activity 

(bisphosphonates and demosumab), however this strategy has not been as effective as originally 

hoped. (Figure 1.2).  

 

1.7 Dormancy 

 Breast cancer micro metastasis can be found in the skeleton at early stages of the disease. 

These cells are often maintained in a quiescent or dormant state by the bone niches for long periods 

of time, before “re awakening” and proliferating into overt metastases. Meta-analysis of 9 studies 

including 4703 patients with stage I, II or III breast cancer found that 30-40% of breast cancer patients 

have disseminated tumour cells (DTCs) in their bone marrow, with DTCs contributing to poor overall 

survival and disease free survival (Braun et al., 2005). Indeed, approximately 20% of recovered breast 

cancer patients relapse in the bone up to 15 years later (Demicheli et al., 1996), and these cells can 

transit through the bone to form metastasis in other organs (Capulli et al., 2012). Circulating tumour 

cells are thought to home to specific niches within the bone thought to contribute to both the 

maintenance of dormancy and the subsequent re-activation and proliferation of cells.  

 The endosteal niche is primarily made up of osteoblasts, with mouse models of breast cancer 

showing that tumour cells home to areas of high osteoblast activity. Furthermore, changing bone 

activity with drugs such as zoledronic acid (Zol) results in relocation of tumour cells to other osteoblast 

rich areas (Haider et al., 2014). Furthermore, it is within the endosteal niche that the CXCR4/CXCL12 

interaction from osteoblasts is most prevalent in homing the tumour cells to the bone (Wang et al., 

2014). Evidence also suggests that osteoblasts are able to maintain tumour cells in a dormant state in 

the endosteal niche through the interactions of CXCR4 and CXCL12, similar to how osteoblasts 

maintain hematopoietic stem cell (HSC) dormancy (Wang et al., 2014).   

 The HSC niche is one that is also rich in CXCL12, so it also attracts the CXCR4 positive tumour 

cells to the site. On arrival, the tumour cells must compete with HSCs for site colonisation, and the 

eventual outgrowth of tumour cells in the niche is thought to be supported by the proliferation of 

HSCs (Pedersen et al., 2012). 
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 The importance of the vascular niche is supported by evidence that once tumour cells have 

completed extravasation, they remain closely associated with the capillaries, supported by 

CXCL12/CXCR4 interactions with vascular cells (Carbonell et al., 2009). Furthermore, vascular E-

selectin can bind directly to disseminated tumour cells to promote bone metastasis by inducing 

epithelial-mesenchymal transition and Wnt signalling (Esposito et al., 2019). Their proliferation leads 

to engulfment of the capillary and eventual remodelling of the capillary network, as reviewed in 

(Kusumbe, 2016). Taken together, the data suggests that it is the endosteal niche that is important in 

maintaining tumour cell quiescence, whereas the vascular and HSC niches are more involved in 

tumour outgrowth in the bone, as reviewed in George et al. (2020).  

 The immune system also plays an important role in tumour dormancy and outgrowth within 

the bone. Dormancy is primarily maintained by the adaptive immune system where proliferation of 

tumour cells is balance by immune cell killing, a process that is regulated mainly by T-cells, IL-12 and 

interferon-γ (Schreiber et al., 2011). Over time, the tumour cells can escape immune recognition in via 

two mechanisms: developing insensitivity to attach by immune cells or the tumour microenvironment 

can become immunosuppressed, leading to a lack of immune infiltration (Rooney et al., 2015). These 

individual yet interconnected niches within the bone highlight the complexity of the bone metastatic 

process and the difficulty of finding effective treatments. 

 

1.8 Treatment of bone metastasis  

 Treatment of metastatic tumours of the bone often involve bone targeted agents, with the 

aim of breaking the vicious cycle and reducing skeletal related events (SREs) such as fracture. 

Bisphosphonates have been used in these treatments for several decades alongside standard of care, 

with intravenous pamidronate and Zol showing the highest efficacy for the prevention of SREs (Rosen 

et al., 2003). A retrospective analysis of Zol in a phase III clinical trial showed Zol corelated with an 

improved survival for breast cancer patients with reduced risk of death by 48% (Lipton et al., 2008). 

However, it is unclear whether this was due to direct anti-cancer effects or the benefit of prevention 

of fracture and its associated morbidity. Denosumab, the monoclonal antibody against RANKL, is a 

newer drug given alongside standard of care (neo/adjuvant chemotherapy and/or endocrine therapy). 

Both these drugs are successful at preventing SREs, with denosumab showing increased efficacy 

against fracture risk (Stopeck et al., 2010).  

 Interestingly, pre-clinical data suggested that Zol may have effects on primary tumour growth 

and early events associated with bone metastasis with in vivo experiments showing Zol had efficacy 
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against disseminated dormant tumour cells in the bone, and increased efficacy in ovariectomised mice 

compared to sham operated mice (Ottewell et al., 2014b). This reflects clinical observations from 

ABCSG-12 and AZURE trials (described later). For denosumab, the effects on early bone metastasis 

development are dependent on the dose. The DCARE study was of 4509 pre- and post-menopausal 

patients randomised to receive neo/adjuvant therapy +/- high dose denosumab (120mg) monthly for 

6 months, then 3 monthly up to 5 years (Coleman et al., 2018b). There were no benefits in bone 

metastasis free survival in either the overall population or the post-menopausal subgroup, although 

there was clear benefit in fracture risk. On the other hand, in the ABCSG-18 study, where 167 pre-

menopausal women were treated with low dose denosumab (60mg every 6 months) vs 203 receiving 

placebo, there was an 18% reduced risk of recurrence after 4 years with denosumab (Gnant et al., 

2015b). However, this study was unblinded and patients received active treatment following 4 years, 

so long-term follow-up data is not available. This inconsistency in results suggests that bone 

metastasis is regulated by more than the bone microenvironment and that RANKL inhibition is not 

sufficient to prevent metastasis. 

 

1.9 Zoledronic acid – Structure and mechanism of action 

Bisphosphonates specifically target the bone to reduce osteoclast activity and are commonly 

used to treat breast cancer induced bone metastases. There are two classes of these drugs: nitrogen 

containing bisphosphonates and non-nitrogen containing bisphosphonates. 

Zol is an intravenously administered bisphosphonate and is licenced to treat skeletal related 

events caused by breast cancer bone metastases, reducing hypercalcemia and the risk of fractures in 

patients, offering an improved quality of life (Wilson et al., 2018). Zol is a member of the nitrogen 

containing bisphosphonate class with a structure similar to other bisphosphonates, with a 

phosphorus-carbon-phosphorus core as well as a hydroxyl group at the R1 terminus (Li and Davis, 

2003). The structure that distinguishes Zol from the other bisphosphonates is the heterocyclic 

imidazole group found attached to the R2 position (Figure 1.3) (Schech et al., 2013). Zol has a high 

affinity for mineralised bone, binding to calcium phosphate bone mineral hydroxyapatite at sites of 

high bone turnover (Räkel et al., 2011). Indeed, Zol is the most potent bisphosphonate, having the 

highest affinity for hydroxyapatite when compared to the other bisphosphonate drugs, binding to 

bone matrix within 4 hours of administration. 
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When bone is resorbed, Zol is internalised by the osteoclasts through endocytosis and 

interferes with osteoclast activity, preventing formation of the ruffled boarder causing osteoclasts to 

dethatch from bone, inhibiting differentiation and inducing apoptosis. These inhibitory mechanisms 

are the result of Zol induced inhibition of farnesyl pyrophosphate synthase in osteoclasts, preventing 

the synthesis of FPP and geranylgeranyl diphosphate and then leading to reduced post-translational 

modification of GTPases, which are necessary for osteoclast function and survival (Luckman et al., 

1998) (Figure 1.4).  

The mevalonate pathway is ubiquitous to all cells leading to speculation that Zol can have 

direct killing effects on cell types other than osteoclasts. Indeed, there is a wealth of data showing 

that Zol can kill tumour cells in vitro (Jagdev et al., 2001; Zekri et al., 2014). However, the ability to 

directly kill tumour cells when administered alone, in vivo, are less convincing and it has been 

hypothesised that the short time that Zol is retained in the circulation ~2.5h means that not enough 

of this drug reaches the tumour for it to exert maximum effects. Interestingly, evidence from the 

laboratory and clinic suggest that early treatment (combining chemotherapy with Zol before evidence 

of metastases) may reduce breast cancer relapse in bone (Ottewell et al. 2008; Ottewell and Wilson, 

2019). Therefore, Zol has anti-cancer effects further than just preventing bone loss, a property that is 

extremely desirable because once overt tumours form in the bone, they are incurable.  

Figure 1.3: The molecular structure of Zoledronic acid 
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1.10 Anti-tumour effects of Zol in adjuvant/neoadjuvant settings 

 Zol has been shown to have effects further than just protecting the bone from resorption, it 

has been shown to have direct anti-cancer effects. As previously discussed, DTCs in the bone marrow 

present a problem because they increase the risk of developing overt bone metastasis. Furthermore, 

DTCs can be seen in the bone marrow of early-stage breast cancer patients, with DTCs observed in 30-

Figure 1.4: The mevalonate pathway showing intermediates, enzymes 
responsible and the site of Zol action 
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40% of patients, and can be observed in the bone long after the primary tumour has been removed 

(Braun et al., 2005). Therefore, clinical trials have been carried out to determine if early intervention 

with Zol could reduce numbers of DTCs in bone and therefore, reduce disease recurrence in this site, 

with promising results. 

 Zol was studied in a non-randomised phase 2 clinical trial of 31 women with early breast 

cancer and persisted DTCs in bone marrow receiving 4mg Zol, 4 times per week for 6 weeks vs 141 

control patients. Bone aspirates showed 87% of DTCs eliminated in Zol group vs 73% in control groups 

(Rack et al., 2010). The negative aspirates were further associated with a better survival. The largest 

study into the effects of Zol on DTCs assessed bone aspirates from 3141 patients with early breast 

cancer and found that 803 of them had DTCs (Hartkopf et al., 2014). All patients then received systemic 

treatment alongside adjuvant Zol, and retrospective analysis found that disease free survival and 

overall survival was better in patients with detectable DTCs treated with Zol. Subgroup analysis was 

performed on this data to separate the effects on pre- and post-menopausal women. Interestingly, 

overall survival was found to be improved only in post-menopausal women with detectable DTCs 

(p=0.009), suggesting an effect of menstrual hormones in changing the effects of Zol.  

 Zol is now used as an adjuvant anticancer treatment to eliminate micro metastasis, with 

clinical benefit first described in the Danish collaborative study GAIN, the Austrian ABCSG-12 trial and 

the multi-centre AZURE trial, reporting menopause dependent results. The ABCSG-12 trial studies 

1803 pre-menopausal women with ER+ breast cancer receiving adjuvant goserelin and endocrine 

treatment either with or without Zol (4mg every 6 months) (Gnant et al., 2015a).  Results from this 

study showed that relative risk of disease progression was reduced in women receiving Zol. However, 

the women in this study had low circulating oestrogens due to endocrine therapy and all tumours 

were ER+, limiting the analysis.  

 In the AZURE trial (Figure 1.5), 3360 women were randomised to receive standard adjuvant 

systemic treatment, with or without Zol (4 mg every 3–4 weeks for six doses, then every 3 months for 

eight doses, followed by every 6 months for five doses, for a total period of 5 years). Although initial 

analysis showed that overall survival (OS) and disease-free survival (DFS) were similar for both control 

and Zol treated women, sub-group analysis of menopausal status showed differences. Women who 

were 5 years or more into the menopause showed benefit with invasive disease-free survival (iDFS) of 

78.2% compared to control 71% (95% CI, P=0.02) and OS of 84.6% compared to control 78.7% after 5 

years (95% CI, P=0.04) (Coleman et al., 2011). On the other hand, while pre-menopausal women had 

reduced skeletal metastasis, this was accompanied by an increased risk of extra skeletal recurrence 

(Coleman et al., 2014b). This result was mirrored in the large meta-analysis of 26 randomised trials on 
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adjuvant Zol in early breast cancer, encompassing 18,766 women (J. Bergh et al., 2015). Sub-group 

analysis showed that Zol had the most significant effects on bone recurrence, overall recurrence, 

distant recurrence, and mortality in post-menopausal women.  

 

Reproductive hormone levels were analysed from the serum of patients in the AZURE trial, 

studying levels of inhibin A, FSH and oestradiol with the aim to understand the role of these hormones 

in the context of the AZURE trial (Wilson et al., 2016b). This analysis found that post-menopausal levels 

of oestrogen alone corelated with significantly shorter iDFS (CI: 1.05-1.78, p=0.022). On the other 

hand, oestrogen and FSH levels representing post-menopausal conditions lead to improved iDFS with 

addition of Zol (CI: 0.54-1.22) and a trend towards decreased non bone metastasis, highlighting the 

benefit of adjuvant Zol in post-menopausal women when compared to pre-menopausal women. 

 

1.11 Oestrogen and the menopause 

 The menopausal transition marks a shift in the endocrine landscape and function in women 

and occurs at a median age of 51.4 (McKinlay et al., 1992). On average, women spend 4 years in 

menopausal transition (peri-menopause) before the final menstrual period which marks the end of 

the transition (post-menopause), but there is a large variability in length between individuals. 

Therefore, the menopausal state of a woman can only accurately be determined by measuring ovarian 

hormone concentrations. (McKinlay et al., 1992). 

Figure 1.5 The AZURE trial treatment methods and outcome according to menopausal status. 

The AZURE trial investigated the use of Zol in primary breast cancer patients to prevent bone and extra skeletal 

recurrence. Figure summarises patient recruitment, patient treatment, experimental endpoints and study 

outcomes according to menopausal subgroups. 
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 During the normal menstrual cycle FSH is secreted from the anterior pituitary gland and is 

regulated through negative feedback by inhibin B and oestrogen produced in ovarian follicles. As the 

number of ovarian follicles decreases with age, accelerating towards the menopausal transition, so 

does inhibin B, leading to a decrease in negative feedback and an increase in FSH secretion (Su and 

Freeman, 2009). Inhibin B decline is one of the earliest markers of the menopausal transition. 

Oestrogen levels tend to remain fairly stable in the early menopausal transition and can even be seen 

to rise during the early follicular phase of the cycle (Burger et al., 1999). However, nearer the end of 

the menopausal transition, oestrogen rapidly declines and is considered the final biomarker of the 

final menstrual period (the last point of the menopausal transition). 

 The action of oestrogen is mediated through two distinct receptor proteins encoded from 

separate genes on different chromosomes, ERα and ERβ. These receptors comprise of six structural 

domains with the C and E domains carrying a high degree of homology between ERα and ERβ. The 

other four sections are divergent and are involved in transcription activation and ligand dependent 

activation or inactivation (Hamilton et al., 2014). The expression profiles of each receptor differ in 

each tissue and cell type, but expression is widespread. In the classical mechanism of action, oestrogen 

binds ER and the complex directly binds to oestrogen response elements to influence transcription 

(Katzenellenbogen et al., 2000). Oestrogen can also act through a tethered mechanism whereby ER 

does not directly bind to DNA but binds to transcription factors such as c-Jun to form a transcription 

activation complex (Jakacka et al., 2001). Furthermore, ERs have also been shown to be involved in 

extracellular non genomic signal transduction, binding to receptors such as GPER1 on the cell 

membrane (Madak-Erdogan et al., 2008).  

 Oestrogen has wider effects than just those on ovarian regulation and the menstrual cycle. 

ERs are found in many tissues around the body. One of these is bone where oestrogen is vital in 

maintaining normal bone remodelling by regulating the expression of RANKL in osteoblasts, affecting 

osteoclast mediated bone resorption (Streicher et al., 2017). This interaction is important in the 

regulation of osteoclasts, as shown in the menopause where the reduced concentration of circulating 

oestrogen leads to increased osteoclast activity and reduced bone volume (Ji and Yu, 2015). ERs have 

also been found on numerous immune cells, and have been shown to regulate the immune landscape, 

perhaps contributing to the differences observed in immune response between men and women (Irelli 

et al., 2020). Furthermore, ERs have a major role in tumour progression, with ~80% of breast cancers 

expressing ER, through which ER/oestrogen interactions contribute to tumour proliferation and 

survival. 
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1.12 Effects of Zol and oestradiol on bone metastasis and bone resident cells 

Zol, the third-generation nitrogen containing bisphosphonate, excerpts its primary method of 

action by inhibiting osteoclast maturation and stimulating apoptosis of these cells via inhibition of the 

mevalonate pathway (Figure 1.4) (Holen and Coleman, 2010). Because osteoclast and osteoblast 

activity is closely linked via feedback mechanisms, Zol also reduces osteoblast activity, stopping the 

expansion of the endosteal niche. Moreover, through the inhibition of the mevalonate pathway within 

endothelial cells in the bone, Zol can inhibit the sprouting of new blood vessels, therefore inhibiting 

the vascular niche (Lang et al., 2016). These effects on bone niche expansion act to inhibit tumour 

growth within the bone, but preclinical studies have shown that Zol has optimal anti-tumour effects 

only under post-menopausal concentrations of oestradiol. Mimicking the menopause by ovariectomy 

(OVX) was shown to increase bone resorption and trigger tumour outgrowth in bone. Treatment with 

Zol prevented the OVX induced bone resorption while also preventing growth of disseminated tumour 

cells, an effect that was not observed in sham operated mice (Ottewell et al., 2014b). Initially, this 

mechanism was proposed to be mediated by altered osteoclast activity by menopausal related 

hormones. Indeed, deprivation of menopausal related hormones was shown to increase RANKL 

expression in the bone, a molecule that is essential for osteoclast differentiation, activity and survival, 

with disruption to this pathway reducing osteoclast bone resorption and reducing tumour outgrowth 

(Ottewell et al., 2015).  However, clinical treatment with the anti-RANKL antibody Denosumab, had 

no effect on tumour recurrence irrespective of menopausal status, suggesting that other cell types are 

responsible (Stopeck et al., 2010). Indeed, oestradiol can affect the activity of a plethora of cells within 

the bone, while also affecting expression of inflammatory molecules such as TNF-α, IL-6 and IL-1, 

suggesting a more complex mechanism for oestradiol and Zol on bone metastasis (Weitzmann and 

Pacifici, 2006).  

 

1.12.1 Effect of Zol on bone resident cells 

 In the bone, Zol acts on a number of cells and niches, such as the vascular niche which 

regulates bone cell progenitor maturation and supports cell growth, while being closely linked to 

tumour dormancy and outgrowth. The number of vascular endothelial cells has been shown to be 

decreased by Zol treatment in a dose dependent manner in vitro (Lang et al., 2016). Furthermore, Zol 

treatment decreased the activity and migration of vascular endothelial cells while changing their 

morphology (Lang et al., 2016). However, these results were not observed in vivo, with no differences 

in vessel number in Zol treated and untreated mice. Interestingly, when younger (4 week old), 

immunocompetent mice (with low circulating oestradiol) were treated with Zol, it increased vessel 
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numbers, a change that was not observed in older (4 month) mice (Soki et al., 2013). In human 

patients, Zol has been shown to decrease serum concentrations of VEGF, an important factor for blood 

vessel development and function, which would suggest a decrease in blood vessel number, but studies 

to confirm this or the effects of oestradiol have not yet been carried out (Santini et al., 2003).  

The haematopoietic and mesenchymal niches in bone are also directly affected by Zol.  Indeed, 

haematopoietic stem cell numbers are significantly increased by Zol in in vivo immunocompetent 

mouse models, but motility and re-localisation patterns are unchanged (Soki et al., 2013). It was 

previously assumed that haematopoietic niche mobilisation was dependent on osteoclast activity, 

suggesting that Zol induced reductions in osteoclast activity would reduce haematopoietic cell motility 

(Miyamoto et al., 2011; Miyamoto, 2013). Therefore, this data suggests that other mechanisms may 

also be at play. In the mesenchymal niche, Zol treatment deceased the number of osteoprogenitors 

(Hughes et al., 2019) while also reducing numbers and activity of osteoblasts within the bone (Brown 

et al., 2012; Ottewell et al., 2014b). However, this decrease in osteoblasts appears to be a 

simplification, with numbers of osteoblasts increasing in areas of high bone turnover, and numbers 

decreasing in regions of low remodelling (Haider et al., 2014; Hughes et al., 2019). These dramatic 

effects on bone affect processes thought to reduce the ability of tumour cells to colonise and grow in 

bone. Furthermore, oestradiol may have opposing effects through its anabolic action on the bone.  

 

1.12.2 Effect of oestradiol on bone resident cells 

Osteoclasts, osteoblasts and a plethora of bone resident cells are able to respond to oestradiol 

through the ERα and ERβ receptors which are expressed widely through the bone microenvironment. 

Cell types within the bone respond differently to oestradiol stimulation depending on ER type, cell 

type or downstream signalling. 

 Osteoblasts, derived from the mesenchymal lineage, differentiate from early osteoblast 

progenitor cells which respond to oestradiol signalling to alter their self-renewal mechanisms. Under 

pre-menopausal concentrations of oestrogen, osteoblast progenitors are stimulated to commit to 

differentiation into osteoblasts. Furthermore, pre-menopausal concentrations of oestradiol increase 

expression of adhesion molecules such as N-cadherin, increasing motility for migration to the sites of 

resorption (Di Gregorio et al., 2001; Mödder et al., 2011). Low oestradiol concentrations impair this. 

Mature osteoblasts can also respond to oestradiol signalling, with pre-menopausal concentrations of 

oestradiol preventing cells from apoptosis by inhibiting Caspase-3/7 activation (Bradford et al., 2010).  
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Osteoclasts are profoundly influenced by oestradiol signalling in the bone, having an influence 

over osteoclast maturation, activation and life span. ERα knock out (KO) in the haematopoietic cells 

of mice led to a significant increase in osteoclasts and osteoclast progenitors (Martin-Millan et al., 

2010). High concentrations of oestradiol have been shown to supress osteoclastogenesis and bone 

resorption, partially because of an oestradiol dependent change in secretion of, IL-6, TNFα, IL-1 and 

M-CSF (Weitzmann and Pacifici, 2006). Indeed, post-menopausal concentrations of oestradiol 

increase production of IL-1 and RANK-L, resulting in increased numbers and activity of osteoclasts 

(Streicher et al., 2017; Weitzmann and Pacifici, 2006). Oestradiol can directly act on active osteoclasts, 

inducing apoptosis via a TGF-β dependent manner (Hughes et al., 1995). This mechanism was shown 

in vivo to be important in the regulation of osteoclasts in the trabecular bone area, an area where Zol 

has its most potent anti resorptive effects (Martin-Millan et al., 2010).  

Oestradiol and Zol both have profound effects on bone resident cells and tumour growth but 

acting through different mechanisms. Zol acts by actively killing osteoclasts whereas oestradiol has 

anabolic effects on osteoblasts while decreasing the lifespan of osteoclasts. This difference may 

account for Zol being less effective at reducing resorption and the vicious cycle of bone metastasis in 

pre-menopausal oestradiol. This goes some way to explaining the differential effects of Zol and 

oestrogen on bone metastasis, however, clinical trials showed that the most striking negative effects 

of Zol treatment in pre-menopausal women was seen outside of the bone, with an increase in soft 

tissue metastasis and a decrease in iDFS (Coleman et al., 2014b). Therefore, it is likely that Zol and 

oestradiol are having systemic actions, possibly acting through immune cells.  

   

1.13 Immune landscape of breast cancer and bone metastasis 

 In cancer cells, genetic and epigenetic modifications lead to expression of cancer associated 

antigens that can be recognised by complement proteins of the immune system. In order to survive, 

proliferate and metastasise to form secondary tumours in the bone, breast cancer must evade 

immune recognition and destruction. Furthermore, the immune cells within the bone 

microenvironment are in proximity and communicate with osteoclasts and osteoblasts, affecting both 

bone turnover and immune cells present within the bone. For example, CD4+ T cells can regulate 

osteoclast activity by regulating RANKL and OPG release to increase osteolytic lesions (Teng et al., 

2000). Conversely, CD4+ T cells can have the opposite effect by releasing IFNγ to inhibit the activity of 

osteoclasts (Xu et al., 2009). This suggests that it is the balance between pro tumorigenic and anti-

tumorigenic immune cells within the bone that can influence metastasis. Breast cancer cells express 

immune modulatory molecules, such as PD-L1, an inhibitory molecule allowing tumour cells to escape 
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T-cell toxicity. Furthermore, the PD-L1 allows expansion of the immunosuppressive T regulatory cells 

(Treg) cells in the tumour microenvironment, causing a suppression of CD8+ T cell activity. The 

presence of Tregs in the tumour microenvironment predicts a poor prognosis for patients (Bates et 

al., 2006) and that expression is significantly increased in prostate cancer patients with bone 

metastasis (Zhao et al., 2012). Natural Killer (NK) cells are important for immune mediated tumour 

killing, recognising the down regulation of major histocompatibility complex (MHC) proteins on 

tumour cells usually employed to avoid T cell recognition. NK dysfunction is often observed in the 

tumour microenvironment, partly mediated through release of tumour derived immunosuppressive 

cytokines such as IL-10 and TGF-β (Lee et al., 2004). Macrophages can be broadly classed into tumour 

supressing macrophages and tumour associated macrophages (TAMs), with higher levels of TAMs 

being associated with a poor prognosis (Zabuawala et al., 2010). This is because TAMs have been 

shown to secrete high levels of IL-10 and TGF-β, decreasing CD4+ and CD8+ T cell activation as well as 

NK cells (Biswas and Mantovani, 2010a).  

 Tumours can profoundly alter the immune cell populations in the microenvironment; 

therefore, the presence of specific immune cell subsets can act as a predicter for cancer prognosis. 

The presence of eosinophils, B lymphocytes, neutrophils and CD4+ or CD8+ T cells in the tumour 

microenvironment are indicative of good prognosis. On the other hand, presence of TAMs, Tregs and 

activated mast cells in the microenvironment can be a marker of poor prognosis and predispose 

tumour cells to metastasise (Xiang and Gilkes, 2019).  

 

1.14 Effect of Zol on immune response to breast cancer 

Zol has profound effects on the immune system due, in part, to immune cells expressing the 

mevalonate pathway enzymes. More specifically, Zol influences Treg cell activation and infiltration, 

NK cell activity, macrophage polarisation in the tumour microenvironment, Gamma delta T cells (γδ T 

cells) activation and PD-L1 expression and subsequent effector T cell activity (Figure 1.5). 

Understanding the action of Zol on the immune cell subsets in the context of breast cancer may help 

explain the mechanisms whereby adjuvant Zol prevents bone metastasis in post-menopausal women.  
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1.14.1 Gamma delta T cells 

 γδ T cells enable response to microbes and tumours by detection of self-prenyl pyrophosphate 

metabolites. Most of these cells express the Vγ9Vδ2 T cell receptor and can respond to potential 

pathogens without dependence on expression of MHC class proteins, which are often downregulated 

in breast cancer cells. γδ T cells respond instead to the immunoglobulin family protein butyrophilin 

3A1 which is expressed on all human cells (Sandstrom et al., 2014). Therefore, any healthy or tumour 

cell can present antigens to γδ T cells, releasing the dependence on MHC proteins that is characteristic 

of other T cell responses. γδ T cells respond to the accumulation of isopentenyl pyrophosphate (IPP), 

which is produced as part of the mevalonate pathway (Figure 1.4) and often accumulates in 

unregulated tumour cells. Furthermore, Zol can inhibit the mevalonate pathway enzyme farnesyl 

pyrophosphatase which is downstream of IPP production, leading the accumulation of IPP and 

subsequent γδ T cell activation and tumour cell targeted apoptosis (Kondo et al., 2011). The 

administration of Zol to peripheral blood mononuclear cells in vitro resulted in a significant expansion 

Figure 1.6: The immune modulatory effects of Zol in the context of breast cancer. 

Overall, Zol results in an immune stimulatory effect by acting on a number of immune cell types. Zol decreases 
Treg cell proliferation and action within the tumour microenvironment, therefore reducing T cell and NK cell 
suppression. Macrophage polarisation favours an anti-tumour phenotype following Zol treatment while acting of 
γδ T cells to increase activation and recognition of tumour antigens. Zol increases IPP accumulation in tumour 
cells to increase targeting by the immune system, overall having an immune stimulatory effect. 
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of γδ T cells. Interestingly, γδ T cells have been shown to be activated in circulation with Zol able to 

stimulate the accumulation of IPP in circulating monocytes (Roelofs et al., 2009). This led to increased 

immunostimulatory effects and tumour targeting by degranulation of γδ T cells in the tumour 

microenvironment causing apoptosis by cytotoxic granule release. On the other hand, it has been 

shown that peripherally activated γδ T cells lack the ability to migrate into the tumour 

microenvironment suggesting that the Zol mediated anti-tumour effect of γδ T cells is from direct 

contact with tumour cell IPP (Fowler et al., 2014).  

PD-1 is expressed by γδ T cells, and expression is upregulated when cells are co-cultured with 

tumour cells (Fleming et al., 2017). Interestingly, γδ T cells from tumour bearing mice respond to 

mitogen poorly when compared to the healthy mice which proliferate readily, and treatment with an 

anti-PD-1 monoclonal antibody rescues the proliferation in mitogen treated cells (Lopez et al., 2012). 

Incubating γδ T cells, expressing PD-1, with PD-L1 expressing tumour cells pre-treated with Zol causes 

an increase in γδ T cell activation when compared to untreated control tumour cells, suggesting that 

Zol can overcome PD-L1 inhibition through inhibition of IPP signalling. (Iwasaki et al., 2011). 

 

1.14.2 Treg cells 

 Treg cells are immune suppressor cells that supress T effector and NK cell activity to maintain 

peripheral tolerance. The most widely studied are the CD4+, Foxp3+ Tregs which are categorised as 

either induced (iTreg), which are naïve CD4+ cells converted into mature cells in the periphery under 

the influence of IL-2 and TGFβ, or natural (nTreg) which are committed cells from the thymus 

(Francisco et al., 2009; Jacobs et al., 2009). PD-1 and PD-L1, expressed on Treg cells, directly affect 

Treg cell generation; mouse models studying the conversion and maintenance of iTreg found that it 

was dependent on PD-L1 via the inhibition of mTOR/AKT pathway (Francisco et al., 2009). Therefore, 

it is unsurprising that Tregs play an important role in tumour immune evasion by supressing CD4+, 

CD25-, CD8+ T cells. Indeed, Tregs are upregulated in mouse and human tumours (Nishikawa and 

Sakaguchi, 2010), with infiltration characteristic of more invasive tumours and a predictor of 

diminished survival. 

 Zol has been shown to have an immunomodulatory action on Treg cells, with levels of CD4+, 

CD8+, Foxp3+ Tregs significantly decreased in mice following treatment with Zol (Kikuiri et al., 2010). 

Further to the immune inhibitory action, Tregs directly stimulate tumour growth by secreting RANKL 

(Tan et al., 2011). The effect of Zol on the immunosuppressive activity of Tregs and the progression of 

breast cancer has been demonstrated in a series of in vitro experiments (Liu et al., 2019; Liu et al., 
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2016). Treatment of Treg cells with 10µM Zol for 12 days significantly inhibited proliferation by 12% 

and induced cytoplasmic vacuoles indicating cell stress, while having no effect on isolated 

lymphocytes. In trans-well assays, Zol significantly inhibited migration of Treg cells in response to 

MDA-MB-231 conditioned medium. Furthermore, treatment with Zol significantly decreased 

expression of CCR4, important for Treg recruitment to tumours, suggesting Zol could reduce Treg 

infiltration. Expression of CTLA4 and PD-1, molecules important in conveying inhibitory signals to 

effector T cells, were also found to be significantly decreased following Zol treatment showing a 

change in the phenotypic inhibitory function of Treg cells with Zol. Indeed, when Tregs pre-treated 

with Zol were co cultured with peripheral blood mononuclear cells (PBMCs), the expression of CD69 

(an early activation marker for T cells) was found to be significantly increased, both in the presence 

and absence of tumour cells (Liu et al., 2016). In breast cancer, Tregs have been shown to increase the 

migratory capacity of tumour cells. Interestingly, when tumour cells were co-cultured with Tregs pre-

treated with Zol, there was a significant and dose dependent decrease in migration in wound healing 

assays compared to control. Moreover, this was shown to be regulated by RANKL, with Zol decreasing 

Treg RANKL expression in a dose dependent manner. These findings were expanded in further studies, 

showing that treatment of Tregs with Zol reduced expression of CD25, TGFβ and STAT5 leading to a 

reduced capacity for Tregs to supress NK and effector T cells (Sarhan et al., 2017). 

 

1.14.3 Macrophages 

 Macrophages are mononuclear cells from the myeloid lineage which are derived from 

monocytes in the bone marrow and are part of the innate immune system. Once monocytes leave the 

bone marrow, they differentiate into macrophages and have varied effects depending on the 

stimulation they receive. Macrophages collaborate with T and B cells and are important regulators of 

T cell recruitment, both promoting and inhibiting recruitment depending on their polarisation (Nilsson 

and Carlsten, 1994). Macrophages can differentiate into two broad classes depending on local 

cytokine stimulation acting on precursors. Pro-inflammatory, anti-tumour macrophages secrete IL-1, 

IL-6, IL-12 and IFN-γ and are important in recruiting T cells into the microenvironment, eliminating 

tumour cells (Xiang and Gilkes, 2019). TAMs are immune suppressive and are important regulators of 

tumour progression and bone metastasis (Lo and Lynch, 2018). This is because they secrete cytokines 

such as IL-10 and TGF-β leading to reduced activity and infiltration of CD4+ and CD8+ T cells in the 

tumour microenvironment (Biswas and Mantovani, 2010b). 

 Zol has been shown to affect macrophage polarisation and function in the tumour 

microenvironment. Zol can be actively taken up by macrophages, both in vitro and in vivo. Treatment 
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of macrophages with 5µM Zol over 24 hours led to a significant increase in uRap1A, a marker of 

inhibition of the mevalonate pathway (Rogers et al., 2013). Furthermore, in macrophages isolated 

from breast cancer xenografts uRap1A was found significantly increased in patients who received 1 

dose of Zol (Rogers et al., 2013). Further to being taken up by macrophages, Zol can affect their 

function. Mice were treated with Zol for 3 weeks before tumours were removed and histologically 

analysed, finding that mice treated with Zol had reduced TAM infiltration and reduced vascularisation 

due to a switch in macrophage polarisation towards an anti-tumour phenotype (Coscia et al., 2010).  

 The interaction between tumour cells and macrophages leads to an increase in matrix 

metalloproteinase-9 (MMP-9) expression in TAMs. MMP-9 is an enzyme important for vascularisation, 

invasion and metastasis of breast cancer cells because it assists extracellular matrix (ECM) remodelling 

by degrading basement membranes (Foda and Zucker, 2001). Furthermore, MMP-9 is required by 

myeloid derived suppressor cells (MDSCs) in the tumour microenvironment to assist their immune 

suppressive function (Yang et al., 2004). When mice were treated with Zol, there was a significant 

decrease in levels of MMP-9 and numbers of TAMs, followed by a reduced expansion of MDSC. This 

was due, in part, to decreased bone marrow progenitor derived MMP-9 (Melani et al., 2007). In a 

series of in vitro experiments to study to interactions of cancer cells and macrophages in the presence 

or absence of Zol, Zol was found to supress MMP-9 expression in TAMs and change macrophage 

polarisation to drive the activation and proliferation of γδ T cells (Tsagozis et al., 2008). 

 Zol can affect the interactions of macrophages and γδ T cells in the tumour microenvironment. 

In an in vitro experiment, human monocytes were isolated and differentiated into either pro or anti-

tumour monocytes before treatment with Zol. Zol significantly increased γδ T cell targeting of 

macrophages in a perforin dependent manner, independently of macrophage polarisation (Fowler et 

al., 2017). This could represent an important mechanism whereby macrophages are cleared from the 

tumour microenvironment.  

 

1.14.5 NK Cells 

 NK cells are part of the innate immune system and are a vital immune cell having cytotoxic 

effects on breast cancer cells, targeting stress induced markers (Diefenbach et al., 2001). Research 

into the effects of Zol on NK cells in the context of breast cancer are limited and often show conflicting 

results between different studies, highlighting the need for further research into this area. In one 

study in which NK cells and dendritic antigen presenting cells were co cultured with or without the 

addition of Zol reported that Zol stimulated IFN-γ expression in NK cells. This was found to be due to 
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NK cell interactions with dendritic cells, where Zol caused depletion of endogenous prenyl 

pyrophosphatases in dendritic cells, stimulating the secretion of IL-18 and IL-1β which in turn led to 

caspase 1 dependent NK cell activation (Nussbaumer et al., 2011). As described previously, treatment 

with Zol reduces Treg cell infiltration, but also significantly increases NK cell proliferation in peripheral 

blood (Sarhan et al., 2017). This was demonstrated to be mediated via Treg signalling, where Treg 

treated with Zol had a reduced capacity to inhibit NK cell proliferation. In contrast, an in vitro study 

has shown opposing data. When NK cells were isolated from healthy patients and from patients with 

Ewing sarcoma and treated with Zol, Zol impaired both NK cell expansion and degranulation in 

response to Ewing sarcoma stimulus (Mueller et al., 2013). 

 NK cells are an attractive target for immune therapy for cancer because of their MHC 

independent, non-tumour antigen specific killing of tumour cells. Therefore, it is unsurprising that new 

clinical approaches are being developed to boost NK cell activity in response to cancer. One such 

treatment is the adoptive transfer of NK cells, and another is to block mechanisms that dampen NK 

cell responses to allow an uninhibited NK cell action on tumours (Lorenzo-Herrero et al., 2018). These 

new treatments highlight the need for further understanding of the effects of Zol on the anti-tumour 

activity of NK cells.  

1.14.6 Immune stimulatory effects of Zol summery  

 Zol has a significant effect on the immune response to cancer, leading to improved immune 

infiltrate and tumour cell killing. Zol acts to decrease Treg cell activation and infiltration in the tumour 

microenvironment, leading to an increase in CD4+ and CD8+ T cells, NK cell infiltration and cytotoxic 

action. Furthermore, Zol can shift macrophage polarisation towards an anti-tumour phenotype, 

counteracting the immune-inhibitory environment in the tumours. As shown in the ABCSG-12 (Gnant 

et al., 2011) and AZURE trials (Coleman et al., 2014b), post-menopausal breast cancer patients treated 

with Zol had a survival benefit and decreased bone metastasis. These immune effects could represent 

a bone resident cell independent mechanism whereby Zol mediated anti-tumour activity. However, 

the AZURE trial showed that the same benefit was not observed in pre-menopausal patients, who had 

increases soft tissue metastasis and decreased iDFS, raising the question of the effect of oestrogen on 

the immune action of Zol.  

 

1.15 The effect of oestrogen on the cancer associated immune responses 

 Oestrogen is immunogenic, affecting the activity and survival of a plethora of immune cells. 

ER is expressed on dendritic cells, mast cells, macrophages, neutrophils, NK cells, B cells, CD4+ T cells, 
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CD8+ T cells and Tregs, highlighting oestrogens potential to modulate the immune system. However, 

not all these cells are directly involved in anti-tumour responses highlighting the complexity of 

oestrogens involvement in the anti-tumour immune response (Figure 1.6).   

 

 

 

 

1.16 Pre-clinical effects of oestrogen on immune response to breast cancer  

 A series of in vitro experiments utilising ER+ breast cancer cells and immune cells have shown 

that PD-L1 expression is responsive to oestrogen (Yang et al., 2017). When the ER+ MCF7 breast cancer 

cell line is cultured with oestradiol, PD-L1 protein expression is significantly increased, via activation 

of the AKT/PI3K pathway. This effect was found to be due to increased mRNA stability and not 

increased transcription; since blocking transcription had little effect on PD-L1 protein expression. 

When MCF7 cells and isolated T cells were co cultured in the presence and absence of oestradiol, the 

treatment with oestrogen was found to increase PD-L1 expression and decrease T cell function, as 

Figure 1.7: The immune modulatory effects of oestradiol in the context of breast cancer.  

Overall, oestradiol results in an immune inhibitory effect by acting on a number of immune cell types. 
Oestradiol increases Treg cell expansion, function and trafficking into the tumour microenvironment, 
therefore increasing T cell and NK cell suppression. Macrophage polarisation favours a pro-tumour 
phenotype under high oestradiol concentrations while acting on T cells to decrease early development. 
Zol increases granzyme B inhibitor expression, PD-L1 expression while decreasing NK cell cytotoxicity, 
overall leading to an immune inhibitory effect. 
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shown by decreased T cell derived IFN-γ and IL-2 indicating T cell exhaustion. Moreover, this effect 

was found to be independent of oestradiol’s direct action on T cells (Yang et al., 2017). However, an 

oestradiol concentration of 10 nM was used for these experiments which is significantly higher than 

physiologically relevant concentrations, which are normally in the range of 30-400 pM.  

This increased expression of PD-L1, driven by oestrogen, may explain the reduced anti-tumour effect 

of Zol in pre-menopausal women, because Zol acts to increase the activation of T cells in the tumour 

microenvironment. Oestrogen could prevent this by causing T cell exhaustion in the 

microenvironment to prevent anti-tumour activity.  

 

1.16.1 Treg cells 

 The immune suppressive T lymphocytes, have been shown to express ERs, which enhance 

their function and enable expansion of the Treg cell compartment (Polanczyk et al., 2004). In one 

study, OVX mice were administered pre-menopausal physiological concentrations of oestradiol, and 

it was observed that there was increased conversion of CD4+ CD25- cells into CD4+ CD25+ cells. 

Furthermore, there was increased expression of FoxP3 and IL-10, which are important Treg cell 

markers (Tai et al., 2008). The increased Treg cell conversion was accompanied by increased 

suppression of mixed lymphocytes both in vitro and in vivo. Interestingly, Tregs can interact with 

osteoclasts and have been shown to modify their bone degradation function, with oestrogen 

enhancing this effect. When freshly isolated human bone marrow and human Tregs were co cultured 

in the presence or absence of oestradiol, osteoclast differentiation was supressed better with 

oestradiol, which was shown to be regulated by Treg derived IL-10 and TGF-β (Luo et al., 2011). 

 As described previously, oestradiol can increase PD-L1 expression in the tumour 

microenvironment. This can augment Treg immunosuppression further because the PD-1/ PD-L1 axis 

increases iTreg conversion, enhances Treg function and maintains Treg phenotype by stabilising FoxP3 

expression (Cai et al., 2019). This has important implications for bone metastasis patients where an 

increase in Treg cells is observed, with signalling through the CXCR4/ CXCL12 axis mediating Treg 

trafficking to the bone, stimulation local iTreg conversion via local PD-L1 and suggesting the bone as 

a preferential site for functional Tregs (Zou et al., 2004). The presence of Treg in the bone is indicative 

of adverse effects for breast cancer patients, as their activity promotes metastasis.  

 Further to increasing PD-L1 expression in the microenvironment, oestrogen can influence Treg 

differentiation and suppressive activity by regulating PD-1 expression. Intracellular PD-1 expression in 

Treg is oestrogen sensitive and has been shown to be moderated by ER signalling. When comparing 
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the effect of oestrogen on Treg cells and Treg cells with ER KO, estrogen was found to increase PD-1 

expression in normal Treg cells but have no effect on ER KO Tregs (Polanczyk et al., 2007). 

Furthermore, when PD-1 was KO from Treg cells, they lost their functional suppressive activity, 

highlighting the importance of the oestrogen and PD-1/ PD-L1 axis for Treg immune suppression.  

 Tregs are a major source of RANKL in the tumour microenvironment and in the bone, 

expressing up to four-fold more RANKL then CD4+ CD25- T cells (Tan et al., 2011). Therefore, Treg cells 

are important for maintaining RANKL expression in the tumour microenvironment of metastatic breast 

cancer. Tregs increase the metastatic potential of breast cancer, and these adverse effects were found 

to be replaceable with exogenous RANKL, suggesting it is through RANKL signalling that Tregs have 

their predominant pro-metastatic effects (Tan et al., 2011).  

 Zol has contrasting effects to oestrogen on Treg activity and PD-1 expression on Treg cells. Zol 

decreases PD-1 expression on T reg cells, leading to decreased iTreg conversion and a decreased ability 

for Tregs to functionally supress T effector cells in the tumour microenvironment. Zol also inhibits the 

proliferation and migration of Treg cells, potentially leading to a reduced capacity for Tregs to infiltrate 

the tumour microenvironment in bone metastasis. Oestrogen has the opposite effect, leading to 

increased Treg infiltration through CXCR4/ CXCL12 signalling to create a more immune suppressive 

tumour environment. This represents one potential mechanism for the differential effects of Zol in 

the pre- and post-menopausal setting.  

 

1.15.2 T Lymphocytes 

 CD4+ and CD8+ T lymphocytes are important players for immune protection from breast 

cancer metastasis. CD4+ T cells assist B cells in antibody mediated protection, whereas CD8+ T cells 

exert a direct cellular response to have cytotoxic effects on tumour cells. Indeed, CD8+ T cell infiltration 

in the tumour microenvironment corelates with improved overall survival (Ali et al., 2014). CD8+ T cells 

are a vital defence to prevent bone metastasis, with down regulation of MHC signalling on tumour 

cells leading to an escape from T cell detection, promoting bone metastasis (Bidwell et al., 2012). 

Alongside downregulation by Treg cells, T cells also express ERα and their activity is profoundly 

affected by oestrogen signalling. Oestrogen blocks early T cells development in the thymus 

(Rijhsinghani et al., 1996), leading to reduced thymus derived T cells in mice following oestrogen 

administration (Okasha et al., 2001). This has been shown to be due to thymic atrophy in response to 

oestrogen, because of a reduced production of Flt3+Sca-1+c-Kit+ thymic homing progenitors followed 

by reduced proliferation of thymocytes, as shown in mouse models (Zoller and Kersh, 2006). 
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Furthermore, the apoptosis observed in the thymus in response to oestrogen involves signalling via 

Fas/Fas ligand dependent mechanisms (Yao and Hou, 2004).    

 Oestrogen can also affect CD8+T cell tumour killing in the tumour microenvironment. CD8+ T 

cells normally have their cytotoxic effects via granule mediated exocytosis of serein proteases, such 

as granzyme B, to stimulate caspase induced apoptosis (Lieberman, 2003). Interestingly, when the 

ER+ breast cancer cell line MCF7 was treated with oestrogen, it led to an increase in expression of PI-

9, a granzyme B inhibitor, conveying protection form the cytotoxic effects of T and NK cells (Jiang et 

al., 2007).  

 These studies highlight the overlapping and contrasting effects of Zol and oestrogen regarding 

anti-tumour immune activity in pre-menopausal patients. In post-menopausal patients, Zol has 

antitumor effects, in part, by decreasing Treg cell activity, consequently leading to increased CD8+ T 

cell activity. However, in pre-menopausal conditions, CD8+ T cell function may be further inhibited by 

granzyme B inhibitors. Therefore, if Zol does decrease Treg activity, the CD8+ T cell could have 

diminished functions independent of Treg.  

 

1.15.3 Macrophages 

 TAMs contribute to breast cancer progression and metastasis and are involved in invasion, 

vascularisation, intravasation, circulating tumour cell survival, extravasation and pre-metastatic niche 

formation (Lin et al., 2019; Vasiliadou and Holen, 2013). Macrophages are derived from the same 

lineage as osteoclasts and, like osteoclasts, are able to respond to oestrogen signalling. Indeed, in an 

OVX mouse asthma model, treatment with oestrogen led to increased expression of IL4 and increased 

M2 macrophage gene expression, suggesting a mechanism for gender differences in the inflammatory 

disease progression (Keselman et al., 2017).  

 Macrophages express ERα and ERβ, with TAMs expressing ERs across a plethora of different 

cancer types (Kovats, 2015). ER signalling within the tumour microenvironment has been shown to 

affect macrophage polarisation. For example, in a mouse breast cancer model, using Polyomavirus 

Middle T ER+ breast cancer, treated with oestrogen, there was a significant increase in M2 macrophage 

infiltration compared to untreated controls which had higher M1 macrophage infiltration (Kovats, 

2015; Svensson et al., 2015). This effect was found to be mediated via increased expression of CCL2 

and CCL5 in macrophages following oestrogen treatment. Furthermore, macrophages treated with 

oestrogen had higher VEGF secretion, a molecule important for tumour progression and the 

angiogenic switch (Svensson et al., 2015). Oestrogen was also shown to act on macrophages to 
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increase expression of MMP-9 in vitro, a molecule important for ECM remodelling and therefore 

tumour invasion (Hwang et al., 2006). These studies show how oestradiol can regulate the non- 

immune functions of macrophages, assisting tumour progression by regulating angiogenesis, 

migration and invasion of cancer cells. 

 These studies show another overlapping effect of Zol and oestrogen and the anti-cancer 

immune response. MMP-9 expression in macrophages is significantly increased by oestrogen in vitro 

and significantly decreased by treatment with Zol. Decreased MMP-9 would lead to decreased TAM 

infiltration and decreased tumour invasion and metastasis. The opposing effects on MMP-9 represent 

another mechanism whereby oestrogen alters the anti-tumour effects of Zol, possibly contributing to 

the discrepancies seen in anti-tumour actions of Zol on pre- and post-menopausal women in the 

ABCSG-12 and AZURE trials. Moreover, Zol and oestrogen affect macrophage polarisation in opposite 

ways, with oestrogen increasing pro tumour macrophage polarisation and infiltration via CCL2 and 

CCL5 signalling and Zol inhibiting this infiltration and influencing polarisation towards an anti-tumour 

phenotype.  

 

1.15.4 NK Cells 

 NK cells, part of the innate immune system, are important for immune protection from breast 

cancer, and depletion of NK cells in cancer models leads to bone metastasis and uncontrolled 

proliferation (Bidwell et al., 2012). NK cells recognise stress markers, binding to surface ligands such 

as NKG2D (Diefenbach et al., 2001), but also recognise and respond to down regulation of MHC 

molecules on tumour cells, killing the target by granule mediated exocytosis and Fas-Fas ligand 

interactions (Garrido et al., 2010). Interestingly, tumours can become resistant to NK cell recognition 

by loss of HLA class 1 molecules, a common mutation in breast cancer cells (Watson et al., 2006).  

 ERα and ERβ are both expressed on NK cells, having functional effects, with ERβ being first 

described as the main mechanism for oestrogen effect (Curran et al., 2001). In in vivo experiments 

using a range of castrated mouse strains, oestrogen treatment led to a significant decrease in NK 

cytotoxicity in a dose dependent manner (Baral et al., 1995; Nilsson and Carlsten, 1994). These in vivo 

results were mirrored in humans, where post-menopausal women were given oestrogen replacement 

therapy, leading to a significant decrease in NK cell activity when compared to untreated control 

patients (Albrecht et al., 1996). Moreover, this treatment has been linked to enhanced pulmonary 

metastasis in melanoma and fibrosarcoma.  Indeed, in mouse models of breast cancer, oestrogen 

treatment significantly decreased NK cell activity and increased tumour size (Curran et al., 2006). 



47 
 

However, it is unclear whether these were the direct effect of oestrogen on NK cells or due to broader 

effects of oestrogen. These studies show an overlapping effect of oestrogen and Zol on NK cell activity, 

but they also highlight the need for further research into the field. Immunotherapy by targeting NK 

cells in the context of breast cancer is getting closer to clinical use and Zol is already an important 

clinical tool in the treatment of bone metastasis. Therefore, understanding the interactions of Zol and 

oestrogen on NK cells in cancer is an important research area.   

 Zol and oestrogen have substantial effects on breast cancer progression and metastasis to the 

bone, affecting both the tumour directly and the microenvironment. There is a complex interaction of 

the immune system in the bone metastasis microenvironment with Zol and oestrogen. Zol has been 

shown to have the potential to induce a favourable environment for immune cell clearance of tumour 

cells whereas oestrogen signalling can create an immune suppressive environment. Some of the most 

notable effects of oestrogen and Zol are on Treg cells and PD-L1 expression both in vitro and in vivo. 

However, their interactions together in the context of breast cancer bone metastasis has not been 

studied. 

 

1.16 Project aims 

This project hypothesises: Pre-menopausal concentrations of oestradiol inhibit the anti-tumour 

effects of Zol via PD-L1 induced reduction in T cell activity. 

This project aims:  

1) To create mouse models of breast cancer metastasis under pre, peri and post-menopausal 

concentrations of oestradiol representative of clinical trials. 

2) To identify how oestradiol and Zol alter growth of disseminated tumour cells in the bone 

and the soft tissue 

3) To understand the effects of Zol and oestrogen on the immune response to cancer 

4) To determine if inhibition of PD-L1 signalling can increase anti-tumour effects of Zol under 

pre-menopausal concentrations of oestradiol. 
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2.1 Cell culture 

2.1.1 Cell lines 

 The cell lines used in this project were triple negative bone homed mouse mammary E0771 

(kind gift from Prof Sandra McAllister (Harvard University, Boston USA)) and 4T1 (purchased from the 

European Cell Culture Collection). Both cell lines were stably transfected to express luciferase (LUC) 

and Green Fluorescent Protein (GFP) by members of the lab team before I started my project. Both of 

these cell lines are highly aggressive and fast growing and have been shown to produce both primary 

tumours and spontaneously metastasise when implanted into the mouse mammary glands (Wright et 

al, 2016). The E0771 and 4T1-LUC positive cell lines used in this project have been repeatedly passaged 

through bone to produce variants that preferentially metastasise to bone in C57BL/6 and BALB/c mice 

respectively.  

 

2.1.2 Cell maintenance 

Cells were used between passage 9 and 24 and grown in T75 filter toped tissue culture flasks 

(corning) in RPMI 1640 medium supplemented with glutamax (GIBCO) and 10% foetal bovine serum 

(FBS) (Sigma-Aldrich, UK) and incubated in a humid incubator in 5% CO2 at 37⁰C. Confluence of the 

monolayer was estimated visually using an Olympus CK2 microscope using a 10 x lens and cells were 

passaged when 80% confluence was reached.  

 

2.1.3 Cell passaging 

Monolayers were grown to 80% confluence, before their medium was removed and discarded 

and cells subsequently washed 2 x in phosphate buffered saline (PBS) (Sigma-Aldrich, UK). The wash 

removed any cell debris and dead cells, but it also removed any calcium or phosphate from the flask 

which inhibits the action of trypsin. 1ml of trypsin (Sigma-Aldrich, UK) was added before cells were 

incubated at 37 °C for 5 minutes. Trypsin was neutralised following detachment using 9 ml RPMI with 

10% FBS and cells were mixed to achieve a single cell suspension, before centrifugation at 800 g for 5 

minutes and resuspension in 10 ml of fresh growth medium. 1 ml of this suspension was added to a 

new T75 flask alongside 9 ml of fresh medium to achieve a splitting ratio of 1:10. 
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2.2 In vitro assays 

2.2.1 Growth curve 

 Cells were detached from the T75 flasks at 80% confluence as described above in section 2.1.3 

and the final 10ml of single cell suspension was put in a 15 ml falcon tube. These cells were then 

counted using a haemocytometer (Neubauer-improved, Depth = 0.10 mm) to determine the number 

of cells in suspension, cells within the falcon were subsequently centrifuged at 800 g for 5 minutes to 

pellet the cells. Cell density was calculated using the following equation: 

Cell Density = (Number of cells counted/number of squares counted) X Volume of cells X 10,000 

 After centrifugation, the supernatant was removed before re-suspending cells in complete 

medium to a density of 1X106 cells per ml and then further diluted to 20,000 cells per ml. 1 ml of this 

was added 12 wells of a 24 well plate to make a final seed density of 20,000 cells per well. 

 Every 24 hours for a total of 96 hours cells from three individual wells were detached using 

500 µl of trypsin and the number of cells was counted using a haemocytometer to determine cell 

number and growth dynamics of the cell lines.  

 

2.2.2 Determination of IC50 for zoledronic acid 

2.2.2.1 Cell counting  

 Cells were detached from an 80% confluent T75 flask, counted by haemocytometer and re-

suspended to 20,000 cells/ml. From this, 500 µl of cells was added to a 48 well plate representing 5 

treatment groups in duplicate with 3 time points (n=3)  (Figure 2.1 A and B).  

Following seeding, E0771 cells were left for 24 hours to grow to confluence before treatment 

was added. Cells were treated with five concentrations of zoledronic acid ([1-Hydroxy-2- (1H-

imidazoledronic acid-1-yl) ethylidene] bisphosphonic acid; Zol) made from a sterile 200µM stock 

solution (Novartis pharmaceuticals, Switzerland) or PBS control) using the following concentrations: 

1% PBS in RPMI with 10 % FBS as control, 5 µM Zol, 10µM, 25µM, 50µM.  

 4T1-LUC cells were left to proliferate for 24 hours following seeding. Following this incubation 

period, 4T1-LUC cells were treated with: RPMI containing 10 % FBS, with PBS or 25 µM, 50µM, 100µM, 

200µM Zol. Both cell types were counted at 24, 48 and 72 hours following treatment following trypsin 

detachment and counting with the aid of a haemocytometer. 
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 2.2.2.2 Cell viability  

Cell suspensions were made up to 20,000 cells per ml and 100 µl was added to 96 well plates 

to make 2000 cells per well with 6 technical repeats per group (n=3). Following either 24 hours, Zol 

treatments were made up as described above and 100 µl of control/treatment was added to 

appropriate wells using a multichannel pipette after the medium was removed from cells. At each 

time point, cell viability was assessed via the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) assay (Sigma-Aldrich, UK). 

 

2.2.3 MTT assays 

 The MTT assay was used to quantify the number of viable cells in a cell culture. MTT is taken 

up by mitochondria in living cells where it is reduced by mitochondrial reductases to formazan, which 

is insoluble, therefore in metabolically active cells formazan precipitates, this can be re-solubilised and 

detected by absorbance. Therefore, cells must be active with functional mitochondria to be detected 

by this assay.  MTT aliquots were defrosted and diluted 1:6 in pre warmed RPMI with 10 % FBS (370C) 

to make a working stock of 1mg/ml and this was protected from direct light. Immediately prior to 

analysis, supernatant was removed from cells in 96 well plates by inversion onto tissue before cells 

were washed once with PBS to remove cell debris. 100 µL of MTT working stock was then added to 

each well and plates were protected from light and incubated in a humid incubator at 37°C, 5% CO2 

for 3 hours. MTT solution was then removed from each well by gentle pipetting to avoid loss of the 

formazan crystals produced by mitochondrial reductases in viable cells. The formazan was solubilised 

by addition of 100 µL Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, UK) to each well and left to dissolve 

with agitation for 15 minutes before reading the absorbance at 570 nM on SpectraMax M5 plate 

reader (Molecular Devices).  

 



52 
 

 

Figure 2.1: Templates of plate layouts for in vitro experiments (A) Plate layout for determination of IC50 
for Zol on E0771 cells (B) Plate layout Plate layout for determination of IC50 for Zol on 4T1-LUC cells. (C) 
Plate layout to determine the effects of oestradiol on viability of E0771 and 4T1-LUC cells in the presence or 
absence of Zol 
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2.2.4 In vitro combination experiments with Zol and Oestrogen 

Cells were detached from an 80% confluent T75 flask, counted using a haemocytometer and 

re-suspended to 20,000 cells/ml. From this, 100 µl of cells (2000 cells per well) was added to a 96 well 

plate representing 8 treatment groups with 6 technical replicates (n=3). The borders of the plate were 

filled with PBS to prevent excessive evaporation of cell media.  E0771 and 4T1-LUC cells were left for 

24 hours before treatment. E0771 cells were treated with three different concentrations of oestradiol 

(Sigma-Aldrich, UK) to mimic post- peri and pre-menopausal concentrations, with or without 25 µM 

of Zol. Oestradiol was diluted to 10 pM/l, 84 pM/l and 300 pM/L in MEM medium without phenol with 

10% charcoal filtered FBS either with or without 25 µM of Zol. The old medium was removed from 

each well by gentle pipetting before 100 µl of each treatment was added, two treatment groups 

contained RPMI +10% FBS or RPMI +10% FBS with 25 µl Zol as technical control. Cells were then 

incubated for 24 h, 48 h or 96 h, after MTT assay was utilised to assess cell viability (Figure 2.1C). 

4T1-LUC cells were treated in the same way, except that the Zol concentration used was 40 

µM and the final time point was 72 hours due to a faster proliferation time for these cells.  

 

2.2.5 Migration assay 

 E0771 and 4T1-LUC cells were plated in a 12 well plate at 250,000 cells per well and left for 24 

hours to attach in duplicate (n=3). Cells were washed after 24 hours once in sterile PBS before 

treatment with 10 μg/ml of mitomycin C (Sigma-Aldrich, UK) for 3 hours to prevent cell proliferation. 

Cells were washed after 3 hours and a scratch was put down the centre of the well using a p200 tip. 

Cells were washed 3 times in RPMI to clean the scratch before treatments were added to cells. Cells 

were treated with oestradiol at 10 pM/l, 84 pM/l or 300 pM/l diluted in Phenol free RPMI+10% 

charcoal stripped FBS, either in the presence or absence of Zol at 15 μM (4T1-LUC) or 7.5 μM (E0771). 

The scratch was imaged using the EVOS FL Auto (Life Technologies) microscope at 0h, 24h, 48h, and 

72h time points (n=3). Analysis of scratch width was performed using the Tscratch software (cselab). 

 

2.2.6 Invasion assay 

 T75 flasks of E0771 or 4T1-LUC cells were grown to 70% confluence before being treated for 

3 hours with 10 μg/ml of mitomycin C (n=3). Meanwhile, matrigel coated cell inserts were rehydrated 

in RPMI for 3 hours. Following incubation, cell treatments and cell suspensions were made up in 

phenol free RPMI + 0.1% BSA. 100,000 cells per well insert were combined with 10 pM/ml or 300 
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pM/ml of oestradiol, +/- 15 µM Zol (4T1-LUC) or 7.5 µM Zol (E0771). The well inserts were submerged 

in RPMI + 10% FBS as a chemoattractant and incubated at 37°C for 24 hours. 

 The cell insert membrane was washed to remove cells on the surface before fixing in ethanol 

and staining with haematoxylin and eosin. The membrane was cut from the insert and mounted on a 

slide using cryo-m-bed embedding compound (Bright) before imaging on an Olympus BX51 

microscope. The number of cells in the matrigel membrane was analysed using image J software 

colour threshold tool and data was normalised to 10pM/ml samples as control..   

 

2.3 Quantitate reverse transcription polymerase chain reaction (qPCR)  

2.3.1 Cell treatment and RNA extraction for qPCR  

 Before analysis by quantitative polymerase chain reaction (qPCR), E0771 and 4T1-LUC cells 

were plated in a 6 well plate at 100,000 cells per well and left for 24 hours to attach. Cells were washed 

after 24 hours in sterile PBS before treatments were added to cells (n=3). Cells were treated with 

oestradiol at 10 pM/l, 84 pM/l or 300 pM/l diluted in Phenol free RPMI+10% charcoal stripped FBS, 

either in the presence or absence of Zol at 15 μM (4T1-LUC) or 7.5 μM (E0771). Cells were treated for 

48 hours before treatment was washed off with PBS and cells were lysed by cell scraping with of 1ml 

of Tri Reagent (Sigma-Aldrich, UK). 200 µl of chloroform (Honeywell) was added to lysed cells and 

shaken for 1 minute before centrifugation at 16,000 g for 20 minutes to separate out protein from 

nucleic acids. The top layer was carefully transferred to a separate 1.5ml tube before 500 µL of 

isopropanol (Acros Organics) was added to solution to precipitate RNA out of solution. The precipitate 

was pelleted by centrifugation at 16,000 g for 20 minutes before the pellet was washed using 75% ice 

cold ethanol (Honeywell). The pellet was resuspended in nuclease-free microbiology water and stored 

at -80°C until needed. 

 

2.3.2 cDNA reverse transcription 

Following RNA isolation, reverse transcription was performed using the Superscript III 

(Invitrogen) kit. A total concentration of 500 ng of RNA was used for the reverse transcription protocol. 

Firstly, a mix of RNA, H2O (to make up 500 ng) and 0.5 μl random hexamer primers (ThermoFisher) 

was made for each sample and heated to 65°C for 5 minutes. In the meantime, a master mix of 2 μl 

first strand buffer (Invitrogen REF: Y02321), 1 μl deoxyribose nucleotide triphosphate (DNTPs) (10mM, 

Invitrogen, REF:18427-013), 1 μl dithiothreitol (DTT) (0.1M, Invitrogen), 1 μl RNAse Out (Invitrogen 
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REF:10777-019), 1 μl reverse transcriptase super script III (Invitrogen, REF:18080-044) was made up 

and mixed with the pre-heated sample. This mix was heated in a thermocycler with the following 

protocol: 25°C for 5 minutes, 50°C for 60 minutes, 70°C for 15 minutes, 4°C to finish. cDNA was stored 

at -20°C until needed for qPCR array. 

 

2.3.3 qPCR 

 qPCR analysis was performed using Cd274 (Thermo Fisher, cat: 4331182), Maf (Thermo Fisher, 

cat: 4331182) and Gapdh (Thermo Fisher, cat: 4331182) Taqman expression probes. For each reaction 

I used, 10 μl of Taqman universal PCR master mix (Applied Biosystems), 1 μl of primer, 100 ng of cDNA 

and H20 to make up final volume of 20 μL. Samples were loaded in a 96 well PCR plate in triplicate 

and run on a MX3000P machine (Stratagene). Amplification analysis was performed using MxPro qPCR 

software (Stratagene). 

 

2.4 Generating In vivo models that mimic human pre- peri- and post- menopausal 

oestradiol conditions and their effects on breast cancer metastasis. 

2.4.1 Mouse models 

 10-12 week old female C57BL/6 or BALB/c mice were purchased from Charles River, UK and 

left to acclimatise to new conditions for 7 days prior to use to minimise the effects of traveling stress. 

Conditions in the room were maintained at regulation levels: Temperature = 19-23 °C; humidity = 45-

55 %; illumination at 350 – 400 lux on a 12 hour cycle. Food and water were readily available to mice 

throughout the experiment. All experiments were carried out with Home Office approval under 

Project Licence: P99922A2E (Dr Penelope Ottewell) and personal licence (IB24B0AC5) Mr Christopher 

George. 

 

2.4.2 Modelling menopausal concentrations of oestradiol  

On commencement of the experiment, mice were ovariectomised (OVX), to diminish 

production of ovarian hormones including oestrogen: Mice were placed under the anaesthetic 

isoflurane and were administered with 120 µg/kg of the analgesic vetergesic (buprenorphine: 

Vetergesic, CEVA Animal Health) and 10g/kg baytril antibiotic (enrofloxacin: Baytril, Bayer) via 

subcutaneous injection to minimise pain and chance of infection. The lower back of each mouse was 
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then shaved using an electric razor and sterilised with iodine before an incision was made into the skin 

using a sterile scalpel to make a 1cm longitudinal cut through the skin (running along the spine ~0.5cm 

from below the shoulder blades towards the tail). The skin was then detached from the muscle layer 

beneath by blunt dissection using blunt ended forceps before the muscle wall was punctured to one 

side of the spinal cord to access the visceral cavity. The ovaries were then taken out of this hole using 

blunt ended cat spay forceps and the top of the womb was clamped just below the ovaries, to reduce 

bleeding, while the ovaries were removed. Following removal of the ovaries on both sides the 

remaining tissue was replaced into the visceral cavity, the wound was then closed with a simple 

interrupted suture using polypropylene monofilament suture and a reverse cutting blade. The mice 

were placed in a 30 °C incubator for recovery and were given a second dose of vetergesic and baytril 

24h later to assist recovery and reduce pain. 

The mice were split into 3 groups and 2 groups were administered oestradiol via their drinking 

water. 1 group received 1.375 mg/l (to model peri-menopausal) and 1-group was given 12.5 mg/l (to 

model premenopausal) concentrations of oestradiol while the third group received no oestradiol to 

model the postmenopausal state (Figure 2.2). All groups were given a daily 40 µg dose of Goserelin 

(Sigma-Aldrich, UK) daily via subcutaneous injection to prevent the release of FSH from the pituitary 

gland, allowing the focus of the experiment to be on oestradiol.  

Numbers of animals required to generate statistically significant data were calculated using the 

following formula: 

Z = the z score 

E = margin of error 

N = the population size 

P = the population proportion 

Data were based on our extensive previous experience using these in vivo models which show that 

~70% of BALB/c mice 4T1 cells and ~80% of C57BL/6 mice injected with E0771 cells via the left cardiac 

ventricle develop metastasis. Assumptions made were based on a finite population of 20, with 

confidence levels set at 80% and margin of error set at 10%. Using the above assumptions and 

preliminary data we calculated that in order to attain data of significant difference: 

1. Experiments involving 4T1 cells injected into BALB/c mice will require 10 mice per  

2. group. 

2. Experiments involving E0771 cells injected into NOS SCID mice will require 9 mice per group. 
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The mouse numbers used in practice for the project were increased due to lower than expected bone 

metastasis following intracardiac injection. C57BL/6 mice with E0771 cells had 15 mice per group, 

while BALBc mice with 4T1 tumours had 12 mice per group.  

2.4.3 Intra-cardiac injection of mammary cancer cells  

 C57BL/6 mice were injected with 100,000 E0771-LUC cancer cells or 50,000 4T1-LUC cells 

directly into the left ventricle 7 days after OVX: Cells were labelled with the membrane dye DiD at 3µL 

per million cells and incubated for 10 minutes at 37°C before pelleting cells by centrifugation at 800 x 

g and washing them in PBS 3 times before re-suspending at 1x106 cells/ml (E0771-LUC) or 0.5x106 

cells/ml (4T1-LUC) in PBS + 10% FBS. This cell suspension was passed through a 70 µm nylon mesh to 

prevent cell aggregates then stored on ice prior to injection. Mice were anesthetised with 

isoflurane/O2 in an induction chamber, before being placed on a heat pad and being positioned in a 

straight position with an empty syringe placed behind the back to push up the sternum. A syringe with 

27G calibre needle loaded with 100 µL of cell suspension containing 100,000 cells (E0771-LUC )or 

50,000 cells (4T1-LUC) was inserted 2mm to the right of the sternum and penetrated to half the length 

of the needle to reach the left ventricle. The needles’ location was confirmed by gentle pull back on 

the syringe, showing bright red oxygenated blood if the location was correct, before the cells were 

gently injected. Mice were placed in a 30 °C incubator for recovery and monitored closely over the 

next 12 hours (Figure 2.2).  

   After three days, each group of mice (pre- post and peri- menopausal) were divided in half 

with one half receiving subcutaneous injection of Zol (Novartis) at 100 µg/kg by sub-cutaneous 

injection and the other half receiving PBS (control) (Figure 2.2). C57BL/6 mice (n=15 per group) and 

BALBc mice (n=12 per group). Mice were culled 19 days (C57BL/6 with E0771-LUC) or 15 days (BALBc 

with 4T1-LUC) after OVX by pentobarbital overdose, cervical dislocation and exsanguination. Blood 

was collected from each mouse from the heart before death. Tibia (fixed in 4 % Paraformaldehyde 

(PFA) or frozen in FBS + 10% DMSO), femur (frozen in FBS + 10% DMSO or snap frozen), spleen (frozen 

in FBS + 10% DMSO), lungs (snap frozen or frozen in FBS + 10% DMSO) and liver (snap frozen) were 

collected post-mortem and imaged by IVIS for tumour burden before storage/downstream analysis. 

The blood was left at room temperature to clot before being spun at 8000 g for 10 minutes to separate 

serum, which was removed and frozen at -80 °C. A second round of experiments treated mice with 

400 µg/kg of Avelumab every two days after cancer injection by intra peritoneal injection.  
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2.4.4 In vivo imaging 

 All cancer cell lines used in vivo were transfected with luciferase, an oxidoreductase enzyme 

that emits a luminescent signal at a wavelength of 562 nm when combined with its consumable 

substrate luciferin. Luciferin is oxidised by luciferase to an excited state, emitting light as it decays to 

its ground state. Therefore, mice were injected with luciferin leading to the emission of visible light at 

the tumour location (Zinn et al, 2008). The emission of the tumours through the metastatic organs 

was detected by a charged coupled camera, which detects the photons released, using the in vivo 

imaging system (IVIS) LUMINA II (caliper life sciences). 

 Each treatment group was imaged twice per week following intracardiac injection of tumour 

cells. Mice were anaesthetised with isofluorane/O2 before subcutaneous injection of 100 µL of D-

Luciferin-Potassium Salt (Luciferin) (30 mg/kg) (Perkin Elmer). The luciferin was left for two minutes 

to enter circulation before the dorsal followed by the ventral side of the mouse were imaged to 

determine tumour growth. Visible tumours were measured in photons per second and analysed using 

the Living Image software 4.1 (Caliper Life Sciences). 

  

Figure 2.2: Protocol and schedule for in vivo modelling of the effects of oestrogen with or without Zol 
on C57BL/6 mice(n=15 per group) and BALBc mice (n=12 per group). Menopausal status established by 
OVX and oestrogen replacement in drinking water. Tumour cells delivered via intracardiac route and Zol 
administered in one done by subcutaneous injection.   
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2.5 Ex Vivo bone analysis 

2.5.1 Microcomputed tomography  

 Microcomputed tomography (µCT) 

takes a series of 272 2D X-ray photos, using an X-

ray source and a detector, of the bone while it 

rotates through 180° on a turntable between the 

source and detector. This series of 2D images is 

then used to reconstruct a 3D structure of the 

bone, allowing virtual slices to be taken and the 

analysis of bone structure. This concept is similar 

to CT machines used in hospitals, however here 

the sample moves instead of the camera and the 

pixel resolution is in the µm range (Boerckel et 

al, 2014).  

Tibias were fixed in 4 % PFA for 48 hours and then stored in PBS. The fixed tibias were wrapped 

in cling film to prevent the bones drying while scanning and maintain stability, before they were 

scanned at a resolution of 4.3 µm per pixel using a 0.5 mm aluminium filter with the 2016 Camera 

using a Skyscan 1272 (Bruker, Billerica, Massachusetts, USA). The scans were reconstructed using the 

NRecon software (Bruker) and then trabecular volume was analysed using the CTan software (Figure 

2.3). The region of interest was standardised by setting a 47 pixel offset from end of the growth plate 

and spongy bone, and analysing a region of trabecular bone 116 pixels deep. Percentage trabecular 

bone volume to tissue volume was analysed for bones (n=30 for C57BL/6, n=24 for BALBc). 

2.5.2 Histology, immunohistochemistry 

 Bones and lungs were processed for histology. Hard calcified bones need to be decalcified to 

allow them to be sectioned effectively for histology. Therefore, bones were decalcified in 0.4M of 

Ethylenediamine tetraacetic acid (EDTA) (Sigma-Aldrich, UK) for 3 weeks, with the EDTA being changed 

3 times per week for fresh solution. Lungs and decalcified bones were dehydrated through a series of 

ethanol baths, displacing the water, which was then replaced with paraffin wax throughout the 

sample. These samples were then embedded in a block of paraffin wax and bones were specifically 

positioned with a flat side against the outer portion of the block to allow for effective sectioning 

through the bone marrow. 

Figure 2.3: Representative virtual slice of 
trabecular bone using Microcomputed 
tomography imaging. Area in red represents 
trabecular region of interest analysed. 
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 Embedded blocks were sectioned using an RM2265 microtome and sliced to 3 µm thick. These 

slices were placed atop a water bath at 37 °C to float for 20 minutes to allow wrinkles to float out of 

the samples before being transferred to positively charged slides (Superfrost Plus Slides) and left in a 

37 °C dry oven for 24 hours. Following this, sections were ready for staining. 

 

2.5.3 Haematoxylin eosin staining 

 Haematoxylin Eosin Staining (H&E) is the principal histological stain, staining the nucleus blue 

and extracellular matrix shades of pink and violet. This stain was used to confirm the presence of 

disseminated tumour cells in the bone, check bone morphology and confirm the depth of microtome 

sectioning for further downstream histological analysis.  

 Sections were first dewaxed through two passages in xylene (Honeywell) before being 

rehydrated via sequential passaging through decreasing concentrations of ethanol (from 100% - 40%). 

The sections were then submerged in haematoxylin (Sigma-Aldrich, UK) for 2 minutes followed by a 

wash in tap water to remove excess haematoxylin stain. Sections were then incubated in eosin (Sigma-

Aldrich, UK) for 5 minutes before a further wash in tap water. The sections were then dehydrated 

through increasing concentrations of ethanol, followed by xylene before being mounted using the DPX 

mounting medium (MERCK).  

 

2.5.5 Immunohistochemistry  

 The bone and lung sections on the slides were also stained using the immunohistochemical 

technique to target specific proteins in the sample (n=3-5). The samples were first dewaxed in xylene 

before being rehydrated through sequential alcohol concentrations of 100%, 90%, 70% and finishing 

in water.  Following rehydration, slides were incubated in 3% hydrogen peroxide solution (H2O2) 

(Merck) in methanol for 10 minutes to block endogenous peroxidases before antigen retrieval was 

performed. Antigen retrieval methodology differed depending on the antigen of interest, summarised 

in Table 2.1. The slides were then blocked using 1x casein (Sigma-Aldrich UK) in PBS with 0.1% Tween 

(Sigma-Aldrich UK) for 30 minutes at room temperature prior to incubation with the primary antibody 

against the antigen of interest diluted into 1x casein in PBS with 0.1% Tween (Table 2.1). Slides were 

then washed in PBS+0.1% Tween for 5 minutes on an orbital shaker 3 times before incubation with a 

secondary biotin conjugated antibody for 30 minutes in 1x casein in PBS with 0.1% Tween. Following 

another washing step, the staining was then amplified using the ABC kit (Vector), containing avidin 
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and biotin, and incubated for 30 minutes. The slides were developed using the DAB peroxidase 

substrate kit (Vector) which was added to the slides for 2-10 minutes (depending on the control) until 

the brown colour appears before being washed thoroughly in water. Following this, slides were 

counterstained in Gill’s haemotoxylin before being dehydrated through ethanol and mounted using 

DPX mounting medium.  

 

Antigen Antigen Retrieval  Primary Ab conc. Secondary Ab conc. 

F480 Proteinase K  

Bio-Rad (MCA497G) 

1:500 Anti-Mouse  

Jackson (115-066-003) 

CD163 70°C Tris Base 

1 hour 

1:200 

Abcam (ab182422) 

1:500 Anti-Rabbit 

Ly6G 70°C Citrate Buffer 

1 hour 

1:200 

BioLegend (Cat127602) 

1:500 Anti Rat 

Jackson (112-066-003) 

Granzyme B 70°C Citrate Buffer 

1 hour 

1:100 

Abcam (ab4059) 

1:500 Anti-Rabbit 

 

 The staining was quantified using the QuPath software. The tumours within the bone and lung 

were isolated as the region of interest using the selection tool within the program, then the automatic 

positive cell detection was used, with a standard threshold set between 0.1 and 0.2 depending on the 

intensity of the staining and the background present. The output of the analysis was the percentage 

of positive cells compared to all cells in the specified tumour area for the desired marker. IHC staining 

was performed on two levels per organ, taking the average percentage positive cells per organ. 

2.6 Immune cell population determination by flow cytometry 

2.6.1 Sample preparation 

 Organs used were the spleen, the lung and the bone marrow. Following dissection, lungs and 

spleen were slowly frozen down in FBS with 10% DMSO and stored at -80°C until needed for 

flowcytometry (n=3-5). 

 

Table 2.1: IHC protocol information showing antigen retrieval method, primary antibody concentration 
and make and secondary antibody concentration and make for the antigens F480, CD163, L6G and 
Granzyme B. 
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2.6.2 Bone marrow 

 Following dissection, femur heads were chopped off before placing femurs in a 0.5 ml PCR 

tube with the bottom removed and spinning this in a centrifuge at 6000 g for 5 minutes to remove 

bone marrow. This marrow was slowly frozen down in FBS with 10% DMSO and stored at -80°C until 

needed for flowcytometry.  

 

2.6.3 Spleens 

 Spleens were defrosted quickly in a 37°C water bath before being washed twice in PBS to 

remove any leftover DMSO in the organ. The organs were then finely chopped using a scalpel before 

being dissociated in 5µl of Liberase stock (Roche) (Stock= 2mg/ml) and diluting into 995µl RPMI. The 

dissociation solution was left in a 37°C incubator for 45 minutes with a vortex step every 15 minutes 

to dissociate tissue to a single cell suspension. Following incubation, the remaining spleen tissue was 

passed through a 100µm cell strainer using the flat end of a 5ml syringe before being diluted with a 

further 1ml of RPMI and having 10% FBS added to neutralise the Liberase solution.  

 

2.6.4 Lung dissociation  

 Lungs were defrosted quickly in a 37°C water bath before being washed twice in PBS to 

remove any leftover DMSO in the organ. The organs were then finely chopped using a scalpel before 

being dissociated in Colaginase (0.2mg/ml) (Gibco) & Dispase (2mg/ml) (Gibco) diluted in PBS. The 

dissociation solution was left in a 37°C incubator for 45 minutes with a vortex step every 15 minutes 

to dissociate tissue to a single cell suspension. Following incubation, the remaining lung tissue was 

passed through a 100µm cell strainer using the flat end of a 5ml syringe before being diluted with a 

further 5ml of PBS and having 10% FBS added to neutralise the enzymes. 

2.6.5 Staining  

48 h before performing flow cytometry, all antibodies used were aliquoted into the necessary 

labelled tubes for samples and controls before they were stored at 4°C overnight. The controls used 

were single stained cells, single stained beads (AbC & ArC compensation beads, Invitrogen) and 

fluorescence minus one (FMO) containing all antibodies except one. Two panels were run back-to-

back on the same samples, a myeloid panel and a lymphoid panel. The antibodies used were all diluted 

1:100: 
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• Myeloid Panel: Zombie UV viability Dye (Cat:423107), CD45 (Clone:30-F11), MHCII (Clone: 

M5/114.1115.2)), CD11b (Clone:M1/70), Ly6G (Clone:1A8), Ly6C (Clone:HK1.4), F4/80 

(VBM8), MRC1 (Clone:C068C2), CD11c (Clone:N418) 

• Lymphoid Panel: Zombie UV viability Dye (Cat:423107), CD45 (Clone:30-F11), CD3 (Clone: 

145-2C11), CD4 (Clone:GK1.5), CD8 (Clone:53-6.7), CD19 (Clone:6D5), NK1.1 (Clone:PK136), 

PD-1 (Clone:J43). 

 

 Following dissociation or defrosting, the bone marrow, lung or spleen cell suspensions were 

then centrifuged at 3400g for 5 minutes and the cell pellet was resuspended in 400µL of PBS+ 1% FBS 

twice as a washing step. A master mix of samples was created with cells from every sample, of which 

100µL was pipetted into the control antibody solutions. 100µL of each unmixed sample was also 

pipetted into the complete sample antibody mixes and all samples were left to incubate on ice, in the 

dark for 45 minutes with one flick mix after 25 minutes of incubation. 1 ml of PBS was then added to 

each sample before centrifuging at 3400g for 5 minutes to pellet cells. The stained pellet was 

resuspended and fixed in 1% PFA (Fisher Scientific) diluted in PBS and stored overnight at 4°C in the 

dark. 

 

2.6.6 Flow cytometry 

 Flow cytometric analysis was performed on an LSRII (BD) machine using the FACsDIVA 

software for capture. Flow cytometry utilises a combination of microfluidics, laser diffraction and 

fluorescence to effectively characterise a population of cells. Cells in a single cell suspension are taken 

into the machine by the fluidics and organised into a single cell line. The fluidics manipulate the cells 

to fall through a series of lasers one at a time to determine the cell size and the immunofluorescent 

staining of each sample. Filters are used to allow individual analysis of the wavelengths of emission to 

quantify proportional protein expression. 

Stained compensation beads were used to set compensation thresholds for overlapping 

fluorescent signals before controls were run through. 100,000 viable cells, gated by the unstained 

zombie UV dye population, from samples and controls were recorded during capture. Analysis was 

performed using the FlowJo software (v10.6.2) and the gating strategy is outlined in Figures 2.4 & 2.5 

and Supplementary Figures F, G, H, I.  
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Figure 2.4: Flow cytometry myeloid panel gating strategy for Bone Marrow. 

Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+), Neutrophils (CD45+,CD11b+,Ly6G+), Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), M1 
Macrophages (Macrophage, MRC1-), M2 Macrophages (Macrophage, MRC1+) 
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Figure 2.5: Flow cytometry lymphoid panel gating strategy for Bone Marrow.  

CD4+ T cells (CD45+,CD19-,CD3+,CD4+), B Cells (CD45+,CD19+,CD3-), CD8+ T cells  (CD45+,CD19-, 
CD3+,CD8+), PD-1 on CD4+ T cells (CD4 T cells, PD-1+), PD-1 on CD8+ T cells (CD8 T cells, PD-1+), NK cells 
(CD45+,CD19-,CD3-, NK1.1+) 
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2.7 Immune population gene expression 

2.7.1 Nanostring analysis 

 Flash frozen bones and lungs from BALBc mice containing metastasised 4T1-LUC tumours 

were lysed and RNA was extracted using the Tri Reagent (Sigma-Aldrich, UK) protocol (n=3). Organs 

were homogenised in a bead mill (Fisher Brand version 4) with 1ml Tri Reagent for 1 minute before 

being placed on ice. 200 µl of chloroform was added to homogenised tissue and shaken for 1 minute 

before centrifugation at 16,000 g for 20 minutes to separate out protein from nucleic acids. The top 

layer was carefully transferred to a separate 1.5ml tube before 500 µL of isopropanol was added to 

solution to precipitate RNA out of solution. The precipitate was pelleted by centrifugation at 16,000 g 

for 20 minutes before the pellet was washed using 75% ice cold ethanol. The pellet was resuspended 

in nuclease-free microbiology water and stored at -80°C until needed. 

 Nanostring analysis was performed by collaborators Prof. Graham Pockley and Dr Jayakumar 

Vadakekolathu at Nottingham Trent university using the NanoString nCounter™ panCancer Immune 

profiling panel (NanoString Technologies). 150 ng of RNA was used for analysis in accordance with 

manufacturer recommendations and analysis was performed using the nSolverTM 4.0 and Advanced 

Analysis 2.0. Cell type analysis and statistical analysis was performed by Dr. Lewis Quale. 

Determination of cell types was performed in R, gene expression was mean-centred for all samples 

before calculation of the raw cell-type signature scores as the average of Log2 expression intensities 

for genes in each cell type signature. The gene signatures determining each cell type were taken with 

reference from the Nanostring document LBL-10043-08 (nCounter PanCancer Immune Profiling Panel 

Gene List.xlsx).  

 

2.7.2 qPCR array cards 

 RNA was extracted from flash frozen tumour bearing bones and lungs of C57BL/6 mice by the 

method described above (Section 2.7.1) (n=3). Following RNA isolation, reverse transcription was 

performed using the Superscript III (Invitrogen) kit and protocol described in section 2.3.2. 

 To run the qPCR Taqman Low Density Array card (Production number: 000004113924), cDNA 

was combined with TaqMan Fast Advanced Master Mix (Applied Biosystems) (ref:4444557). cDNA, 

molecular water and 2x Master Mix were combined to a final cDNA concentration of 3 ng/μl in 110 μl 

final volume. 100 μl of this was loaded into the card reservoir which was centrifuged for 1 minute at 

331g a total of two times to enable microfluidic loading of the card from the reservoirs. The card was 
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then run on a QuantStudio 7 qPCR thermocycler (ThermoFisher). Analysis and statistics were 

performed by Dr. Lewis Quale. Statistics performed were t-tests (adjusted for multiple testing using 

FDR method) where there were two groups in a comparison and ANOVA followed by Tukey's post-hoc 

test where there were more than two groups. Cell-type scores were computed by taking the geometric 

mean (take log of values, calculate mean, exponentiate result) and cell types were determined using 

the following gene markers classifications: 

B Cells: Blk, Cd19, Ms4a1, Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, 

Gzmb, Klrb1, ,Klrd1, Klrk1, Prf1, Dendritic Cells: Ccl2, Cd209e, Hsd11b1, Exhausted CD8: 

Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, Mast cells: Ms4a2, Neutrophils: 

Csf3r, Fcgr4, NK cells: Il21r, Ncr1, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, Sh2d1a, TH1: Tbx21, 

Treg: Foxp3, CD25, CD4 T cells: CD4 

 

2.8 Ex Vivo biochemical assays 

2.8.1 Human oestrogen ELISA 

 To detect circulating concentrations of oestradiol in the mouse models, the oestradiol 

enzyme-linked immunosorbent assay (ELISA) (Calbiotech) was utilised in accordance with the 

manufacturer’s instructions. 25 µL of the standards and samples (n=10-12) were added to each 

streptavidin coated well in duplicate followed by 50 µL of oestradiol biotin reagent containing the 

oestradiol antibody. The plate was incubated at room temperature for 45 minutes before 100 µL of 

enzyme reagent was added to each well and incubated for a further 45 minutes at room temperature 

whereby a fixed amount of HRP conjugated oestrogen and the samples endogenous oestrogen 

competes for Ab binding. The wells were then washed 3 times using 300 µL of the washing buffer 

provided before the TMB reagent was added to the wells to develop a blue colour, a process which 

was stopped after 20 minutes using the stop solution. The absorbance of the plate was read at 450 

nm on a SpectraMax M5 (Molecular Devices) plate reader. 

 

2.8.2 P1NP ELISA 

 Procollagen type 1 N-terminal propeptide (P1NP) is a marker of osteoblast activity and 

therefore a marker of bone deposition. Organic bone matrix consists mainly of type 1 collagen which 

is synthesised in the bone from procollagen (Gelse et al, 2003). During bone catabolism, procollagen 

is cleaved by proteases from the osteoblast removing the N and C terminal peptides prior to collagen 
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assembly into fibres (Gelse et al, 2003). P1NP is the N terminal peptide which is released into 

circulation and the majority of it is up taken by the liver (Melkko et al, 1994). Therefore, serum P1NP 

acts as a biomarker for bone remodelling, allowing simple quantification of the bone 

microenvironment status using commercially available immunoassay kits (Koivula et al, 2010). 

 The ELISA kit used was the rat/mouse P1NP enzyme immunoassay (Immunodiagnostic 

Systems Limited) which was used according to the manufactures instructions. 50 µL of sample (n=10-

12) or standard was added to each well of the polyclonal rabbit anti P1NP coated plate along with 

biotin as the amplification method before a 1 hour incubation at room temperature.  Following this, 

the wells were washed 3 times using the kit wash buffer before HRP conjugated avidin was added and 

left to incubate for 30 minutes to bind the biotin/ antibody complex. Excess HRP avidin was washed 

off with three washes after 30 minutes and the enzyme chromogenic substrate (TMB) was added, left 

to develop for 30 minutes before the reaction was stopped by the addition of hydrochloric acid. The 

absorbance of the wells was read using a SmectraMax 5Me plate reader at the wavelength 450 nm 

and results interpreted from the calibration curve.  

 

2.8.3 TRAcP 5b ELISA  

 The tartrate-resistant acid phosphatase 5b (TRAP) enzyme is secreted by osteoclasts, dendritic 

cells, macrophages and a number of other cell types in a variety of organs. Of the two main forms of 

TRAP, the subtype TRACP 5b is predominantly derived from osteoclasts and can be used as a serum 

biomarker for osteoclast activity and bone resorption since it is released into the blood stream before 

being degraded into fragments and removed from blood. 

 The Mouse TRAP ELISA (Immunodiagnostic System Limited) was used for all experiments 

following the manufacturer’s instructions. The polyclonal Ab against TRACP 5b was added to an anti-

rabbit IgG coated 96 well plate and incubated for 60 mins before 100 µL of standard, control and 

diluted sample (n=10) (25 µL of sample in 75 µL of NaCl) was added to each well. Following a 60 min 

incubation, the chromogenic substrate was added to each well to develop before sodium hydroxide 

was used to stop the enzymatic reaction. The final absorbance of the wells was determined using the 

SmectraMax 5Me plate reader at the wavelength 405 nM. 
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2.9 Statistics  

 All values presented represent mean +/- SEM. Statistical analyses were performed using the 

ANOVA test followed by Tukey's post-hoc test and unpaired student t test using the GraphPad prism 

7 software as indicated on individual figures. P values are presented as * < 0.05, ** <  0.01, *** < 

0.001, ****<0.0001. 
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3.1 Introduction 

In the AZURE trial and ABCSG12 trial, Zol was shown to be effective at preventing bone 

metastasis while reducing disease free survival, however the AZURE trial showed that only the post-

menopausal cohort of women benefit, with patients with pre-menopausal concentrations of 

oestradiol having reduced iDFS and increased soft tissue metastasis (Coleman et al., 2018a). The post-

menopausal phenotype is characterised by low levels of circulating oestradiol, a decline in inhibin B 

concentrations alongside increased FSH secretion (Su and Freeman, 2009). A retrospective analysis of 

patient serum from the AZURE trial showed that oestradiol concentrations of >50 pM/L correlated 

with improved iDFS following adjuvant Zol. This, along with the strong immunogenic nature of 

oestradiol and its crucial role in bone homeostasis, led to the hypothesis that this hormone drives 

differential anti-tumour effects following Zol. Indeed, oestradiol and Zol interact with a plethora of 

cells around the body and in the tumour microenvironment, including a wide array of immune cells, 

bone resident cells such as osteoblasts and osteoclasts, and tumour cells themselves depending on ER 

status (George et al., 2020). Therefore, studying the effects of these two drugs on cancer progression 

required a whole-body organism. 

 The menopause has profound effects on bone volume as it progresses, due to oestradiol 

driven processes. The bone is constantly remodelled to maintain healthy bone mineral density by a 

balanced process of bone resorption and bone formation. The process of this remodelling is regulated 

by a number of hormones, including PTH, vitamin D3, calcitonin and oestradiol (Siddiqui and Partridge, 

2016). Oestradiol affects bone turnover in a number of ways, including: lowering PTH sensitivity, 

increasing calcium absorption in the intestine, increasing calcitonin production, and acting directly on 

osteoclasts to decrease their activity and promote apoptosis (Bhattarai et al., 2020). Therefore, 

oestradiol deficiency during the menopause disrupts this normal bone turnover favouring increased 

osteoclast activity and decreased osteoblast activity leading to a reduction in bone volume and bone 

mineral density (Lerner, 2006). This loss is predominantly in the trabecular bone volume during the 

first 4-8 years of menopause and is directly related to oestradiol loss. 

 Mouse models of breast cancer bone metastasis are an invaluable tool to assess the efficacy 

of new treatments and to effectively model and recreate clinical conditions in a controlled 

environment. The use of animal models in my project allowed the analysis of the complex immune 

oncology interactions across different metastatic sites, the sights of tumour dissemination and the 

expression changes happening at multiple metastatic locations. Specifically, the conditions modelled 

were human menopausal oestradiol concentrations, disseminated breast cancer cells and zoledronic 

acid treatment.  
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 Menopausal concentrations of oestradiol can be modelled via a number of different 

techniques and normally involve removing the mouses ability to produce ovarian hormones before 

administering hormone replacement to control systemic levels. Unlike humans, mice have an oestrous 

cycle rather than a menstrual cycle that occurs every four to five days, however the hormone 

fluctuations present in this cycle are similar to the human menstrual cycle (Caligioni, 2009). 

Furthermore, mice do not undergo menopause in the same way as humans do, instead experiencing 

irregular oestrus cycles around the age of 9-12 months. The main difference between mice and 

humans is the presence of mature ovulatory follicles in aged mice which is not present in humans 

where complete ovarian failure is the main hallmark. The gold standard for evaluating the effects of 

gonadal hormones is OVX, which is the bilateral surgical removal of the ovaries. Following OVX, 

recovery usually occurs within one week and leaves a blank slate of gonadal hormones in mice, 

allowing administration of oestradiol or other ovarian hormones as needed for the study.  

 Serum oestradiol concentrations can be restored in mice to human levels by oestradiol 

administration. Oestradiol levels can be modelled using an oestradiol silastic implant that is surgically 

implanted subcutaneously and restores oestradiol levels. Studies have shown that these implants can 

restore oestradiol levels to stable serum levels within two weeks (Mosquera et al., 2015). However, 

the implants have been shown to interfere with tumour metastasis and unpublished observations 

from our group show tumour cells metastasising to the site of implant (Holen et al., 2016). Because of 

the issues with oestradiol pellets I modeled human concentrations of oestradiol in mice by adding this 

back via the drinking water of mice, a technique that was used in our group on a mouse model in the 

absence of tumour cells first (Canuas-Landero et al., 2021). Replacement in drinking water is a non-

invasive technique that successfully models serum oestradiol to menopausal levels.  

 Zol is a third-generation nitrogen containing bisphosphonate that is used for the treatment of 

osteoporosis, Paget’s disease and metastatic and osteolytic bone disease (Russell and Rogers, 1999). 

Zol rapidly targets the bone at sites of exposed hydroxyapatite, here it exerts cytotoxic effects on 

osteoclasts. Like the other nitrogen containing bisphosphonates, Zol is a potent inhibitor of the 

mevalonate pathway by inhibiting FFP and GGPP, therefore reducing prenylation of small GTPases 

Ras, RHO and RAC which are important for osteoclast function (Figure 1.4) (Luckman et al., 1998). This 

classical mechanism of Zol action leads to reduced osteoclast activity and osteoclast cell death, 

therefore preventing bone loss associated with osteoporosis and bone metastasis. However, since the 

mevalonate pathway is ubiquitous throughout the body, Zol has been suggested to have action on a 

number of cells, including immune cells, tumour cells themselves and other bone resident cells 

(George et al., 2020). Understanding the wider role of Zol in the context of treating breast cancer 
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metastasis first requires a robust model of breast cancer metastasis, menopausal status and Zol 

treatment, which is the main objective of this chapter.  

 

3.1.2 Hypothesis 

Delivering pre- peri- and post-menopausal concentrations of oestradiol to ovariectomised mice in the 

drinking water will mimic human menopausal concentrations of oestradiol, stimulate osteoclast 

induced bone loss and provide a suitable model for determining the effects of oestradiol on the anti-

tumour properties of Zol in breast cancer metastasis. 

 

Aims 

The overall aim of this chapter is to create a mouse model that mimics pre- peri- and post-menopausal 

concentrations of oestradiol found in humans and use this to determine the effects of oestradiol +/- 

Zol on tumour growth in bone and soft tissue. Specifically, I will: 

1. Determine the effects of supplementing oestradiol in the drinking water of OVX mice on 

circulating concentrations of oestradiol, bone volume and osteoclast/osteoblast number and 

activity in the presence/absence of Zol. 

2. Establish the effects of pre- peri- and post- menopausal concentrations of oestradiol +/- Zol 

on metastatic outgrowth of breast cancer cells in soft tissue and bone. 
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3.2 Results 

3.2.1 Effect of ovariectomy and Zol treatment on serum oestradiol levels in BALBc and C57BL/6 mice. 

 To model the differential effects of Zol under high and low oestradiol conditions seen in the 

AZURE trial, I first established immune competent mouse models (Figure 3.1) to allow downstream 

analysis of immune regulation (see chapter 5). Two immunocompetent mouse models and murine 

breast cancer cell lines were used: C57BL/6 mice with E0771-LUC cells (n=15 per group) and BALBc 

mice with 4T1-LUC cells (n=12per group). Since mice have low circulating oestradiol concentrations 

when compared to humans and do not undergo menopause, 10-12 week old female C57BL/6 mice or 

BALBc mice were ovariectomised to mimic menopause. Oestradiol was then replaced via drinking 

water at concentrations of 0 mg/l, 1.375 mg/l and 12.5mg/l, to mimic post, peri and pre-menopausal 

human concentrations of this hormone, while daily goserelin injection was administered. This allowed 

me to focus specifically on the effects of oestradiol on the pharmacological effects of Zol without the 

influence of the steroid hormone FSH. Mice were subsequently randomised to receive PBS (control) 

or a single dose of Zol 11 days after ovariectomy (Figure 2.2). 5 days (BALBc) or 7 days (C57BL/6) 

following OVX, mice were injected with 50,000 4T1-LUC or 100,000 E0771-LUC cells via intra cardiac 

injection (Figure 3.1).   

Figure 3.1: In vivo mouse model method for C57BL/6 and BALBc mice 

Mice underwent OVX and oestradiol was replaced via drinking water to recreate post, peri and pre-
menopausal serum levels. Mice were treated with daily goserelin following OVX.  E0771-LUC (100,000 cells) 
or 4T1-LUC (50,000 cells) murine breast cancer cells were administered via intra cardiac injection before 
treatment with 100µg/kg of Zol. Mice were culled at day 15 (BALBc) or 19 (C57BL/6) before collection of 
organs and serum for downstream analysis. 
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To assess the effect of oestradiol replacement on accuracy to mimic human menopausal 

concentrations of this hormone, serum oestradiol levels were quantified after 19 days and were found 

to be comparable to those found in pre-, peri- and post-menopausal women, which normally range 

from 200-500 pg/ml in the pre-ovulatory phase in pre-menopausal women, and are typically around 

20 pg/ml in post-menopausal women (Rodger, 2005). The resulting levels of oestradiol in Zol 

untreated mice were 59, 144 and 400 pg/ml in the post-, peri- and pre-menopausal groups 

respectively (Figure 3.2). Zol treated mice had oestradiol levels at 16, 278 and 391 pg/ml in the post-, 

peri-, and pre-menopausal groups respectively (Figure 3.2). There was a significant difference between 

the pre- and post-menopausal groups in both Zol treated (P= 0.0109) and untreated mice (P= 0.0029) 

(n=20) (Figure 3.2). Furthermore, in untreated mice, there was a significant increase in oestradiol 

concentrations in mice with pre-menopausal serum oestradiol concentrations when compared to peri-

menopausal oestradiol concentrations (p=0.0374). There was no significant difference observed 

between peri-menopausal oestradiol levels compared to pre and post in Zol treated mice. 

Interestingly, under post-menopausal concentrations of oestradiol, Zol leads to a trend towards 

reduced serum oestradiol concentrations, however this result was not significant. This data shows that 

menopausal groups in tumour bearing mice have been modelled effectively. 

 

 

Figure 3.2: Serum oestradiol concentration following ovariectomy and oestradiol replacement. 

Serum oestradiol in ovariectomised C57BL/6 mice (n= 10 per group) taken at experimental endpoint. Mice 
supplemented with post peri and pre menopausal concentrations of oestradiol and treated with 100 µg/kg 
Zol or saline. Oestradiol measured in serum by ELISA. 

 Mean ± SEM   Statistical analysis by one way ANOVA     

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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3.2.2 Effect of Zol on bone microenvironment under post-, peri- and pre-menopausal concentrations 

of oestradiol in tumour bearing mice  

The bone is a dynamic tissue, constantly undergoing remodelling with degradation of old 

worn-out tissue by osteoclasts and deposition of new bone matrix by osteoblasts (Raggatt and 

Partridge, 2010). These cells are sensitive to subtle physiological changes leading to an imbalance in 

the osteoblast, osteoclast ratio, therefore changing the physiological and mechanical structure of the 

bone. During the menopause, there is a transition towards an osteoclastic bone phenotype, whereby 

the decrease in circulating oestradiol and the increase in FSH leads to osteoclast survival and 

stimulation, causing a decrease in bone volume (Manolagas, 2000). The bone microenvironment is 

favourable for breast cancer metastasis due to high turnover and the release of bone embedded 

Figure 3.3: Effect of Zol and oestradiol on bone morphology 

(A) Tibiae from C57BL/6 with E0771 tumours (i) and BALB/c mice with 4T1-LUC tumours(ii) treated with 100 
µg/kg Zol or saline in combination with post, peri and pre-menopausal concentrations of oestradiol. 
Percentage trabecular bone volume/tissue volume (BV/TV%) determined by µCT analysis after experimental 
endpoint. 

(B) Representative cross-sectional images from C57BL/6 (n=30 per group) (i) and BALB/c (n=12 per group) 
(ii) mouse tibia 

Statistical analysis by one way ANOVA and Tukeys post hock analysis and Students T test.   N= 10 per group 

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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growth factors, stimulating growth and survival and in turn increasing bone turnover (Roodman, 

2004). Zol can disrupt this process and protect the bone by inducing osteoclast apoptosis (Luckman et 

al., 1998) and downregulating RANK signalling (Kimachi et al., 2011) in the bone to decrease osteoclast 

mediated bone resorption. Therefore, the bone microenvironment was characterised in mouse 

models with post-, peri- and pre-menopausal concentrations of oestradiol in the absence and 

presence of Zol to determine whether oestradiol affected the ability of Zol to exert its bone anabolic 

effects through inhibiting osteoclastic bone resorption. 

 

3.3 Trabecular bone structure  

3.3.1 C57BL/6 mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

 Both tibia from each mouse were scanned using µCT to analyse the bone architecture (Figure 

3.3) and the percent volume of the trabecular bone fraction (BV/TV%) was calculated (n=30 per 

group). The mice in the pre-menopausal group had significantly higher trabecular bone volume (BV) 

when compared to mice with peri-menopausal and post-menopausal concentrations of oestradiol 

(p<0.0001 and p<0.0001 respectively) in Zol untreated groups (Figure 3.3 Ai). This suggests that 

oestradiol administration is effective at modelling pre, peri and post-menopausal concentrations of 

oestradiol in tumour bearing mice.  In the subgroups treated with Zol, pre-menopausal mice also had 

significantly higher BV than peri-menopausal and post-menopausal mice (p<0.0001 and p<0.0001 

respectively) and peri-menopausal mice had higher BV than post-menopausal mice (p=0.0281) (Figure 

3.3 Ai). There was a significant corelation between oestradiol concentration and trabecular bone 

volume (p=0.0001) (figure not shown). Interestingly, in mice with post-menopausal concentrations of 

oestradiol, Zol significantly increased BV (p=0.0034), but did not restore it to pre-menopausal levels. 

However, at other concentrations of oestradiol, trabecular BV followed a similar incremental increase 

in both Zol treated and untreated groups (Figure 3.3 Ai). This provides evidence that oestradiol 

replacement in mice was able to model menopausal conditions seen in the bone. Furthermore, Zol 

has more profound effects on bone in the post-menopausal groups. 

 

3.3.2 BALBc mice exposed to pre- peri- and post-menopausal concentrations of oestradiol +/- Zol 

 One tibia from each BALBc mouse was scanned by µCT to analyse bone morphology via a 

second in vivo model (n=12 per group). Mice in the pre-menopausal group without Zol had significantly 

higher bone volume than mice with peri and post-menopausal concentrations of oestradiol (p<0.0001 
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for both), and mice with peri-menopausal concentrations of oestradiol had significantly higher BV than 

those with post-menopausal concentrations of this hormone (p=0.0044) (Figure 3.3 Aii). In the Zol 

treated group, the pre-menopausal group also had a significantly higher BV when compared to peri 

and post-menopausal Zol treated mice (p=0.0021 and p<0.0001 respectively) (Figure 3.3 Aii). 

Furthermore, peri-menopausal Zol treated mice had significantly higher BV than Post-menopausal Zol 

treated mice (P<0.0001). This data shows that each oestradiol concentration representing the 

different stages of the human menopause modelled via oestradiol supplementation in the drinking 

water was significantly different to each other leading to clear and distinct groups. Unlike in C57BL/6 

mice, Zol had no significant effect on trabecular bone volume under any menopausal condition, 

showing only a trend towards increase with Zol in the peri-menopausal group (p=0.073) (Figure 3.3 

Aii). These data show that oestradiol has similar effects on bone volume in C57BL/6 mice and BALBc 

mice, with increased bone volume being associated with high concentrations of oestradiol, mimicking 

changes in bone volume observed in women at different stages of the  menopause. Interestingly, Zol 

appeared to be more physiologically active in C57BL/6 mice compared with BALBc mice with 

significantly increased bone volume observed under post-menopausal concentrations of oestradiol 

suggesting that differences in the bone microenvironment between the two mouse strains may affect 

the anti-resorptive properties of this drug especially under low oestradiol conditions. 

 

3.4 Osteoclast activity via TRAcP-5b  

3.4.1 C57BL/6 mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

 Following investigation into the changes in bone structure following administration of Zol +/- 

oestradiol in C57BL/6 mice, the effects on bone turnover were investigated at a biochemical level 

using serum markers that indicate the changes in bone cell activity (n=10) (Figure 3.4). This was 

important because the relatively short treatment period of Zol may not be sufficient to produce 

significant physiological changes in bone architecture compared to untreated mice.  

 The serum biomarker TRAcP-5b, predominantly derived from osteoclasts and commonly used 

as a biomarker of osteoclast activity, was quantified in the serum of mice at the experimental 

endpoint. Zol treatment significantly reduced serum TRAcP-5b when compared to untreated mice 

under pre-, peri- and post-menopausal oestradiol concentrations (p<0.0001 for all) (Figure 3.4 A). 

Interestingly, circulating oestradiol concentrations had no significant effect on TRAcP-5b levels in 

serum (Figure 3.4 A). 
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3.4.2 BALBc mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

 Interestingly, Zol was less potent at reducing osteoclast activity in BALB/c mice with pre-

menopausal mice showing no significant difference in TRAcP-5b concentrations following treatment 

with Zol (n=12) (Figure 3.4 B). Furthermore, activities of Zol under different oestradiol concentrations 

differed in BALB/c mice compared with C57BL/6 mice: In BALB/c mice Zol reduced osteoclast activity 

under peri- and post-menopausal concentrations of oestradiol but not under pre-menopausal 

concentrations of this hormone (p=0.012 and p>0.001 respectively) (Figure 3.4 B). Also in this mouse 

strain oestradiol, modelled by oestradiol replacement, had a significant impact on osteoclast activity 

in the absence of Zol with post-menopausal concentrations of oestradiol leading to significantly higher 

TRAcP-5b concentrations than pre-menopausal concentrations of oestradiol (p=0.002). 

 

 

 

Figure 3.4: Effect of Zol and oestradiol on biochemical markers of osteoclast activity 

Serum TRAP concentrations, representative of osteoclast activity, taken from (A) C57BL/6 with E0771 

tumours (n=10) and (B) BALB/c (n=12) mice with 4T1-LUC tumours underwent OVX before treatment with 

100 µg/kg Zol or saline in combination with post, peri or pre-menopausal concentrations of oestradiol in 

drinking water. ELISA analysis for TRAP performed on mouse serum taken at experimental endpoint.  

Mean ± SEM   Statistical analysis by one way ANOVA with Tukeys post analysis and students T test (n=10-

12) 

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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3.5 Osteoblast activity via P1NP 

3.5.1 C57BL/6 mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

The serum marker P1NP was used to quantify representative osteoblast activity since it is a 

marker of bone formation from the cleaved N-terminal of collagen (n=10) (Figure 3.5). The study of 

osteoblast activity via P1NP found that treatment with Zol significantly reduced osteoblast activity in 

the post- and peri-menopausal groups (p=0.0005, p=0.0004 respectively) (Figure 3.5 A). However, Zol 

had no significant effect on P1NP in the pre-menopausal group (p=0.2212). When analysing the effect 

of oestradiol on serum P1NP, no significant difference was found between oestradiol concentration 

and serum P1NP (Figure 3.5 A).  

 

 

3.5.2 BALBc mice exposed to pre- peri- or post-menopausal concentrations of 

oestradiol +/- Zol 

 Serum P1NP was analysed in the BALB/c mouse model following the experimental end point 

to assess osteoblast activity (n=12). Interestingly, in this model treatment with Zol significantly 

decreased osteoblast activity in mice with pre- and peri-menopausal concentrations of oestradiol 

compared to their untreated counter parts (p=0.021 and p=0.002 respectively) but did not affect 

Figure 3.5: Effect of Zol and oestradiol on biochemical markers of osteoblast activity 

Serum P1NP concentrations from (A) C57BL/6 and (B) BALB/c mice underwent OVX before treatment with 
100 µg/kg Zol or saline in combination with post, peri or pre-menopausal concentrations of oestradiol in 
drinking water. ELISA analysis for P1NP performed on mouse serum taken at experimental endpoint.  
Mean ± SEM   Statistical analysis by one way ANOVA with Tukeys post analysis and students T test (n=10-
12) 

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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osteoblast activity under post-menopausal concentrations of this hormone, in Zol treated and 

untreated mice activity remained high (Figure 3.5 B). This contrasts results observed in the C57BL/6 

model, where mice with pre-menopausal concentrations of oestradiol were unaffected by Zol. Indeed, 

mice with post-menopausal concentrations of this hormone treated with Zol had significantly higher 

osteoblast activity than pre- and peri-menopausal mice treated with Zol (p=0.002 and p=0.001 

respectively) showing the potential role of oestradiol in bone turnover, perhaps as a physiological 

increase to counter the increased osteoclast activity associated with menopause (Figure 3.5 B).   

 

3.6 Live Imaging of metastatic outgrowth of disseminated tumours in bone and soft 

tissue 

 To analyse the effects of menopausal oestradiol concentrations with or without Zol on tumour 

dissemination and metastatic outgrowth, live tumour imaging was performed (Figure 3.6). Clinical 

trials have shown that adjuvant treatment with Zol can reduce development of bone metastasis 

independent of menopausal status, but that high oestradiol can drive increased recurrence of 

metastasis in soft tissues (Coleman et al., 2018b). Following intracardiac injection of mouse mammary 

tumour cell lines transfected with luciferase, mice were injected with the substrate luciferin and 

imaged using the IVIS system to monitor tumour growth and metastatic location.  

 

3.6.1 C57BL/6 mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

 In the C57BL/6 mouse model injected with E0771-LUC cells, circulating concentration of 

oestradiol corelated positively with increased number and size of bone tumours. Supplementation of 

a pre-menopausal concentration of oestradiol to mice following OVX led to significantly more bone 

metastases developing when compared to post-menopausal mice (P <0.01) (Figure 3.6 D). In this 

model, Zol had no significant effect bone metastasis in pre- or peri-menopausal groups, but 

interestingly it did lead to significantly increased numbers of bone metastases in the post-menopausal 

group (Figure 3.6 D). Tumour luminescent intensity, a measurement used to determine tumour 

growth and size, was not significantly changed between any of the treatment groups in the C57BL/6 

model, however it could be argued that there is a trend towards increased bone tumour size in the 

pre-menopausal group (Figure 3.6 F).  

 In vivo soft tissue was characterising as visible metastasis outside of the hind limb or spine, 

while ex vivo analysis of soft tissue tumour number analysed lung, liver, spleen, and any solid tumours 

found in dissection. Treatments with oestradiol or Zol led to no significant changes in numbers of soft 
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tissue metastases in the C57BL/6 group, showing a very minor, insignificant trend towards increase in 

mice with pre-menopausal circulating concentrations of oestradiol (Figure 3.7 B). However, tumour 

volume was significantly affected by Zol and oestradiol (Figure 3.7 D). Oestradiol concentration 

inversely corelated with tumour growth in soft tissue, with post-menopausal mice (-Zol) having 

significantly larger soft tissue metastases when compared to pre-menopausal mice. Treatment with 

Zol significantly reduced this soft tissue metastasis in mice supplemented with post-menopausal 

concentrations of oestradiol but did the opposite and increased metastases volume under pre-

menopausal concentrations of oestradiol (Figure 3.7 D). This mirrors the clinic, suggesting that Zol can 

be beneficial in reducing soft tissue metastasis, but only in the absence of oestradiol. When oestradiol 

is present, Zol has adverse effects on soft tissue metastasis leading to more tumour growth. 

3.6.2 BALBc mice exposed to pre- peri- or post-menopausal concentrations of oestradiol +/- Zol 

In the BALBc mouse model, treatment with Zol led to a trend towards a decreased in bone 

tumours following injection of the 4T1-Luc cell line (Figure 3.6 C). This trend never reached statistical 

significance; however, it was conserved for all treatment groups. Interestingly, oestradiol had no 

effect on bone tumour number in the BALBc model, but it did affect bone tumour growth. Oestradiol 

supplementation inversely corelated with tumour volume as calculated by luminescence intensity in 

vivo with post-menopausal mice (-Zol) having significantly higher bone tumour volume than both peri 

and pre (P < 0.1) (Figure 3.6 E). Interestingly, treatment with Zol reduced the tumour burden in these 

post-menopausal bones, but only had these effects in the absence of oestradiol.  

In the soft tissue, neither oestradiol nor Zol had significant effects on tumour numbers, except 

perhaps a small trend towards decrease in the pre-menopausal group (Figure 3.7 A). On the other 

hand, tumour volume in the soft tissue inversely corelated with oestradiol administration, with post-

menopausal concentrations of oestradiol leading to significantly increased soft tissue tumour burden 

when compared to pre-menopausal concentrations (P < 0.1) (Figure 3.7 C). Treatment with Zol had no 

effect on tumour growth in soft tissue under pre- or peri-menopausal oestradiol concentrations, but 

under post-menopausal concentrations, Zol significantly reduced tumour burden in soft tissue (p < 

0.01), an effect also observed in the C57BL/6 model (Figure 3.7 C & D). Taken together, this data 

suggests that Zol is only able to have beneficial effects on soft tissue metastasis in the absence of 

oestradiol (under post-menopausal conditions), mirroring that seen in the clinic.    
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Figure 3.6: The effect of post, peri and pre-menopausal concentrations of oestradiol +/- Zol on bone 
metastasis 

BALBc or C57BL/6 mice underwent OVX before oestradiol replacement in drinking water to model Pre, Peri 
and Post-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells (BALBc) or 100,000 
E0771 cells (C57BL/6) and treated with Zol (100µg/kg). (A) Representative images from BALBc mice (B) 
Representative images from C57BL/6 mice (C) Mean number of bones with tumour per mouse in BALBc mice 
and (D) C57BL/6, analysed ex vivo. (E) Mean luminescent intensity (P/S) in bones of BALBc mice, imaged in 
vivo, representing tumour size. (F) Mean luminescent intensity (P/S) of bones in C57BL/6 mice images in vivo. 

Mean ± SEM   Statistical analysis by one way ANOVA with Tukeys post analysis and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 3.7: The effect of pre-, peri- and post-menopausal concentrations of oestradiol +/- Zol on soft 
tissue metastasis 

BALBc or C57BL/6 mice underwent OVX before oestradiol replacement in drinking water to model Pre-, 
Peri- and Post-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells (BALBc) or 
100,000 E0771 cells (C57BL/6) and treated with Zol (100µg/kg). (A) Mean number of soft tissue with tumour 
per mouse in BALBc mice and (B) C57BL/6, analysed ex vivo. (C) Mean luminescent intensity (P/S) in soft 
tissue of BALBc mice, imaged in vivo, representing tumour size. (D) Mean luminescent intensity (P/S) of soft 
tissue in C57BL/6 mice images in vivo. 

Mean ± SEM   Statistical analysis by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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3.7 Discussion 

3.7.1 Modelling menopausal oestradiol concentrations 

 Human trials to evaluate the efficacy of Zol to prevent breast cancer metastasis to bone 

showed that bone metastasis was significantly decreased for both post- and pre-menopausal women. 

However, only post-menopausal women had a an improved iDFS, with pre-menopausal women 

displaying increased soft tissue metastasis and a decreased iDFS (Coleman et al., 2018b). The exact 

reason or mechanism behind this menopause dependent difference in treatment outcome is 

unknown, with a number of mechanisms proposed (Wilson et al., 2016a) (George et al., 2020). To 

study the mechanisms behind this change, the first aim of this study was to create an in vivo mouse 

model to replicate the conditions observed in the AZURE trial.  

Firstly, OVX was performed on mice to remove their endogenous oestradiol production and 

enable oestradiol levels to be under our control. OVX has become the gold standard for establishing 

menopause in mouse models (Koebele and Bimonte-Nelson, 2016), however there are still criticisms 

around the use of this technique. One potential problem is the sharp rise in circulating FSH, 

accompanied by a sharp fall in circulating oestradiol. Furthermore, OVX has been shown to be 

insufficient alone to reduce circulating oestradiol to concentrations comparable to those found in 

post-menopausal women (Wright et al., 2008). To study the effects of oestradiol on metastasis, 

oestradiol needed to be isolated away from the sharp rise observed in FSH during the menopausal 

transition, which has also been suggested to have some effects on bone metastasis (Wilson et al., 

2016b). Indeed, analysis of hormone and protein levels in patients from the AZURE trial found a 

correlation between FSH serum concentration and patient response to Zol treatment to prevent 

metastasis. However, since the rise in FSH during menopause occurs in tandem with the sharp drop in 

oestradiol, it is unclear which molecule may be responsible for this phenomenon. To counter this and 

further reduce oestradiol levels to appropriate post-menopausal concentrations, mice in the current 

study, were administered with daily injections of goserelin. Furthermore, the use of goserelin allowed 

the focus of this study to be on the effects of oestradiol without interference from high systemic FSH.  

Mice produce relatively low concentrations of circulating oestradiol when compared to 

humans, and do not undergo the menopause in the same way. Therefore, mice were supplemented 

with oestradiol to mimic human menopausal concentrations via their drinking water at concentrations 

of 0, 1.375mg/l and 12.5mg/l to model post-, peri- and pre-menopausal concentrations respectively. 

This oestradiol concentration was significantly higher than murine physiological serum oestradiol 

concentrations, suggesting that the human oestradiol levels modelled may not accurately reflect the 

effects seen in the clinic. However, modelling human oestradiol concentrations in mice has become a 
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standard modelling technique for the study of menopausal oestradiol effects, with a plethora of 

publications setting a president for its biological relevance (Canuas-Landero et al., 2021) (Diaz Brinton, 

2012). 

    Mice were also treated with goserelin alongside oestradiol administration to stop 

endogenous FSH production. This method for modelling serum oestradiol has been independently 

peer reviewed in the BALB/c model both with and without tumour cells (Canuas-Landero et al., 2021). 

Therefore, for the BALB/c model, trabecular bone volume was used as an indicator of oestradiol 

concentration. Measured serum oestradiol concentrations fell at an average of 59, 144 and 400 pg/ml 

for Zol untreated in C57BL/6b mice and 16, 278 and 391 pg/ml for Zol treatment. This concentration 

mirrors oestradiol concentrations observed in humans, oestradiol concentrations vary dramatically 

throughout the menstrual cycle, from 20-80 pg/ml during the mid follicular phase, all the way up to 

200-500 pg/ml during the pre-ovulatory phase (Rodger, 2005). Therefore, it could be argued that the 

pre-menopausal oestradiol state is not effectively modelled in this study. On the other hand, 

maintaining high levels of oestradiol allows a detailed study of its role in the cancer process, while 

reducing variation that could be present from cyclical changes in oestradiol concentrations.  

Although systemic oestradiol production was controlled in this study, local oestradiol 

production was not. Aromatase inhibitors were not used to inhibit local production of oestradiol from 

circulating androgens. Aromatase is most active in adipose tissue where it is considered main source 

of circulating oestradiol after the gonadal tissue (Nelson and Bulun, 2001), providing local oestradiol 

to sensitive organs in an autocrine manner. Therefore, it could be argued that the larger, dominant 

mice in the post-menopausal group would have more local oestradiol production from aromatase due 

to their increased adipose tissue. Aromatase has also been found expressed in the bone in osteoblasts, 

chondrocytes and fibroblasts supplying local oestradiol to the organ and influencing bone turnover 

(Eastell et al., 2006). Aromatase inhibitors were not used in this study because pre-menopausal 

women are rarely treated with them, unless used in combination with GnRH inhibitors (Pistelli et al., 

2018). Furthermore, we initially tested the effects of adding aromatase inhibitors to the model, but 

this did not affect circulating oestradiol concentrations, so this treatment was not pursued (data not 

shown). Furthermore, preliminary results from this laboratory showed that adding letrozole to mice 

following OVX did not alter concentrations of circulating oestradiol. 

Taken together, these data show that the model of menopausal transition in these mice is 

suitable for studying the effect of oestradiol on Zol treatment. Furthermore, this model allowed the 

study of the effects of oestradiol in the absence of interference from other reproductive hormones 

such as FSH. 
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3.7.2 Bone turnover 

 The bone is dramatically affected by both oestradiol and Zol, with oestradiol stimulating bone 

turnover by inhibiting the activity of osteoclasts while stimulating osteoblasts, and Zoledronic acid 

also preventing bone loss by leading to cytotoxic cell death of osteoclasts. 

The next aim was to determine if modelling menopausal oestradiol concentrations in the 

presence or absence of Zol in tumour bearing mice affected bone turnover. The bone is a dynamic 

tissue that is susceptible to change from external signalling or drug intervention. Zol and oestradiol 

have both been shown to have profound effects on bone morphology and turnover. Breast cancer 

cells preferentially metastasise to bone and affect normal bone turnover through reciprocal 

communications leading to the vicious cycle (Roodman, 2004). Therefore, this study investigated the 

interactions of these different bone modulatory stimuli. Investigation into the effect of oestradiol on 

trabecular bone structure found a significant correlation between high oestradiol concentrations and 

higher bone volume. These data correlate with the observed phenotypic changes in the bone 

microenvironment of women during the menopausal transition (Neer and Investigators, 2010). There 

is a large body of evidence showing that under pre-menopausal concentrations of circulating 

oestradiol, bone remodelling is balanced, with osteoclastic bone resorption and osteoblastic 

deposition of new bone matrix resulting in no net increase in bone volume (Manolagas, 2000). Peri-

menopausal women display an increase in bone resorption, in correlation to the decrease in systemic 

oestradiol concentrations, since there is an increase in activity of osteoclasts, leading to reduced bone 

volume. Whereas post-menopausal women experience a rapid loss in bone volume as a consequence 

of circulating oestradiol being low to undetectable. It has been shown that oestradiol acts on 

osteoclasts to cause apoptosis and reduce osteoclastogenesis, therefore protecting the bone from 

excess degradation. During the menopause, this protection is lost, leading to increased bone 

resorption and osteoporosis (Vaananen and Harkonen, 1996). 

The data from the current study reflects this and what is seen in women during the 

menopause, with oestradiol significantly increasing trabecular bone volume both in the presence and 

absence of zoledronic acid. When analysing the effect of Zol in the C57BL/6 model, it was only able to 

increase bone volume in the post-menopausal group, trabecular bone also never reached that of mice 

treated with pre-menopausal levels of oestradiol. On the other hand, in the BALBc model Zol had no 

significant effect on trabecular bone volume of tumour bearing mice. Many other studies have 

described the bone sparing properties of Zol in mice, and shown its ability to prevent osteolytic bone 



88 
 

disease (Croucher et al., 2003) (Jeong et al., 2011), suggesting that the discrepancies seen in this study 

are due to a short treatment time, as opposed to lack of effect of Zol. 

 

3.7.3 Biomarkers of bone turnover 

To understand the actions of Zol in the bone microenvironment further, molecular biomarkers 

for osteoclast and osteoblast activity were analysed. Osteoblast activity was reduced by Zol under post 

and peri-menopausal concentrations of oestradiol. However, under pre-menopausal concentrations 

of oestradiol, osteoblast activity was not significantly different between mice treated with zol and 

those that received PBS control. Firstly, these data show that Zol reduced osteoblast activity in the 

bone micro-environment, therefore leading to a change in bone remodelling since osteoblast activity 

is reduced. This phenomenon of a reduced osteoblast activity in response to Zol has been observed 

by a number of other groups (Brown et al., 2012) (Haider et al., 2014), but the mechanism is unclear. 

The data also shows that oestradiol has a protective effect on osteoblast activity in response to Zol, 

with high concentrations of oestradiol restoring osteoblast activity when compared to post-

menopausal treated mice. This conclusion is supported by experiments showing that oestradiol acts 

on osteoblasts via the β1 receptor to supress apoptotic gene expression encoding InsP3R, a pro-

apoptotic calcium channel (Bradford et al., 2010). Therefore, low systemic oestradiol leads to 

increased expression of InsP3R making cells more susceptible to apoptotic stimuli. Interestingly, 

expression of caspase-3/7 has also been shown to be inhibited by oestradiol in osteoblasts, providing 

a mechanism by which oestradiol promotes survival of these cells (Bradford et al., 2010).  

 Osteoclast activity, as determined by serum TRAcP-5b, was significantly decreased by Zol 

irrespective of serum oestradiol concentration in the C57BL/6 model. This data is in agreement with 

literature supporting this mechanism of Zol.  In the BALBc model, Zol only significantly reduced TRAcP-

5b in peri- and post-menopausal groups, with pre-menopausal mice showing only a trend towards 

decrease. However, in the BALBc model, oestradiol significantly decreased TRAcP-5b in serum, in line 

with literature showing oestradiol reducing activity and promoting apoptosis of osteoclasts. One 

mechanism by which Zol reduces osteoclast activity is by targeting farnesyl pyrophosphate synthase, 

a prominent enzyme in the mevalonate pathway, leading to reduced isoprenylation of small GTPs and 

ultimately apoptosis of mature osteoclasts (Luckman et al., 1998). Zol has also been shown to inhibit 

RANK expression on osteoclast precursors, acting to inhibit RANKL induced upregulation of RANK and 

inhibiting differentiation and migration of osteoclast precursors, therefore decreasing the number of 

mature osteoclasts in the bone microenvironment. (Kimachi et al., 2011). 
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 The results from this current study are in agreement with the documented role of Zol on the 

bone microenvironment. Zol reduced osteoclast activity, as determined by TRAP. Osteoblast activity 

was also reduced, except in pre-menopausal mice under the protection of oestradiol. This decrease in 

the number of osteoclasts led to an increased bone volume in C57BL/6 mice treated with post-

menopausal concentrations of oestradiol. However, the anabolic effect of higher oestradiol 

concentrations, alongside the relatively short Zol treatment time, could be the reason that the 

reductions in osteoclast activity in peri- and pre-menopausal mice did not translate into an increased 

bone volume compared to untreated mice.  

 

3.7.4 Tumour growth 

 To study the effect of Zol on the sites of breast cancer dissemination and metastatic 

outgrowth, C57BL/6 mice were injected with E0771-LUC cells or BALBc mice were injected with 4T1-

LUC cells via intracardiac injection. Intracardiac injection, a widely used model for bone metastasis, 

was utilised as the tumour delivery method in this study since the focus is on later stages of breast 

cancer metastasis; the ability for cells to arrest, survive and proliferate in the metastatic site (Campbell 

et al., 2012). The model used in this study to investigate the effect of menopausal concentrations of 

oestradiol and Zol on breast cancer dissemination and outgrowth is similar to one used in a diverse 

array of other publications and studies (Canuas-Landero et al., 2021) (Ottewell et al., 2014a) (Brown 

et al., 2012) (Haider et al., 2014). Stable pre-, peri- and post-menopausal concentrations of oestradiol 

were established one week prior to injection of breast cancer cells in order to establish the relevant 

bone phenotype and allow future observations into the changes to the immune landscape caused by 

oestradiol. As shown in previous data, this modelling of oestradiol concentration, bone volume and 

osteoclast and osteoblast activity successfully mirrored that seen in the clinic.  

 In the AZURE trial, where breast cancer patients were treated with Zol alongside standard of 

care, Zol reduced development of bone metastasis irrespective of menopausal status. However, Zol 

treatment was only able to improve iDFS in women who were over 5 years since menopause at the 

beginning of the trial (Coleman et al., 2014a). Indeed, in younger, pre-menopausal women treatment 

with Zol was associated with increased extra-skeletal tumour relapse and worse overall survival 

(Coleman et al., 2018a). In our mouse models, Zol did not significantly reduce bone metastasis in any 

treatment group except in BALBc mice with post-menopausal concentrations of oestradiol, where the 

Zol significantly reduced the increase in bone metastasis observed in untreated mice from this group. 

This outcome may be due to the short time span of the experiment due to the aggressive nature of 

the breast cancer cell lines used for these experiments. On the other hand, soft tissue metastasis was 
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increased in pre-menopausal mice following treatment with Zol, mirroring the AZURE trial data. In 

both mouse models, Zol treatment of post-menopausal mice resulted in a significant decrease in soft 

tissue metastasis size. This suggests that serum oestradiol concentration can affect both bone 

metastasis and also affect the efficacy of Zol, with Zol being more effective at preventing bone 

metastasis in the absence of oestradiol.  

Indeed, oestradiol inversely corelated with metastatic outgrowth of tumours outside the bone 

with lower oestradiol concentrations leading to larger extra-skeletal metastasis. The effect was 

observed in both the BALBc and C57BL/6 tumour models. Furthermore, previous papers from this 

group have shown that this inverse corelation of soft tissue metastasis and serum oestradiol is only 

observed in mouse models with intact immune systems (Canuas-Landero et al., 2021). When analysing 

the same treatments in BALB/cfox/- nude mice, oestrogen did not corelate with soft tissue metastasis, 

suggesting that the immune system plays a major role in the effects of oestradiol and Zol on soft tissue 

recurrence. Indeed, in a series of in vivo experiments using fluorescently labelled bisphosphonates, it 

has been suggested that TAMs can act as a mediator of bisphosphonate activity outside of the bone 

by engulfing small granular macrocalcifications containing bound bisphosphonate and transport it into 

the tumour microenvironment (Junankar et al., 2015). Furthermore, Zol and oestradiol both have 

profound, and often opposing effects on the immune system both systemically and in the tumour 

microenvironment (George et al., 2020), a topic that will be discussed in detail in future chapters.     

 

3.8 Summary 

 It has been well documented in the clinic that menopausal status is important in predicting 

patient outcome following adjuvant administration of Zol in combination with standard of care to 

breast cancer patients to prevent bone metastasis. Previous studies have investigated the role of 

menopausal hormones in the dissemination of tumour cells following treatment with Zol and 

identified both oestradiol and FSH as the likely mediators of this phenomenon (Wilson et al., 2016b). 

Due to its profound immune regulatory effects and its dramatic decrease during menopause, we 

hypothesised that oestradiol was the main mediator of the menopausal differences in treatment 

outcome. Therefore, the aim of this chapter was to create a model of the AZURE trial, to effectively 

replicate menopausal status, Zol treatment, bone morphology, tumour dissemination and immune 

regulation (future chapters).  

 Menopausal status was successfully modelled by OVX and oestradiol replacement in drinking 

water, bringing serum oestradiol levels into the range of human oestradiol at the different 
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menopausal stages. This modelling of oestradiol concentrations was reflected in the bone 

microenvironment, with trabecular bone volume significantly increasing following pre-menopausal 

levels of oestradiol replacement in both models. Interestingly, Zol had a protective effect on bone 

volume but was only able to increase trabecular bone in the post-menopausal group of C57BL/6 mice. 

On the other hand, treatment with Zol had significant effects on bone turnover at a cellular level. Zol 

significantly decreased osteoclast activity, determined by serum TRAcP levels, while also decreasing 

osteoblast activity, determined by serum P1NP concentration. This shows that Zol is reaching the bone 

microenvironment and is targeting osteoclast and osteoblast activity, as expected. Finally, the effects 

of treatment on tumour dissemination were investigated, finding that treatment with Zol in the pre-

menopausal group led to increased tumour burden in soft tissue. Furthermore, Zol was only able to 

significantly affect bone metastasis in the absence of oestradiol. Overall, the two mouse models used 

to recreate conditions observed in the AZURE trial have proved to be robust models of menopausal 

oestradiol concentrations, bone turnover and tumour growth. These models will be further used to 

understand the involvement of the immune system and its interactions with oestradiol and Zol. 
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4.1 Introduction 

 Zoledronic acid, in combination with standard of care, has been shown to have differential 

effects on breast cancer DFS and metastasis depending on the menopausal status of the patient. The 

clinical benefit of utilising adjuvant Zol alongside standard of care has been studied in a number of 

clinical trials. In the ABCSG-12 trial 1803 pre-menopausal women received Goserelin alongside 

endocrine treatment with or without Zol (4mg each month). This treatment reduced systemic 

oestrogen concentrations, to post-menopausal levels. A medial follow up after 94.4 months found 

that relative risk of disease was reduced in the Zol arm of the study (Gnant et al., 2015b). The ZO-FAST 

assessed the protective role of Zol in post-menopausal women with early breast cancer and found less 

recurrences in the Zol group (Bundred et al., 2008). In the AZURE trial, where 3360 women received 

standard treatment with or without Zol, Zol was shown to decrease bone metastasis and increase DFS 

for post-menopausal breast cancer patients, regardless of ER status (Coleman et al., 2018a). Women 

who were deemed clinically postmenopausal at the initiation of adjuvant bisphosphonate treatment 

had reduced tumour recurrence at all sites. On the other hand, pre-menopausal women had a reduced 

DFS, although they did have reduced bone metastasis suggesting a role for reproductive hormones 

within the HPG axis. To determine whether one particular hormone could be affecting the ability of 

Zol to elicit anti-tumour effects outside of the bone microenvironment, serum from early breast 

cancer patients in the AZURE trial was retrospectively analysed for concentrations of FSH, oestradiol 

and inhibin A (Wilson et al., 2016b). Inhibin-A whose concentration inversely corelates with bone 

turnover, was a promising candidate because of its effects on bone remodelling. However, analysis of 

patient serum found no significant differences in disease outcome between patients with post-

menopausal and non-post-menopausal concentrations of inhibin A (Wilson et al., 2016b). 

Furthermore, when studied in a preclinical mouse model, osmotic delivery of 10/60/120 ng/day of 

inhibin A did not significantly affect homing of DiD labelled breast cancer cells to the bone marrow 

following intracardiac injection, despite changes in osteoclast activity observed. This suggests that the 

effects seen in the AZURE trial are either mediated by FSH or oestradiol.  

 There is emerging evidence that oestradiol is a key hormone which can influence sites of 

dissemination of breast cancer cells. As part of the AZURE trial a large number of baseline serum 

samples were collected enabling evaluation of baseline hormone levels (oestradiol, follicle stimulating 

hormone and inhibin).  This study demonstrated that an oestradiol level of <50pmol/l 

(postmenopausal range) was associated with a significantly shorter iDFS compared to an oestradiol 

level of ≥50pmol/l (HR=1.36; 95% CI 1.05-1.78 p=0.022).  This was driven by more distant recurrences 

(outside of bone), irrespective of whether the primary tumour was ER+ or ER- (Wilson et al., 2016b). 

These data indicated that very low levels of oestradiol may make the bone a less permissive 
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environment for dissemination of tumour cells and lead to metastases in other organs.   Evidence from 

pre-clinical models have shown apposing roles for oestradiol, showing that low levels of oestradiol 

caused by ovariectomy promote tumour outgrowth of tumour cells already disseminated in bone 

(Ottewell, et al. 2015, Wright, et al 2017), whereas, supplementing mice with oestradiol enhances 

spontaneous metastasis of ER+ cells to bone (Holen et al 2016). Bone metastases were inhibited in 

both these models by zoledronic acid in the absence of chemotherapy. Taking the clinical and pre-

clinical data together, data suggest that high oestradiol may attract tumour cells to bone and influence 

their survival and dormancy in the bone microenvironment or cause them to disseminate to other 

organs. However, the mechanism for this remains unknown.    

 Oestradiol can excerpt effects on a plethora of different tissues and cell types throughout the 

body by binding to ERs, which are classified into subtypes. ERα and ERβ are both nuclear hormone 

receptors acting as transcription regulators that mediate direct genomic signalling by dimerising once 

activated and binding to oestradiol response elements on DNA and promoting transcription (Bourdeau 

et al., 2004) (Fuentes and Silveyra, 2019). These receptors can also act by indirect genomic signalling, 

by acting through protein-protein interactions with other transcription factors. The third ER is a 

membrane G-protein coupled receptor named GPER1 which signals via activation of intra-cellular 

signalling cascades following oestrogen binding (Carmeci et al., 1997) (Filardo and Thomas, 2012). 

Oestrogen signalling can act directly on ER-positive breast cancer cells and stimulate cell proliferation, 

providing a selective advantage to these cells and increasing tumour growth. However, a number of 

studies have shown the ability of oestrogen to promote growth and metastasis of breast cancers 

lacking the ER (ER-negative breast cancer) (Treeck et al., 2020). Due to the ubiquitous nature of ERs, 

it has been shown that oestrogen signalling can promote breast cancer development via actions on 

the stromal cells in the host compartment rather than acting directly on tumour cells themselves. 

Indeed, in an experiment on ovariectomised mice injected with the 4T1- triple negative cell line and 

supplemented with oestrogen or control, oestrogen was found to accelerate tumour metastasis and 

enhance tumour colony formation (Yang et al., 2013). Studies using xenograft mouse models of breast 

cancer formation highlight the importance of estrogens in ER-negative breast cancer development 

and progression, suggesting an involvement of bone-marrow -derived stromal cell recruitment (Gupta 

et al., 2007). Conversely, in vitro experiments treating the triple negative 4T1 mouse mammary cancer 

cell line with oestrogen found that treatment increased motility and invasion of the 4T1 cell line. 

Furthermore, treatment of cells with the ER antagonist ICI 182,780 (1 µM) did not block this 

phenomenon suggesting a direct, ER independent action of estrogen on these cells (Yang et al., 2013). 

It has been shown that oestrogen can increase the migration, invasion and viability of the triple 

negative breast cancer cell line MDA-MB-231 by acting on the GPER1 receptor and upregulating 
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expression of cyclin A, cyclin D1, Bcl-2, and c-fos (Yu et al., 2014). This shows that oestrogen can still 

influence breast cancer cells even in the absence or ERα and poses the question of whether the 

differences in treatment outcome observed in the AZURE trial and EBCTCG meta-analysis are through 

direct effects on tumour cells or via changes to the microenvironment including T cell driven immune 

modulatory mechanisms. Therefore, for the experiments in this project, ER α negative breast cancer 

cell lines were used to enable the effects of oestrogen on the microenvironment to be isolated away 

from the well documented effects of ER α signalling.  

 Zoledronic acid is a powerful bone modulatory agent, quickly binding to the bone matrix 

where it is ingested by osteoclasts, inducing apoptosis by inhibiting the activity of farnesyl diphosphate 

synthase, thereby reducing bone turnover (Kavanagh et al., 2006). It is believed that the main anti-

tumour effects of Zol in the bone are through its effects on osteoclasts and the bone 

microenvironment, breaking the vicious cycle to make the bone a less conducive environment for 

tumour dissemination (Ottewell and Wilson, 2019). However, Zol has been shown to have direct 

cytotoxic effects on breast cancer cell lines, with concentrations between 1-100µM leading to 

significant decreases in cell number via increased apoptosis, confirmed by fluorescence in situ nick 

translation assay, when treated in vitro  (Jagdev et al., 2001). Similar results have been observed across 

a number of breast cancer cell lines (Ibrahim et al., 2012) (Almubarak et al., 2011). Furthermore, this 

induction of apoptosis was due to inhibition of enzymes in the mevalonate pathway, as determined 

by addition of geranylgeraniol alongside Zol which reduced apoptosis to control levels. However, 

studies show that local concentrations of Zol in the bone following administration have been 

calculated to be between 0.4 µM and 4.6 µM following administration of a 2-4 mg dose (Scheper et 

al., 2009). Clinical trials have shown that Zol reduces bone metastasis in both pre- and post-

menopausal women, with the differences in treatment outcome presenting outside of the bone. 

Concentrations of Zol outside of the bone are much lower as Zol rapidly binds to the bone matrix 

(Weiss et al., 2008). Because of this lower systemic concentration of Zol, it is possible that the effects 

observed in clinical trials are mediated by indirect actions of Zol, acting through signalling pathways 

in bone remodelling cells or by stimulating an anti-tumour immune response (a hypothesis which will 

be explored in later chapters). 

                                   

4.1.2 Hypothesis  

Treating murine breast cancer cell lines 4T1-LUC and E0771 with pre-, peri- and post-menopausal 

concentrations of oestradiol does not directly affect the anti-tumour actions of Zol in vitro.  
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Aims 

The overall aim of this chapter is to determine whether the direct anti-tumour effects of Zol on murine 

breast cancer cell lines are altered in the presence of pre- or post-menopausal concentrations of 

oestradiol.   

1. Determine the cytotoxic effects of Zol on E0771 and 4T1-LUC cells, and calculate appropriate 

drug concentrations to utilise for cell culture experiments. 

2. Establish the direct effects of Zol on tumour cell proliferation, viability, migration and invasion 

under pre- and post-menopausal concentrations of oestradiol.  
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4.2 Results 

4.2.1 Growth dynamics of E0771 and 4T1-Luc cells 

 Understanding the characteristics of the 4T1 and E0771 breast cancer cell lines was very 

important to inform the experimental design of future in vitro experiments. Therefore, growth curves 

were performed to determine at what time point the cells were in their exponential growth phase and 

at what time point cells reached a plateau phase (n=3 performed in triplicate). E0771 cells were plated 

at 20,000 cells per well in a 24 well plate and cells were counted every 24 hours (Figure 4.1 B). The 

cells reached the exponential growth phase 24 hours after seeding and reached a maximum 

confluence at 96 hours. However, after 120 hours the number of E0771 cells decreased as the high 

confluence led to cell death and cell detachment (Figure 4.1 B). This shows that E0771 cells never 

reach the plateau phase of growth as other cancer cell lines do, but instead detach and die before 

plateau is reached. 

4T1-LUC grow in a more traditional pattern resembling the sigmoidal curve expected (Figure 

4.1 A). The cells reached the exponential growth phase after 48 hours of growth and reached 

maximum confluence after 96 hours. The cells then reached a plateau phase of growth following 96 

hours and did not detach and die as the E0771 cell line did (Figure 4.1 A). Therefore, after plating cells, 

assays can be conducted during the growth phase of 4T1-LUC cells from 48 hours up to the 96 hour 

time point. 

         

Figure 4.1: Cell growth characteristics of (A) 4T1-LUC cells and (B) E0771 cells, grown in RPMI media 
supplemented with 10 % FBS in the absence of treatment. Cells counted at 24, 48, 72, 96 and 120h. 

Data is mean +/- SEM for n=3 experiments performed in triplicate. 
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4.2.2 Effect of Zol on murine breast cancer cells lines 

 As shown in the literature and previously by this laboratory, Zol has direct cytotoxic effects on 

tumour cells. Therefore, the efficacy of Zol action alone on 2D cell cultures was assessed, to determine 

the IC50 and most appropriate time frame of treatment. Both tumour cell lines were treated with 5, 

10, 25, 50, 100 and 200 μM of Zol and cell viability was assessed by MTT assay (n=3 with 6 technical 

repeats) (Figure 4.2 B) and proliferation by cell counting  (n=3 performed in triplicate) (Figure 4.2 A) 

at 24 h, 48 h and either 72 h (4T1-LUC) or 96 h (E0771) time points, giving representative cell viability 

in the presence of Zol. The time point of 48 hours was chosen for the IC50 analysis because IC50 for 

cell viability was reached when compared to untreated cells in both E0771 (Figure 4.2 Ai-Bi) and 4T1-

LUC (Figure 4.2 Aii-Bii). After 24 hours, IC50 was not met at any concentration and after 72 hours total 

cell death was induced across a wide range of concentrations. E0771 cells were much more sensitive 

to zoledronic acid than the 4T1-LUC cells with E0771 having an IC50 of 27.82 μM after 48 hours via 

MTT (Figure 4.2 Bi) and 18.82 via cell count (Figure 4.2 Ai). 4T1-LUC cells were less sensitive to Zol than 

E0771, with an IC50 of 43.54 μM after 48 hours via MTT assay (Figure 4.2 Bii) and 34.91 μM via cell 

counting (Figure 4.2 Aii). The same trend of a reduced IC50 in the cell counting experiments compared 

to MTT assay was observed in both cell lines. There was a significant difference between cell death at 

IC50 concentrations of Zol between 24h and 48h time points of treatment in 4T1-LUC (P<0.0001) 

(Figure 4.1C) and E0771 (P=0.043) (Figure 4.1 A) after cell counting. 
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Figure 4.2: Effect of increasing concentrations of Zol on (A) Cell Growth and (B) on Cell Viability in 
the (i) E0771 and (ii) 4T1-LUC cells following treatment with between 5-200 uM Zol. IC50 was 
determined at each time point. The time point and concentration for use in future experiments was 
determined by the shape of the curve and the health of the cells. IC50 concentrations are higher 
than in vivo concentrations found in bone and circulation. 

Data are mean +/- SEM for n=3 experiments in triplicate (A) or sextuplet (B) 
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4.3 Effect of pre- post and peri- menopausal concentrations of oestrogen on anti-

tumour activity of Zol in vitro. 

4.3.1 Tumour cell number  

Following the determination of an IC50 for reduced cell number or viability of E0771 and 4T1-

LUC cells with Zol, the interaction between oestrogen and Zol on tumours was subsequently assessed 

(Figure 4.3). Tumour cells were treated with 10 pM/L, 84 pM/L and 300 pM/L of oestradiol (to 

represent post- peri and pre-menopausal concentrations of oestradiol observed in women) in 

combination with control or Zol IC50 (25 μM E0771, 40 μM 4T1-LUC) (Figure 4.3). Phenol free RPMI 

and charcoal stripped FBS were used as growth medium for these experiments. Following treatment, 

cell growth was quantified by haemocytometer cell counting at three timepoints (n=3 performed in 

triplicate). Zol significantly reduced cell numbers after 72 hours for both murine breast cancer cell 

lines following treatment with Zol. In the E0771 cell line, Zol reduced cell numbers at 10 pM/l, 84 pM/l 

and 300 pM/0 of oestradiol (p= 0.0002, p= 0.0007, p= 0.0047 respectively; Figure 3Ai). Furthermore, 

Zol had a significant effect on cell number in E0771 cells following 48 hours of treatment. Similarly, in 

the 4T1-Luc cell line, Zol also significantly reduced cell number after 72 hours at all oestrogen 

concentrations (p= 0.0308. p=0.0305, p= 0.0307). On the other hand, after 48 hours of treatment, Zol 

only significantly reduced cell number at 300pM/L of oestradiol, with 84pM/L and 10pM/L showing a 

strong trend approaching significance (Figure 3Aii). This reflects the IC50 experiments which showed 

that 4T1-LUC cells are less sensitive to Zol then the E0771 cells, with cell number taking longer to be 

significantly affected.  

 

4.3.2 Tumour cell viability 

This result showing the cytotoxicity of Zol independent of oestradiol concentration was 

confirmed and quantified by a second method focusing on cell viability. Cells were treated in the same 

way but quantified by MTT assay (n=3 with 6 technical replicates). Administration of oestradiol to 

E0771 cells had no significant effect on reduced cell viability following Zol induced at any 

concentration of oestradiol following 96 hours, assessed by MTT assay (Figure 4.3 Bi). After 48 hours, 

Zol significantly reduced cell viability at all oestradiol concentrations when compared to their 

untreated counterparts (P= 0.0143, 0.0039, 0.0064 pre- post and peri menopausal oestradiol 

concentrations respectively) (Figure 4.3Bi).  

4T1-LUC cells treated with Zol and oestradiol reached IC50 after 72 hours treatment, different 

to that observed in previous IC50 experiments (Figure 4.3Bii). At 72 hours, Zol significantly reduced 
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cell viability at all oestradiol concentrations when compared with non- Zol treated cells (p=0.0099, 

p=0.0009, p=0.0093 pre- post and peri menopausal oestradiol concentrations respectively) (Figure 4.3 

Bii). Importantly, oestradiol had no effect on the anti-tumour action of Zol or the growth of the tumour 

cells in the absence of Zol. Oestradiol concentration had no significant effect on the anti-proliferative 

effects of Zol at any concentration, or any time point, mirroring that seen in the cell growth analysis. 

Taken together my data suggests that oestradiol did not significantly affect the direct anti-

tumour effect of Zol on the triple negative murine breast cancer cell lines. Therefore, any potential 

interactions of oestradiol that may inhibit the anti-tumour effects of Zol in patients are likely to be 

driven by alterations to the tumour microenvironment. 

 

Figure 4.3: Figure 4.3: Effect of oestradiol at post (10 pM), peri (84 pM) and pre-menopausal (300 
pM) concentrations on the anti-cancer effects of Zol in vitro. 

The effects of the drug combination on (A) Cell Growth determined by cell counting and (B) on Cell 
Viability determined by MTT assay in the (i) E0771 and (ii) 4T1-LUC cells was analysed. Zol 
concentration of 15 µM (E0771) and 40 µM (4T1-LUC) was used. 

Data are mean +/- SEM for n=3 experiments in triplicate (A) or sextuplet (B) 
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4.4 Effect of Zol and Oestrogen on migration and invasion of murine breast cancer cell 

lines 

 Previous studies have suggested that oestrogen can increase migration and invasion 

capabilities of oestrogen receptor negative breast cancer cell lines in vitro, acting through ER 

independent mechanisms. Therefore, after determining that oestradiol does not affect the ability of 

Zol to reduce tumour viability, the effect of oestradiol and Zol on the migratory capabilities of breast 

cancer cell lines was assessed by scratch assay (Figure 4.4). Tumour cell lines were treated with 10 

pM/L, 84 pM/L and 300 pM/L of oestrogen in combination with control (PBS) or low concentration Zol 

(15 μM 4T1-LUC, 7.5 µM E0771); Lower concentrations were used compared with cell viability 

experiments to avoid cell death, enabling effects of oestradiol and Zol on migration to be determined. 

When E0771 cells were treated with Zol and oestradiol, neither treatment led to significant changes 

in cell migration as determined by scratch assay (Figure 4.4 Ai). However, treatment with Zol led to a 

trend towards decreased migration when administered along with post- and peri-menopausal 

concentrations of oestradiol but this decrease was not significant (Figure 4.4 Ai). 

 Unlike E0771 cells, 4T1 LUC cells appeared to show a trend towards an inverse correlation 

between oestradiol concentration and migration with post-menopausal concentrations of oestradiol 

promoting increased migration of cells across the scratch compared with pre-menopausal 

concentrations of this hormone, although this did not reach significance (Figure 4.4 Bi). Importantly, 

Zol did not affect migration of cells under pre- peri- or post-menopausal oestradiol concentrations 

(Figure 4.4 Bi). The lack of significance, either in the presence or absence of Zol, suggests that, even 

though oestradiol may excerpt effects on ER negative cells, its main action is likely mediated through 

other mechanisms.  
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Figure 4.4: Effect of Zol and oestradiol on breast cancer migration at post (10 pM), peri (84 pM) and pre-
menopausal (300 pM) concentrations after 24 h of treatment in (A) E0771 and (B) 4T1-LUC. Zol 
concentrations of 7.5 µM (E0771) and 15 µM (4T1-LUC) were used. (ii) Representative images of scratch 
assay taken at 24h. 

Data are mean +/- SEM for n=3 experiments in duplicate 

Statistical analysis performed by students T test and ANOVA with Tukeys post analysis. 
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Tumour cell invasion was quantified via trans-membrane, matrigel invasion assay following 

treatment with 10 or 300 pM of oestradiol, representing post- and pre-menopausal oestradiol 

concentrations respectively, in the presence or absence of Zol (15 μM 4T1-LUC, 7.5 µM E0771) (n=3). 

Data was normalised to post-menopausal control due to inter-experiment variation, preventing 

statistical analysis for either E0771 (Figure 4.5 Ai) or for 4T1-LUC (Figure 4.5 Bi) breast cancer cells. 

Although, both cell lines display a small trend towards decreased invasion following treatment with 

300 pM of oestradiol when compared to cells treated with 10 pM, this trend did not come close to 

significance for either cell line (E0771 p=0.68, 4T1-LUC p=0.88). Taken together my in-vitro data 

supports the idea that differential anti-tumour effects observed between pre- and post-menopausal 

women treated with adjuvant Zol leading to improved DFS only in post-menopausal women are not 

due to oestrogen impeding direct anti-tumour effects of Zol against breast cancer cells but instead 

may be due to wider systemic or micro environmental effects. 

Figure 4.5: Effect of Zol and oestradiol on breast cancer invasion at post (10 pM), peri (84 pM) and 
pre-menopausal (300 pM) concentrations in (A) E0771 and (B) 4T1-LUCf  Zol concentrations of 7.5 
µM (E0771) and 15 µM (4T1-LUC) were used. (ii) Representative images of invasion assay. Invasion 
analysis was normalised to post-menopausal control due to inter-experiment variation, preventing 
statistical analysis. 

Data are mean +/- SEM for n=3 experiments in duplicate 
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4.5 Discussion 

4.5.1 Direct effect of Zol on murine breast cancer cell lines 

 Zol is used as an antiresorptive agent in the bone, preventing bone loss in osteoporosis and 

bone metastases. This effect is mediated through inducing apoptosis in osteoclasts (Hughes et al., 

1995), caused by inhibiting the mevalonate pathway. The enzyme farnesyl diphosphate synthase is a 

target of Zol leading to a reduction in the isoprenylation of the small GTPase binding proteins Rho and 

Ras which are key is cell survival, proliferation and motility (Figure 1.4) (Denoyelle et al., 2003). The 

mevalonate pathway is ubiquitous across many cell types, including tumour cells, leading to Zol 

exerting direct anti-tumour effects in multiple cancer cell types in vitro (Oades et al., 2003). However, 

Zol has a short half-life in the circulation, disappearing after 1.87 hours, however this bisphosphonate 

rapidly targets the bone and remains bound to hydroxyapatite in this organ for many years (Dhillon, 

2016). Zol has been shown to have anti-tumour effects within the bone in pre-clinical mouse models, 

decreasing tumour burden in bones and inducing tumour apoptosis (Zekri et al., 2014). Zol 

concentration within the bone remains higher than in the soft tissue as osteoclasts break down the 

bone releasing the bound Zol to the microenvironment. Whether or not Zol has direct anti-cancer 

effects in soft tissue in vivo remains controversial due to the lower circulating concentrations of Zol. 

To understand the action of oestradiol and Zol on tumour progression, we must check whether 

oestradiol has the potential to directly alter the anti-cancer effects of Zol. Firstly, the IC50 

concentration for Zol killing tumour cells was determined to allow me to detect any alterations in anti-

cancer effects of Zol when given in combination with different menopausal concentrations of 

oestradiol. 

 When cultured in vitro, using RPMI medium supplemented with 10% FBS, Zol induced anti-

tumour effects against both E0771 and 4T1-LUC cell lines. Interestingly, the two methods of 

quantifying the efficacy of Zol against tumour cells, cell counting (to assess effects on numbers of 

tumour cells) and MTT assay (to assess tumour cell viability), produced different IC50 values for each 

cell line. Cell counting led to a lower IC50 than MTT for both E0771 and 4T1 cell lines. The method for 

cell counting requires detaching cells from their monolayer using trypsin-EDTA, a solution which can 

cause further cell death in cells and alterations in protein expression (Huang et al., 2010), therefore 

attenuating the toxic effects caused by Zol treatment. On the other hand, since results are normalised 

to the control, the effect of trypsin should be negligible. MTT assay and cell counting techniques both 

quantify different properties of the cells, with cell counting quantifying proliferation of cells and their 

survival, and MTT assay quantifying cell viability due to the need for the mitochondrial enzymes to 

create the detectable MTT product, formazan crystals. 



106 
 

 IC50 for Zol in E0771 cells was 27.82 µM by MTT, and 43.54 µM for 4T1-LUC cells. These results 

are in agreement with previous studies showing the direct anti-tumour effect of Zol on the 4T1 cell 

line (Hiraga et al., 2004). Furthermore, previously published data have confirmed that Zol induced cell 

death is via the mevalonate pathway, since the addition of mevalonate pathway intermediates, GGOH 

and FOH, to cells was able to rescue 4T1 cells and reduce apoptosis (Hiraga et al., 2004). E0771 cells 

were more sensitive to Zol, having a much lower IC50 when compared to 4T1-LUC cells. Although not 

conclusive, one study suggests that the mevalonate pathway is more active in the E0771 cell line 

compared to 4T1 because of a required increase in cholesterol synthesis (Fan et al., 2020). However, 

more research is needed into this difference in response. Having established IC50s for Zol in E0771 

and 4T1 breast cancer cell lines, next the possible interactions of oestradiol and Zol was explored. This 

was to investigate whether or not the negative effects of oestradiol on the anti-tumour effects of Zol 

seen in clinical trials are due to the direct action of Zol and oestradiol on tumour cells. 

 

4.5.2 Influence of oestradiol on Zol induced tumour cell death in murine breast cancer cell lines 

Clinical trials and pre-clinical studies showed that the efficacy of Zol for improving disease free 

survival in breast cancer patients is restricted to post-menopausal women or women rendered 

chemically post-menopausal with tamoxifen or goserelin, which suggests an inhibitory role of 

oestradiol on the anti-tumour effects of Zol (George et al., 2020) (Ottewell and Wilson, 2019) 

(Coleman et al., 2014b). Therefore, potential direct effects of oestradiol on Zol induced tumour cell 

death were investigated in vitro. Concentrations of oestradiol comparable to those found in post (10 

pM/L), peri (84 pM/L) and pre (300 pM/L) menopausal women were added to phenol free growth 

medium +/- Zol IC50 for each cell line. The effect of oestradiol and Zol was analysed for both cell 

number by cell counting and cell viability by MTT assay. Interestingly, oestradiol had no significant 

effect on either tumour cell number or viability at any menopausal concentration, with growth curves 

in the absence of Zol following similar patterns to the growth curves in the absence of oestradiol. 

Oestradiol concentrations also had no significant effect on Zol induced cell death, shown by both cell 

counting and cell viability. However, Zol did not kill all the tumour cells, instead reducing cell number 

to significantly lower levels than their untreated counterparts.  

Since both E0771 and 4T1-LUC are ERα negative breast cancer cell lines, it was expected that 

oestradiol would not have direct tumour promoting effects, confirming their oestradiol insensitive 

phenotype. Although the 4T1-LUC cell line is robustly triple negative in phenotype (Schrörs et al., 

2020), the E0771 cell line is able to respond to oestradiol via the ERβ receptor, which it has been 

shown to be expressed at both the transcription and protein levels (Le Naour et al., 2020). Therefore, 
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this study classified E0771 as a luminal B subtype, one that is often associated with poor prognosis in 

patients. On the other hand, other studies into the classification of the E0771 cell line have found the 

cells to be negative for ERα by immunohistochemistry, but reference that there can be a discordance 

between data analysed by transcriptional profiling and immunohistochemistry, casting uncertainty 

into the classification of the E0771 cell line (Johnstone et al., 2015). Therefore, understanding the 

direct effects of oestradiol on the E0771 cell line in regard to cell proliferation and viability are vital in 

understanding if the effects observed in our in vivo experiments are attributed to the 

microenvironment or to direct actions of oestradiol and Zol on the breast cancer cell lines.     

 

4.5.4 Influence of oestradiol and Zol on tumour cell migration and invasion in murine breast cancer 

cell lines. 

Adjuvant Zol in combination with standard of care treatment reduced recurrence of tumours 

in soft tissue over a 5-10 year period in post-menopausal women but not pre-menopausal women. I 

therefore investigated whether Zol could directly affect the ability of tumour cells to migrate and 

invade (i.e. spread) under pre- and post-menopausal concentrations of oestradiol. Murine breast 

cancer cell lines were treated with concentrations of Zol that would not affects cell number or cell 

viability so that effects on migration or invasion could be isolated. Concentrations were taken from 

the IC50 experiments presented at the start of this chapter using the 48 hour time point as reference 

with the aim for Zol to be at the highest concentration possible without affecting cell viability. The 

lower concentrations of Zol used (15 μM 4T1-LUC, 7.5 μM E0771) are still higher than concentrations 

between 0.4 µM and 4.6 µM measured in the bone marrow following Zol administration of a 2-4 mg 

dose (Scheper et al., 2009). Scratch assay to determine migration following treatment with Zol at pre-

, peri- and post-menopausal concentrations of oestradiol found no significant differences in migration 

between any treatment group. However, in the 4T1-LUC cell line, there was a strong correlation 

between oestradiol concentration and cell migration, with higher concentration of oestradiol leading 

to increased cell migration. This effect was not observed in the E0771 cell line, where oestradiol led 

to no trend, but Zol led to a small trend towards decreasing cell migration. Interestingly, Zol and 

oestrogen had no significant effect on cell invasion for either cell line, determined by trans-well 

matrigel assay.  

4T1-LUC does not express the ERα receptor and is considered a triple negative cell line. 

However, as previously discussed, it has been reported that 4T1 cells can respond to oestradiol via an 

ER independent mechanism. Following treatment with oestradiol in vitro, cells had increased invasive 

and migratory capability when compared to untreated cells (Yang et al., 2013). Furthermore, Western 
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blot showed that there was no ER expression in these cells, while ER blockade with the antagonist ICI 

182,780 did not significantly affect the increase in migration. The trend from our scratch assays for 

migration mirror the results observed in these experiments but never reached significance. However, 

Yang et al, (2013) used very high concentrations of oestradiol for their in vitro experiments, between 

1-100 nM, that are much higher than physiological concentrations normally observed in the 

menopause and are up to 1000x higher that the oestradiol concentrations used in our in vitro 

experiments. This difference may account for the lack of significance observed in the migration data 

for the 4T1 cell line.  

Since the 4T1 cell line do not express ER, it has been suggested that the effects are mediated 

through an ER independent mechanism. One such mechanism may be the GPER-1, a G protein coupled 

receptor able to bind oestradiol via protein-protein interaction on the cell surface and transduce a 

non-genomic signalling pathway. Indeed, GPER has been found in the MDA-MB-468 cell line where 

oestradiol mediated signalling via the ERK pathway was found to be involved in cell viability and 

motility (Yu et al., 2014). This was found to be due to rapid activation of the pERK, increasing the 

migration and invasion of cells by upregulating expression of cyclin-A, cyclinD1, Bcl-2 and c-fos. On the 

other hand, signalling through GPER-1 has also been shown to have a tumour supressing effect. When 

using G1 as a GPER-1 agonist, it was found to inhibit TNBC cell growth via induction of cell cycle arrest 

in the G2/M phase (Weißenborn et al., 2014). Furthermore, a more recent study found that GPER-1 

activation by oestradiol could inhibit invasion, migration, proliferation and angiogenesis of TNBC cell 

lines by acting on the CD151/miR-199a-3p bio axis (Huang et al., 2020). These conflicting reports lead 

to confusion about the role of GPER-1 in TNBC development, prompting the need for further study 

into the complex role of GPER-1 signalling in breast cancer.  

 

4.6 Summary and conclusion 

 We hypothesised that the differential effects of Zol under pre- and post-menopausal 

concentrations of oestrogen on breast cancer metastasis, observed in humans and in vivo experiments 

(chapter 3), were likely to be due to their effects on the tumour microenvironment including immune 

cell regulation, and not down to direct effects on tumour cells. My data show that Zol has direct effects 

on number and viability of murine breast cancer cell lines, with E0771 cells being more sensitive to Zol 

than 4T1-LUC cells. Oestradiol had no significant effect on this action of Zol in vitro at any 

concentration, helping to confirm the hypothesis that Zol and oestrogen are active via indirect 

mechanisms to affect tumour progression and metastasis. On the other hand, higher concentrations 

of oestradiol led to a trend towards increased migratory capacity of the triple negative 4T1-LUC cell 
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line, suggesting that oestradiol may have an ER independent mechanism of action for these cells. 

However, these insignificant effects suggest that another, indirect mechanism of action is likely 

affecting breast cancer metastasis. Importantly, oestradiol did not alter the effects of Zol under any 

conditions, in vitro, suggesting that any interactions that may occur between oestradiol and Zol 

impeding the ability of Zol to promote anti-tumour effects are likely to be driven through regulation 

of the microenvironment. Future experiments in my thesis therefore focus on systemic investigation 

into the tumour microenvironment and immune cell regulation.  
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5.1 Introduction 

Zol and oestradiol have been shown to effect breast cancer metastasis, and previous chapters 

have shown that these actions are not down to direct effects of these compounds/hormones on breast 

cancer cells. In the clinical trials AZURE and ABCSC-12, Zol was shown to decrease breast cancer to 

bone metastasis irrespective of menopause (Coleman et al., 2014a; Gnant et al., 2011). However, in 

the AZURE trial whilst post-menopausal patients additionally benefitted from adjuvant Zol with 

reduced soft tissue metastasis, patients with pre-menopausal serum concentrations of oestradiol 

were adversely affected displaying increases soft tissue metastasis (Wilson et al., 2016b). In vitro 

experiments in chapter 4 showed that treating murine breast cancer cell lines with oestradiol 

alongside Zol did not alter the cytotoxic effects of Zol or effects on breast cancer migration. 

Furthermore, in tumour bearing mice rendered post or pre-menopausal by ovx +/- oestradiol 

administration, Zol treatment reduced bone metastasis in both BALBc wild type (chapter 3) and BALBc 

nude mice mimicking outcomes of the AZURE and ABCAC-12 trials (Canuas-Landero et al., 2021). Zol 

also increased soft tissue metastasis in C57BL6 mice with pre-menopausal concentrations of serum 

oestradiol, mimicking data from the AZURE trial. Therefore, as oestradiol does not alter the anti-

tumour effects of Zol in vitro, it is likely that the effects observed in the clinic and in animal models 

are mediated via microenvironmental action of oestradiol and Zol. Interestingly, administration of Zol 

to mice with post-menopausal serum oestradiol concentrations did increase bone volume compared 

to untreated but did not restore bone volume to pre-menopausal levels (Canuas-Landero et al., 2021). 

This suggests that the anabolic effects of oestradiol are stronger than the anti-resorptive effects of 

Zol, a differential that may lead to the movement of tumour cells out of bone to circulation. However, 

it is clear that the effects of oestradiol and Zol on the bone alone does not fully account for the clinical 

effects seen.  

Reducing concentrations of oestradiol to that seen in post-menopausal mice led to an increase 

in soft tissue metastasis in the immunocompetent mouse models but did not have the same effect in 

the immunocompromised BALBc Nude. Treatment with Zol followed the same trend, having no 

significant effects in immune compromised mice, suggesting the involvement of the immune system 

in the regulation of soft tissue metastasis (Canuas-Landero et al., 2021). In addition, there is amassing 

evidence showing that Zol and oestradiol have significant and often opposing effects on immune 

regulation (Introduction section 1.14-1.15) (George et al., 2020). Therefore, I hypothesise that 

immunological factors are a primary regulator of oestrogen and Zols interaction with metastasising 

breast cancer cells.    



112 
 

 Breast cancer progression and metastasis are profoundly affected by the innate and the 

adaptive immune systems. Cancer cells undergo genetic and epigenetic alterations leading to changes 

in cell surface proteins that can be recognised by the immune system, leading to cancer cell death 

(Pinho and Reis, 2015; Pio et al., 2014). Therefore, cancer cells employ immune modulatory techniques 

to evade detection, such as upregulation of PD-L1, stimulation of immunosuppressive Treg cells and 

the polarisation of macrophages into a pro-tumour phenotype (George et al., 2020).  

 B cells are members of the adaptive immune system responsible for the production of 

antibodies and have been shown to express ERs. B cells can respond to oestradiol signalling, leading 

to upregulation of genes cd22, shp-1, bcl-2, and vcam-1, involved in B cell activation and survival 

(Grimaldi et al., 2002). Furthermore, oestrogen has been shown to have a stimulatory effect on B cells, 

immunoglobulin (Ig)G and IgM production (Kanda and Tamaki, 1999). IgM represent an important 

molecule in the suppression of breast cancer progression, leading to direct cytotoxic effects via 

activation of complement. There is little research into the direct effects of Zol on B cell activity, 

development, or survival. However, one study, which treated mice with Zol and analysed B cell 

numbers, found that treatment led to a decrease in B cell number in the bone marrow but did not 

directly affect differentiation, proliferation and apoptosis (Mansour et al., 2011). These results show 

the need for more research into the effects of oestradiol and Zol on B cells in cancer.  

 The overlapping effects of oestradiol and Zol on the immune response to breast cancer, across 

many cell types, could be one mechanism whereby high oestrogen reduces the survival benefit of Zol 

treatment. Overall, the literature points to oestradiol promoting a pro-tumour immune cell 

microenvironment and Zol promoting an antitumour immune cell population. Therefore, investigating 

the influence of Zol and Oestradiol on the immune populations in different metastatic sites (bone, soft 

tissue, systemic) could elucidate the cell types responsible for the menopause related differences.  

 

5.1.2 Hypothesis 

Zol and oestradiol have opposing effects on anti-cancer immunity in the bone and soft tissue. 

Aims 

1. To investigate immune cell populations in the bone, lung and spleen following treatment with 

Zol under post- peri and pre-menopausal oestradiol concentrations. 

2. To investigate the effect of Zol and oestradiol on PD-L1 expression on tumour cells and in the 

tumour microenvironment. 
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5.2 Results 

5.2.1 Context from in vivo tumour growth and clinical trials 

The effects of oestradiol and Zol on tumour growth in the bone and soft tissue 

microenvironments differed between C57BL/6 injected with E0771 cells and BALB/c mice injected 

with 4T1 cells: Following injection of E0771-LUC cells tumour burden was less in the bones of C57BL/6 

mice administered pre-menopausal concentrations of oestradiol compared with those given post-

menopausal concentrations of this hormone (Figure 3.6). Whereas the opposite was seen in the bones 

of BALB/c mice following injection of 4T1 cells. Interestingly, administration of Zol to BALB/c mice 

appeared to mimic clinical findings associated with bone metastasis accurately, resulting in a trend 

towards reduced metastatic burden in bone independent of circulating oestradiol and significantly 

reduced bone metastases in mice supplemented with post-menopausal concentrations of oestradiol 

(Figure 3.6). In contrast Zol did not reduce tumour burden in the bones of C57BL/6 mice and under 

post-menopausal concentrations of oestradiol Zol increased tumour burden.  

In addition to replicating the clinical effects of Zol on tumour growth in bone the 4T1 BALB/c 

model also replicated data from the ABCSG12 and AZURE trials showing reduced soft tissue 

metastases following administration of Zol under post-menopausal concentrations of oestradiol 

(Coleman et al., 2014b; Gnant et al., 2011) (Figure 3.7). Interestingly, in this model Zol induced 

increased soft tissue metastases under pre-menopausal oestradiol and reduced soft tissue metastases 

under post-menopausal oestradiol in C57BL/6 mice, accurately replicating the data presented from 

the AZURE trial. Whereas in BALBc mice with 4T1 derived metastasis soft tissue metastases were not 

increased following administration of Zol under pre-menopausal concentration of oestradiol, 

replicating data from the ABCSG-12 trial (Figure 3.7). I hypothesised that differential anti-tumour 

effects of Zol observed between BALB/c and C57BL/6 mice may be due to different anti-tumour 

immune responses generated in these mice under pre- peri- and post-menopausal concentrations of 

oestradiol. 

 

5.3 Effects of Zol +/- post- peri or pre-menopausal concentrations of oestradiol on 

immune cells in Bone metastases. 

5.3.1 C57BL/6 Mice with E0771 derived metastases 

 C57BL/6 mice underwent OVX followed by oestrogen replacement to model pre, peri and 

post-menopausal serum oestradiol concentrations before intracardiac injection of 100,000 E0771-LUC 

cells. Mice were treated with Zol or PBS control and the effects on immune cell populations in 
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metastatic tumour sites was analysed by flow cytometry, Nanostring, PCR array plate analysis and 

immunohistochemistry. As shown in chapter 3, oestradiol in the absence of Zol led to a significant 

increase in the numbers of bone tumours, while showing a trend towards increase in tumour size in 

bone. Treatment with Zol led to a significant increase in bone tumour number in post-menopausal 

mice but had no effect on tumour size. I investigated whether changes in tumour growth may be 

mediated by changes in immune cells within the bone microenvironment.  

 When mice were treated with high concentrations of oestradiol, it resulted in a strong trend 

decrease in B cells within the bone when compared to low oestradiol (P = 0.056) (Figure 5.1H), 

alongside a trend towards decreased neutrophils (Figure 5.1B). This decrease in anti-tumour immune 

cells in the bone under low oestradiol concentrations could account for the reduced tumour burden 

in the bone observed under low oestradiol concentrations. Administration of Zol to mice with high 

oestradiol concentration significantly decreased macrophage numbers in the bone (P=0.035), 

mirroring clinical findings showing Zol as less effective in pre-menopausal women. Administration of 

Zol to mice with low serum oestradiol significantly decreased PD-1 expression on CD8 T cells (P = 

0.0105) (Figure 5.1L), suggesting a reduced capacity for these cells to be inactivated by PD-L1 

signalling. This could help to further promote an anti-tumour phenotype within the bone 

microenvironment. Under high concentrations of oestradiol, treatment with Zol resulted in a trend 

towards increased M1 macrophage numbers (Figure 5.1E). Furthermore, administration of Zol to mice 

supplemented with high oestrogen resulted in a trend towards decreased PD-1 expression on CD8 T 

cells (Figure 5.1L), altogether promoting an anti-tumour phenotype in the bone following Zol 

treatment. However, in the presence of Zol, high concentrations of oestradiol led to a trend towards 

reduced numbers of anti-tumour NK cells (Figure 3.1K), B cells (Figure 5.1H) and dendritic cells (Figure 

5.1A) in the bone. This suggests that, even though Zol is acting to increase anti-tumour immune cells 

in the bone, oestradiol can still exert pro tumour, anti-immune cell effects reducing the capacity of Zol 

to inhibit bone metastasis in this model.   

 Analysis of immune cell associated gene expression in bone tumours by qPCR array reviled no 

significant changes in immune cell types or in markers of immune cell activity (appendix). However, 

CD274, the gene encoding PD-L1, showed a trend towards increased expression in mice with high 

oestradiol compared to low when treated with Zol (Figure 5.2), suggesting the increased PD-L1 

expression could inhibit anti-tumour immune responses under high oestradiol concentrations. 
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Figure 5.1: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice with E0771 
tumours on immune cell populations in bone. 

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Bones were 
flushed of cells ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 on CD4+ T cells (CD4 T cells, 
PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T cells, PD-1+). 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.3.2 BALBc mice with 4T1 derived bone metastases 

 Tumour number and tumour growth followed a different pattern in the BALBc mouse model 

compared to the C57BL/6 model, as shown in chapter 1. Mice with low oestradiol concentrations had 

significantly higher bone tumour size compared to low oestrogen mice. Treatment of mice with Zol 

led to a trend towards decreased tumour number in irrespective of oestradiol concentration. 

Furthermore, administration of Zol to mice with low oestradiol led to a decrease in tumour size in the 

bone, a differential response that could be reflected in the immune cell profiling. Interestingly, under 

high levels of oestradiol when compared to low levels, there was a trend towards increased anti-

tumour CD4+ T cells (Figure 5.3 G) and CD8+ T cells (Figure 5.3 I) in the absence of Zol. Nanostring 

analysis of gene expression showed a significant decrease in mast cells (P = 0.0406) (Figure 5.4) but 

significant increase in anti-tumour CD8+ T cells (P = 0.00715) (Figure 5.4) and macrophages (P = 

Figure 5.2: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice with 
E0771 tumours on immune related genes in bone.     

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Bones 
were lysed and RNA extracted before reverse transcription was performed. cDNA analysis was 
performed by qPCR array card for immune cell activity markers. 
n=3 per group 

Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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0.00154) (Figure 5.4) under high concentrations of oestradiol. This could contribute to the higher 

tumour volume observed in mice with low circulating oestradiol. Flow cytometry analysis showed that 

high oestradiol concentrations compared to low oestradiol concentrations in Zol treated mice led to 

significantly higher CD4+ T cells (P=0.0066) (Figure 5.3 G) and CD8+ T cells in the bone (P = 0.0027) 

(Figure 5.3 I). However, high oestradiol also led to a trend towards decreased B cells (Figure 5.3 H) in 

the bone of non Zol treated mice and a significant decrease in B cells (P = 0.0201) in the bone of Zol 

treated mice. 

Zol treatment significantly increased anti- tumour CD8+ T cells in bone under high oestradiol 

concentrations (P=0.037) (Figure 5.3 I). Nanostring analysis of bones bearing metastatic tumours 

isolated from mice that had been supplemented with high concentrations of oestradiol showed that 

Zol treatment led to a decrease in anti-tumour Th1 cells (P = 0.0193) (Figure 5.5) and an increase in 

pro-tumour Treg cells (P = 0.0467) compared with non-Zol treated mice (Figure 5.5), which would 

promote a pro-tumour environment in the bones of mice with high oestradiol when treated with Zol. 

Administration of Zol in the absence of oestradiol led to decreased bone tumour volume as assessed 

by live imaging. Flow cytometry revealed no significant differences in immune cell populations 

following Zol treatment under low oestradiol in these mice, however, Nanostring analysis found that 

Zol treatment led to a significant increase in macrophages (P = 0.00493) (Figure 5.5) and a trend 

towards an increase in B cells (Figure 5.5) in the bone. This increase in anti-tumour immune cells in 

bone following Zol may contribute to the reduced metastasis observed in mice with low oestradiol. 
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Figure 5.3: Effect of Zol treatment under high and low oestradiol concentrations in BALBc mice with 4T1-LUC 
tumours on immune cell populations in bone.  

Mice were treated with Zol under post-, peri- and pre-menopausal concentrations of oestradiol. Bones were 
flushed of cells ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 on CD4+ T cells (CD4 T cells, 
PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T cells, PD-1+). 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 5.4: Effect of high or low oestradiol concentrations on immune cell populations +/- Zol in tumour 
bearing bones from BALBc with 4T1-LUC tumours. 

Mice were treated with post- and pre-menopausal concentrations of oestradiol +/- Zol. Nanostring 
analysis was performed on RNA extracted from bones for immune cell markers. B Cells: Blk, Cd19, Ms4a1, 
Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klrb1, ,Klrd1, Klrk1, Prf1, Dendritic 
Cells: Ccl2, Cd209e, Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, 
Mast cells: Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: Il21r, Ncr1, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, 
Sh2d1a, TH1: Tbx21, Treg: Foxp3, CD25. 

Mean ± SEM   Statistical analysis by one way ANOVA    *< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 5.5: Effect of Zol under high or low oestradiol concentrations on immune cell populations in 
tumour bearing bones from BALBc with 4T1-LUC tumours. 

Mice were treated with post- and pre-menopausal concentrations of oestradiol +/- Zol. Nanostring analysis 
was performed on RNA extracted from bones for immune cell markers. B Cells: Blk, Cd19, Ms4a1, Tnfrsf17, 
CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klrb1, ,Klrd1, Klrk1, Prf1, Dendritic Cells: Ccl2, 
Cd209e, Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, Mast cells: 
Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: Il21r, Ncr1, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, Sh2d1a, TH1: 
Tbx21, Treg: Foxp3, CD25. 

Mean ± SEM   Statistical analysis by one way ANOVA    *< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.4 Effects of Zol +/- post- peri- or pre-menopausal concentrations of oestradiol on 

immune cells in lung metastases. 

5.4.1 C57BL/6 Mice with E0771 derived lung metastases 

 Soft tissue metastasis has been shown to be increased by Zol in pre-menopausal women in 

the AZURE trial, and is the site where menopausal differences in treatment outcome manifest. In the 

C57BL/6 mouse model with E0771-LUC cells, numbers of soft tissue metastasis did not change at any 

oestradiol concentration, irrespective of Zol treatment. On the other hand, tumour volume was 

significantly affected by oestradiol and Zol, with low concentrations of oestradiol resulting in increased 

soft tissue metastases in control mice. This increased metastasis in mice with low oestradiol was 

significantly reduced by Zol treatment. Furthermore, soft tissue metastasis in Zol treated mice with 

high oestradiol concentrations was significantly increased when compared to control mice with high 

oestradiol, accurately mimicking clinical data from the AZURE trial, as discussed in chapter 1. When 

comparing changes in the immune cell populations in tumour bearing lungs of C57BL/6 mice by flow 

cytometry, there were only minor, insignificant changes following treatment with oestradiol and Zol. 

High oestradiol concentrations in control mice resulted in a trend towards increased neutrophils 

(Figure 5.6 B). Zol treatment led to no significant changes in immune cell population in the lung at 

either high or low oestradiol concentrations in C57BL/6 mice, displaying a minor trend towards 

increased monocytes (Figure 5.6 C) in pre-menopausal mice, suggesting a minor increase in anti-

tumour immune cells in the lung following Zol treatment. Analysis of the transcriptome of tumour 

bearing lungs by qPCR array following treatment reviled no significant changes in immune cell activity 

markers or cell type analysis. However, high concentrations of oestradiol in the absence of Zol led to 

a trend towards increased Foxp3 expression, a marker of Treg cell infiltration and activity.  

  

 

 

 

 



122 
 

 

Figure 5.6: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice with E0771 
tumours on immune cell populations in lung. 

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Lungs were 
dissociated before ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) NK cells (CD45+,CD19-,CD3-, 
NK1.1+), 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.4.2 BALBc mice with 4T1 derived lung metastases 

 In contrast to the C57BL/6 E0771 model, in the BALBc mice injected with 4T1 cells, a low 

oestradiol concentration significantly increased soft tissue tumour volume when compared to high 

oestradiol, in the absence of Zol, in a dose dependent manner. Interestingly, treatment with Zol 

significantly reduced tumour volume in the low oestradiol group but did not alter tumour volume in 

the high oestradiol group closely mimicking data from the ABCSG-12 trial. Analysis of immune cell 

populations by flow cytometry and Nanostring were performed to help to explain these tumour 

growth results. 

Oestradiol concentration in Zol untreated mice as analysed by flow cytometry, significantly 

increased anti-tumour dendritic cells (Figure 5.7 A) and led to a trend towards increased macrophages 

(Figure 5.7 D) under high oestradiol concentrations, perhaps contributing to the lower tumour volume 

in high oestradiol mice. However high oestradiol lead to a trend towards decreased M1 (Figure 5.7 E) 

macrophages and increased M2 macrophages (Figure 5.7 F) both in the presence and absence of Zol, 

suggesting the increased macrophage number observed may support tumour progression under high 

oestradiol. Treatment with Zol had a more pronounced effect on anti-tumour immune cells, with the 

majority of anti-tumour effects being observed in the low oestradiol group. Treatment of low 

oestradiol mice with Zol led to a significant increase in CD4+ T cells (P=0.014) (Figure 5.7 G) and CD8+ 

T cells (P=0.045) (Figure 5.7 I) alongside a trend towards increased anti-tumour B cells (P = 0.0372) 

(Figure 5.7 H). Interestingly, this effect was not observed under high oestradiol concentrations. 

Nanostring analysis showed no significant differences in immune cells in mice with low concentrations 

of oestradiol following Zol but did show a trend towards decreased pro tumour Treg cells (Figure 5.9) 

following Zol treatment. Taken together, Zol treatment in low oestradiol mice leads to an anti-tumour 

immune cell infiltrate, perhaps explaining the decrease in tumour volume observed in lungs under low 

oestradiol conditions, following Zol treatment. 

 Treatment of mice supplemented with high oestradiol with Zol led to a trend towards 

decreases in neutrophils (Figure 5.7 B), monocytes (Figure 5.7 C) and NK cells (Figure 5.7 K), suggesting 

that, under high oestradiol, Zol promotes a pro-tumour phenotype. To explore this further, the effects 

of oestradiol concentration on immune cell populations in Zol treated mice was explored. High 

oestradiol when compared to low oestradiol in Zol treated mice reduced B cell numbers, observed as 

a trend in both cytometry (Figure 4.7 H) and a significant decrease in Nanostring gene expression 

analysis (P = 0.0201) (Figure 5.8), while showing a trend towards reduced NK cell numbers by 

Nanostring analysis (Figure 5.8). Furthermore, oestradiol supplementation significantly reduced CD8 

T cell numbers (P = 0.025) (Figure 5.7 I) and led to a strong trend towards reduced CD4 T cell numbers 
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(P=0.095)(Figure 5.7 G). Interestingly, this reduction in T cell activity at high oestradiol concentrations 

in the presence of Zol occurs in a dose dependent manner. High oestradiol in mice treated with Zol 

also led to a significant increase in PD-1 expression on CD4+ T cells (P = 0.0277) (Figure 5.7 J) and a 

trend towards increase on CD8+ T cell (Figure 5.7 L), suggesting these cells are more susceptible to 

inactivation via PD-L1 signalling. This result suggests that under high oestrogen concentrations, Zol 

promotes a pro-tumour phenotype, whereas under low oestradiol concentrations Zol promotes an 

anti-tumour phenotype. This data reflects that seen in tumour growth analysis, were Zol is effective 

at reducing soft tissue metastasis only under the influence of low oestradiol concentrations.  
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Figure 5.7: Effect of Zol treatment under high and low oestradiol concentrations in BALBc mice with 4T1-LUC 
tumours on immune cell populations in lung. 

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Lungs were 
dissociated before ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 on CD4+ T cells (CD4 T cells, 
PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T cells, PD-1+). 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 5.8: Effect of high or low oestradiol concentrations on immune cell populations +/- Zol in tumour 
bearing lungs on BALBc with 4T1-LUC tumours. 

Mice were treated with post and pre-menopausal concentrations of oestradiol +/- Zol. Nanostring 
analysis was performed on RNA extracted from lungs for immune cell markers. B Cells: Blk, Cd19, Ms4a1, 
Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klrb1, ,Klrd1, Klrk1, Prf1, Dendritic 
Cells: Ccl2, Cd209e, Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, 
Mast cells: Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: Il21r, Ncr1, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, 
Sh2d1a, TH1: Tbx21, Treg: Foxp3, CD25. 

Mean ± SEM   Statistical analysis by one way ANOVA    *< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 5.9: Effect of Zol under high or low oestradiol concentrations on immune cell populations in 
tumour bearing lungs from BALBc mice with 4T1-LUC tumours. 

Mice were treated with post and pre-menopausal concentrations of oestradiol +/- Zol. Nanostring 
analysis was performed on RNA extracted from lungs for immune cell markers. B Cells: Blk, Cd19, Ms4a1, 
Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klrb1, ,Klrd1, Klrk1, Prf1, Dendritic 
Cells: Ccl2, Cd209e, Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, 
Mast cells: Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: Il21r, Ncr1, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, 
Sh2d1a, TH1: Tbx21, Treg: Foxp3, CD25. 

Mean ± SEM   Statistical analysis by one way ANOVA    *< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.5 Effects of Zol +/- post- peri or pre-menopausal concentrations of oestradiol on 

immune cells in the Spleen 

 In the clinical trials AZURE and ABCSG-12 Zol was administered as an adjuvant treatment to 

patients with early breast cancer (before evidence of metastasis). It is therefore possible that 

differences in future metastatic development in soft tissues observed between pre- and post-

menopausal women treated with Zol may be due to changes in systemic immunity as opposed to or 

in addition to changes in immune cells in the metastatic environment/tumour. I, therefore, 

investigated the systemic effects of oestradiol on immune cell populations in spleen to establish how 

immune cell populations were altered following administration of Zol under high (pre-menopausal) 

and low (post-menopausal) concentrations of oestradiol in C57BL/6 and BALB/c mice. 

 

5.5.1 C57BL/6 mice with E0771 derived metastases 

 Analysis of immune cells in the spleen following supplementation with low and high 

concentrations of oestradiol was performed by flow cytometry. Administration of high concentrations 

of oestradiol resulted in a significant decrease in the anti-tumour NK cells (P = 0.017) (Figure 5.10 J) 

when compared to mice with low oestradiol concentrations. Furthermore, high oestradiol 

concentrations correlated with a trend towards decreased macrophages (Figure 5.10 D) and 

monocytes (Figure 5.10 C). This decrease in circulating immune cells under high oestradiol 

concentrations is indicative of a pro tumour environment in mice. Administration of Zol induced 

differential effects on immune cells depending on oestradiol concentrations: Under low oestradiol 

concentrations Zol significantly reduced macrophage numbers (P = 0.024) (Figure 5.10 D), suggesting 

a reduced anti-tumour immune response in the absence of oestradiol. In contrast, under high 

concentrations of oestradiol, Zol significantly increased CD4+ T cells (P = 0.024) (Figure 5.10 G) and 

CD8+ T cells (P = 0.04) (Figure 5.10 I), which could facilitate an anti-tumour phenotype. On the other 

hand, Dendritic cells were significantly decreased by Zol treatment under high oestradiol (P=0.033). 

Therefore, it could be argued that Zol treatment under low oestradiol concentrations confers a pro 

tumour environment via actions on myeloid cells. Whereas under high oestradiol concentrations, Zol 

confers an anti-tumour environment via upregulation of circulating anti-tumour lymphoid cells.  
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Figure 5.10: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice with E0771 
tumours on immune cell populations in spleen. 

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Spleens were 
dissociated before ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) NK cells (CD45+,CD19-,CD3-, 
NK1.1+), 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.5.2 BALBc mice with 4T1 derived metastasis 

 Numbers of circulating immune cells in the spleen following treatment with Zol and oestradiol 

follow a different pattern in the BALBc mouse model, reflecting that seen in other organs. Treatment 

of mice with high concentrations of oestradiol led to a significant increase in CD8+ T cells (P=0.03) 

(Figure 5.11 I) and a trend towards increased CD4+ T cells. On the other high oestradiol led to a trend 

towards reduction in B cells and neutrophils (Figure 5.11 H). These changes in response to oestradiol 

stimulation confer both an anti-tumour phenotype (increased CD8 and CD4) and a pro-tumour 

phenotype (decrease in B cells and neutrophils), suggesting that there may be more complex 

interactions mediating metastasis or that recruitment of immune cells/subsets into metastatic 

tumours have impacted on the makeup of systemic immune cells. Zol treatment under low 

concentrations of oestradiol also led to both pro and anti-tumour immune cell responses. 

Macrophages were significantly increased (P = 0.0023) (Figure 5.11 D) and Dendritic cells were 

significantly increased (P=0.004) (Figure 5.11 A) in spleen following Zol treatment under low 

oestradiol, facilitating an anti-tumour environment. However, B cells (Figure 5.11 H) showed a trend 

towards decreased following Zol treatment (P = 0.0383), conferring a pro-tumour phenotype.  

Treatment with Zol under high concentrations of oestradiol resulted in a significant increase 

in dendritic cell number (P = 0.014) (Figure 5.11 A) and a significant increase in macrophage number 

(P = 0.0089) (Figure 5.11 D), which would suggest an anti-tumour phenotype. However, when 

macrophage polarisation was analysed, it was found that Zol increased the proportion of circulating 

pro-tumour M2 macrophages (P = <0.0001) (Figure 5.11 F). This could suggest that the increase in 

macrophages observed following Zol treatment is a consequence of increased M2 macrophage 

polarisation, resulting in a pro tumour phenotype in circulating immune cells.  

Taken together, these data suggest that for the C57BL/6 model Zol induced changes to 

systemic immunity may be important regulators of metastatic outgrowth and this can be impeded by 

the presence of high concentrations of oestradiol. In contrast in the BALB/c model Zol induced changes 

to tumour immune cell infiltrate appears to be the primary regulator of metastases and oestradiol 

concentrations can impact the number and type of immune cell infiltrate, promoting or reducing 

growth of metastases in soft tissue. 
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Figure 5.11: Effect of Zol treatment under high and low oestradiol concentrations in BALBc mice with 4T1-LUC 
tumours on immune cell populations in spleen. 

Mice were treated with Zol under post, peri and pre-menopausal concentrations of oestradiol. Spleens were 
dissociated before ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow 
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells 
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD11b+,LY6G-
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 Macrophages 
(Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-,CD3+,CD4+), 
(H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) NK cells (CD45+,CD19-,CD3-, 
NK1.1+), 
Mean ± SEM   Statistical analysis by one way ANOVA and students T test 
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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5.6 Effects of Zol under high and low oestradiol concentrations on immune cell 

infiltration into bone metastatic and soft tissue tumour microenvironments 

 To determine if Zol altered immune cell infiltrate into metastatic organs in BALB/c and 

C57BL/6 mice, and if this could be influenced by oestradiol, I analysed immune cell infiltration into 

metastatic tumours by immunohistochemical staining (IHC) of tumour bearing lungs and bone. IHC 

analysis of immune cell populations within bone tumours revealed no significant differences for any 

treatment group, with wide variation between data. Treatment with Zol led to a small trend towards 

increased macrophage numbers within the bone (Figure 5.13 A). Zol treatment also led to a small 

trend towards increased M2 macrophage populations within bone (Figure 5.13 C), however this trend 

was minor and did not approach significance in post, peri or pre-menopausal groups (p=0.68, 0.28 and 

0.25 respectively). Insignificant trends in LY6G positive cells (Figure 5.13 D), a marker of neutrophil 

infiltration, showed that Zol decreased neutrophil infiltration under low oestradiol concentrations 

(P=0.37), perhaps promoting a pro tumour phenotype. However, none of the analysis for the IHC 

experiments approached statistical significance, highlighting the need for further research to increase 

n numbers and analyse markers of immune cell activity. 

 IHC staining of tumour bearing lungs from BALBc mice revealed no significant differences in 

immune cell populations for any treatment group (Figure 5.12). However, high concentrations of 

oestradiol did lead to a trend towards reduction in granzyme B (P = 0.1556) (Figure 5.12 B), a marker 

for T cell activity, in the absence of Zol. This would confer an anti-tumour phenotype under low 

oestradiol compared to high oestradiol. On the other hand, CD163 (Figure 5.12 C), a marker of M2 

macrophages shows a trend towards increase in low oestradiol mice compared to high oestradiol mice 

in the presence of Zol. This suggests an opposing pro-tumour immune cell increase under low 

oestradiol concentrations in the presence of Zol. Interesting, this trend is not present in the absence 

of Zol. These data only show early trends of immune cell populations within lung tumours, with more 

research needed into the populations present by increasing n numbers and analysing more markers 

of immune cell activity. 
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Figure 5.12: Effect of Zol treatment under high and low oestradiol concentrations in BALBc mice with 4T1-
LUC tumours on immune  cell populations in lung tumours. 

 Mice were treated with 100 µg/kg Zol under post, peri and pre-menopausal concentrations of oestradiol. 
Lungs were fixed, cut then stained by immunohistochemistry for immune cell markers. (A&E) F480 staining 
quantification and representative image, (B&F) Granzyme B staining quantification and representative image, 
(C&G) CD163 staining quantification and representative image (D&H) LY6G staining quantification and 
representative image 

Mean ± SEM   Statistical analysis by one way ANOVA and students T test n=2-5 
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Figure 5.13: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice with 
E0771 tumours on immune cell populations in bone tumours.   

Mice were treated with 100 µg/kg Zol under post-, peri- and pre-menopausal concentrations of oestradiol. 
Bones were fixed, decalcified, cut then stained by immunohistochemistry for immune cell markers. (E) 
F480 staining representative image, (F) Granzyme B staining representative image, (G) CD163 staining 
representative image (H) LY6G staining representative image 

Mean ± SEM   Statistical analysis by one way ANOVA and students T test, n=2-5 
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5.7 Effects of Zol under high and low oestradiol conditions on PD-L1 expression. 

 PD-L1 is an immune checkpoint marker normally important in maintaining peripheral 

tolerance and the prevention of “self” recognition by immune cells. PD-L1 is expressed on tumour cells 

and immune cells and has been shown to be important for cancer progression. Binding of PD-L1 to its 

receptor PD-1 on T cells and NK cells silences immune responses and allows cancer cells to avoid 

immune recognition. Therefore, the direct effect of oestradiol and Zol on PD-L1 expression in murine 

breast cancer cell lines was assessed in vitro, with the aim of understanding if effects on PD-L1 are due 

to direct effects on cancer cells or the microenvironment. Therefore, E0771 and 4T1-LUC breast cancer 

cell lines were incubated with post-, peri- or pre-menopausal concentrations of oestradiol in the 

presence or absence of Zol, before qPCR analysis was performed to determine PD-L1 relative 

expression. PD-L1 was found to be expressed in these cells, however, treatment with Zol or oestradiol 

led to no significant differences in PD-L1 expression for either cell line (Figure 5.14). The 4T1-Luc cell 

line expressed PD-L1 at a higher concentration, with amplification appearing at around 26 cycles 

(Figure 5.14 A) compared to E0771 cells where amplification started at around 29 cycles (Figure 5.14 

B).  

 

 

 

Figure 5.14: Effect of Zol treatment under high and low oestradiol concentrations on PD-L1 expression in 
4T1-Luc and E0771 cells in vitro 

Effect of oestradiol at post (10 pM), peri (84 pM) and pre-menopausal (300 pM) concentrations on PD-L1 
mRNA expression in vitro. Zol concentrations of 7.5 µM (E0771) and 15 µM (4T1-LUC) were used. 
Mean ± SEM    Statistical analysis by one way ANOVA and students T test, data normalised to GAPDh 
expression 
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5.8 Discussion 

 Clinical trials investigating the efficacy of Zol and other bisphosphonates at preventing bone 

metastasis found that post-menopausal women benefit from decreased bone metastasis, decreased 

soft tissue metastasis and increased iDFS (Gnant et al., 2011) (J. Bergh et al., 2015). However, the 

AZURE clinical trial found that patients with pre-menopausal serum concentrations of oestradiol had 

increased soft tissue metastasis and reduced iDFS (Coleman et al., 2014a). The mechanism behind this 

differential response remains unknown. A study into the effects of treatment on bone resident cells 

set up mouse models to model menopausal oestradiol concentrations and Zol treatment in mice with 

disseminated breast cancer cells to study the effects on bone metastasis (Canuas-Landero et al., 2021). 

Interestingly, Zol treatment was shown to reduce soft tissue metastasis in the immunocompetent 

BALBc and C57BL/6 models but had no significant effect on the immunocompromised BALBc Nude 

mice, suggesting immunological factors likely contribute to this differential response. Therefore, I 

investigated the effects of Zol treatment under post, peri and pre-menopausal concentrations of 

oestradiol on immune populations in the bone, lung and spleen. 

 

Flow cytometry was on of the most important techniques used in this project to investigate 

and characterise the immune response following treatments Zol and oestradiol. However, there were 

some experimental drawbacks when utilising this technique that must be addressed when 

interpreting this data. As shown in Figure 2.4 and 2.5, the stain used for cell viability had some 

problems staining the dead cells, showing the majority of cells gated from forward and side scatter as 

viable. Therefore, later gating could include a small population of dead cells that did not stain. A 

second issue identified in the flow cytometry experiments was the staining of MRC1, used to 

differentiate between M1 like macrophages and M2 like macrophages. Although MRC1 is expressed 

Table 5.1: Summery of immune cell characterisation by flow cytometry , showing the effect of 
high oestradiol, Zol under low oestradiol and Zol under low oestradiol concentrations on immune 
cell numbers in the bone marrow, lung and spleen in C57BL/6 with E0771-LUC tumours and BALBc 
mice with 4T1-LUC tumours.  
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on the plasma membrane, it also has expression in the cytoplasm of macrophages (Feinberg et al., 

2021). Our flow cytometry experiments focused only on cell surface antigens since the cells were not 

permeabilised, meaning that the macrophage polarisation marker may not paint a complete picture.  

5.8.1 Effect of oestradiol on immune cell populations 

 Analysis of immune populations in C57BL/6 mice showed that high oestradiol reduced 

numbers of anti-tumour immune cells. However, in the lung oestradiol did not have a significant effect 

on immune cells. Overall, the data suggests a decrease in anti-tumour immune cell numbers under 

high oestradiol concentrations in the absence of Zol in the spleen and bone. The decrease in immune 

cell infiltration into the bone with high oestrogen could help explain the increase in bone metastasis 

observed in the bone under high concentrations of oestradiol. In the lung, tumour growth was higher 

under post-menopausal oestradiol concentrations. Oestradiol did not significantly affect immune cell 

populations in the absence of Zol, which could explain the reduced metastasis in the lung under high 

oestradiol concentrations. 

 The effects of oestradiol on immune cells in the BALBc mouse model with 4T1-LUC tumour 

followed a different pattern to that seen in the C57BL/6 model, reflecting the differences observed in 

tumour growth experiments. High oestradiol in the bone led to a trend towards reduced anti-tumour 

B cells in the absence of Zol. Interestingly, studies investigating the effect of oestradiol on B cells has 

reported that high oestradiol led to an increase in B cell activation alongside an increase in 

immunoglobulin (Ig)G and IgM production (Grimaldi et al., 2002), contradicting my findings of reduced 

B cell numbers with high oestradiol. On the other hand, high oestradiol led to an increase in anti-

tumour immune cells in bone, reflecting tumour growth experiments where bone metastasis was 

significantly lower in pre-menopausal mice compared to post-menopausal mice. However, this data 

also goes against previous literature, showing that high oestradiol concentrations reduce numbers 

and activity of T cells by reducing early T cell development in the thymus (Okasha et al., 2001) and 

increasing Treg cell activity and number (Polanczyk et al., 2004). Importantly, these studies do not 

analyse populations of T cells within the bone, with the focus on in vitro, in vivo soft tissue and 

circulating levels. Therefore, this discrepancy could be explained by organ specific differences in 

immune cell infiltrate. Indeed, clinically, it is in the soft tissue, not the bone, where differences in 

treatment outcome following Zol treatment at different menopausal oestradiol concentrations are 

observed (Coleman et al., 2014a). Although not statistically significant, anti-tumour immune cell 

populations in the lung and spleen of BALBc mice also showed trends towards increase, which reflects 

tumour growth analysis where mice with pre-menopausal oestradiol had significantly lower tumour 

volume compared to mice with post-menopausal oestradiol concentrations. Overall, in the BALBc 
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model, high oestradiol concentrations seem to promote an anti-cancer phenotype in the bone and 

lung. 

 The immune response following oestradiol treatment in the BALBc and the C57BL/6 mouse 

models differed, with oestrogen promoting an anti-cancer immune profile in BALBc mice while 

promoting a pro-cancer immune profile in C57BL/6 mice. It has been shown that both the C57BL/6 

and BALBc mouse strains respond differently across a number of settings, with their immune response 

being a main contributor. Indeed, under physiological conditions, BALBc mice have a high volume 

density of the T zone in the spleen and an increased production of IL-2, IL-3, IL-4, IL-10 and TNF-α 

compared to C57BL/6 mice (Trunova et al., 2011). C57BL/6 mice have been shown to have higher 

cytostatic activity of NK cells in the spleen when compared to BALBc (Trunova et al., 2011). Further to 

immune populations present within the spleen, NK cells have been shown to respond differently to 

stimuli in the mouse models due to differences in the genetic encoding of these cell responses (Higuchi 

et al., 2010). The response of NK cells to interaction with its target cell is dependent on signalling from 

numerous receptors, either inhibitory or activating. Genes for these NK cell receptors are encoded in 

gene complexes, such as the natural killer gene complex, and genes in these complexes manifest strain 

specific polymorphisms. For example, the number Ly49 receptor genes in C57BL/6, a family of 

receptors binding MHC-1 molecules to distinguish “self”, consists of 15 genes for inhibitory and 

activating receptors. On the other hand, BALBc mice have a much smaller Ly49 haplotype, containing 

just 7 genes, with only a single inhibitory gene (Kane et al., 2004). These differences in NK cells 

depending on mouse strain could go some way to explaining the differential NK cell responses 

observed under different oestradiol concentrations. 

 Interestingly, the BALBc model with 4T1-LUC tumours had a higher neutrophil infiltration 

when compared to the C57BL/6 model with E0771 cells. High neutrophil infiltration is characteristic 

of a poor prognosis for breast cancer patients, being associated with worse disease free survival and 

overall survival, suggesting the 4T1 mouse model is representative of a more aggressive subset of 

breast cancer. 

 The immune suppressive Treg cells are a vital cell type in supporting tumour growth and 

maintaining an immunosuppressive microenvironment in tumours. Mouse strain specific differences 

have also been observed in these cells and their ability to supress effector T cell activity. Interestingly, 

there was a higher frequency of CD4+CD25+ Treg cells in the thymus and peripheral lymphoid tissues 

of BALBc mice when compared to C57BL/6 mice. Furthermore, Treg cells from C57BL/6 mice were less 

effective at supressing CD4+ T cells when compared to BALBc derived Treg (Chen et al., 2005). These 

differences in Treg cell number and response between the two mouse models may also contribute to 
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the lack of lymphocyte cell response to oestradiol and Zol observed in the C57BL/6 mouse model. 

Oestradiol has been shown to increase Treg cell populations, whereas Zol has been shown to supress 

T cell activity in pre-clinical studies. Therefore, in the C57BL/6 mouse model, the reduced Treg cell 

population could contribute to the lack of effect of Zol or high oestradiol on lymphocyte populations. 

On the other hand, in the BALBc model, Zol increases T cell numbers in lungs of mice with low 

oestradiol, but high oestradiol supresses this, possibly by acting on Treg cell populations absent in the 

C57BL/6 model.  

 

5.8.2 Effect of Zol on immune cell populations 

 Zol has also been shown to be a highly immunogenic drug, affecting immune cell populations 

in cancer (George et al., 2020). Therefore, I investigated the effect of Zol, under high and low 

oestradiol concentrations, on immune cell populations within bone and soft tissue sites in mouse 

models. The aim was to understand if Zol and oestradiol induced changes to immune populations 

affect breast cancer metastasis.  

 In the C57BL/6 mouse model, treatment with Zol under low oestradiol concentrations has no 

significant effect on immune cell populations in the bone. This counters studies observed in the 

literature, whereby Zol increased M1 macrophage infiltration (Coscia et al., 2010). When these results 

are viewed in the context of tumour growth experiments, the results observed by flow cytometry not 

reflected in bone tumour frequency where Zol significantly increased bone tumour numbers under 

low oestradiol concentrations. Under high oestradiol concentrations in the bone, Zol also did not have 

a significant effect on immune cell populations.  

In the lung of C57BL/6 mice, Zol had no significant effect on immune cell populations, 

irrespective of oestradiol concentration, showing only a trend towards increased monocytes and 

macrophages under high-oestradiol concentrations. Interestingly, tumour growth in the lung was 

shown to be significantly decreased by Zol under low oestradiol concentrations, and significantly 

increased by Zol under high oestradiol concentrations. This change in tumour growth is not reflected 

in the immune cell profiling for C57BL/6 mice. Therefore, I investigated the effect of Zol on systemic 

immune cell populations by analysing splenic populations. Interestingly, under low oestradiol 

concentrations, Zol significantly decreased myeloid immune cell populations. However, under high 

oestradiol concentrations Zol significantly increased lymphocyte populations.  

The effect of Zol on immune cell populations was also analysed in the BALBc mouse model. 

Nanostring analysis suggested that treatment with Zol under high oestradiol concentrations confers a 
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pro-tumour phenotype in the bone, whereas Zol treatment under low oestradiol confers an anti-

tumour phenotype. In the lung, results suggest that Zol treatment under low oestradiol concentrations 

stimulates an anti-tumour immune response, whereas under high oestradiol stimulates a pro-tumour 

immune response. This result is reflected in tumour growth, where Zol significantly reduces tumour 

growth in the lung, but only under low oestradiol concentrations, having no significant effect under 

high oestradiol concentrations. This anti-tumour effect on lymphocytes under low oestradiol could be 

mediated through the previously discussed effect of Zol on Treg cell populations. Zol excerpts an 

inhibitory effect on Treg cells, reducing migration, recruitment into the tumour microenvironment and 

inhibitory activities of these cells (George et al., 2020). However, oestradiol can stimulate Treg 

conversion and activity, while increasing PD-L1 expression, creating an immune suppressive 

microenvironment (George et al., 2020). These differences could contribute to the differences in Zol 

treatment outcome under high and low oestradiol concentrations. The responses of the immune 

system to Zol also show strain specific differences as explored in the previous section. 

 

5.8.3 Effect of oestradiol and Zol on the immune response 

 Overall, in BALBc mice, Zol seems to have an anti-tumour effect on the immune population in 

the presence of low oestradiol concentrations but has a pro-tumour effect under the influence of high 

oestradiol. This result reflects that seen in tumour growth analysis experiments from chapter 1. 

Furthermore, these results reflect that seen in the AZURE trial, where pre-menopausal women have 

increased soft tissue metastasis following treatment with Zol. This modulation of Zols effect on 

immune cell populations by high oestradiol concentration could be due to overlapping and often 

opposing actions of oestradiol and Zol on immune cell subsets. For example, Zol and oestradiol have 

opposing effects on macrophage populations, with oestradiol increasing MMP-9 expression in 

macrophages (Hwang et al., 2006) and Zol decreasing MMP-9 expression (Melani et al., 2007). MMP-

9 is an important enzyme for macrophage infiltration and tumour invasion (Foda and Zucker, 2001). 

Therefore, Zol treatment could reduce the ability of tumour associated macrophages to infiltrate the 

tumour microenvironment, whereas oestradiol could do the opposite, increasing the metastatic 

potential of breast cancer cells. 

 As previously described, oestradiol and Zol have opposing effects on Treg cells. Oestradiol can 

regulate Treg cell development, and suppressive activity by regulating PD-1 expression (Polanczyk et 

al., 2007). Oestradiol signalling upregulated PD-1 expression, vital for the suppressive activity of Treg 

cells. On the other hand, Zol has been shown to down regulate PD-1 expression on Treg cells, therefore 
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reducing their ability to supress T effector cells whilst reducing Treg conversion from naive cells (Liu 

et al., 2019). These overlapping effects on T cell regulation could reduce the anti-tumour immune 

response elicited by Zol in high oestradiol mice compared to low oestradiol mice, contributing to the 

differences observed in clinical trials of bisphosphonates for early breast cancer treatment (Coleman 

et al., 2018a).  

 One interesting immune modulatory effect of oestradiol is on PD-L1 expression. PD-L1 is an 

immune checkpoint signalling molecule used by cells to identify self and is upregulated in cancer cells 

allowing them to evade immune detection and elimination. I evaluated the effect of Zol treatment 

under post-, peri- and pre-menopausal concentrations of oestradiol on PD-L1 gene expression in vitro. 

My data showed that treatment with oestradiol or Zol had no significant effect on PD-L1 gene 

expression. Both the 4T1-LUC and E0771 cell lines used are ERα negative, with E0771 expressing ERβ 

and 4T1 having a triple negative phenotype. Therefore, it is unsurprising that oestradiol has no 

significant effects on PD-L1 gene expression. Interestingly, oestradiol has been shown to increase PD-

L1 protein expression in the ER+ human breast cancer cell line MCF-7 via Akt/PI3K activation, resulting 

in reduced T cell function and T cell exhaustion (Yang et al., 2017). Interestingly, this was found to be 

mediated by an increase in mRNA stability, with oestrogen having no effect on PD-L1 mRNA 

expression. This reflects my data on PD-L1 expression, prompting the need to assess the effects of 

oestradiol and Zol on PD-L1 protein expression. Oestradiol’s ability to increase PD-L1 expression (Yang 

et al., 2017) could help to explain the decrease in lymphocyte cell numbers in mice treated with Zol 

under high oestradiol concentrations compared to low oestradiol concentrations.  

  PD-L1 is a powerful immunosuppressive agent, silencing immune cell targeting of cancer cells 

in the tumour microenvironment. Furthermore, Zol has been shown to stimulate immune responses 

and create an anti-tumour phenotype. Therefore, the blockade of PD-L1 in combination with Zol 

treatment could be a beneficial treatment to sensitize tumour cells to immune cell destruction.  

5.9 Conclusions 

 The effect of oestradiol and Zol on the immune response to cancer in the bone and the soft 

tissue show mouse strain and organ specific differences, representing the heterogeneity of the patient 

population. However, treatment with Zol has been shown to be significantly affected by oestradiol 

concentration. In the lung, Zol significantly increases anti-tumour lymphocyte numbers, but only in 

the presence of low oestradiol concentrations. This shows that high oestradiol can inhibit the immune 

stimulatory effects of Zol, perhaps through its own immune modulatory effects. Indeed, oestradiol 

was shown to significantly decrease B cell population within the bone, while also increasing expression 

of PD-1, creating a pro-tumour immune environment. Both my results showing increased PD-1 
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expression with oestradiol and the literature suggest that oestradiol increases checkpoint inhibition, 

which would increase immune cell exhaustion in the tumour microenvironment. Therefore, blockade 

of immune checkpoint molecules in combination with Zol could improve treatment outcome in pre-

menopausal patients. 
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6.1 Introduction 

 Avelumab is a human anti-PD-L1 IgG1 monoclonal antibody that inhibits the interaction of PD-

1 with its ligand PD-L1 (Collins and Gulley, 2019). The PD-1, PD-L1 proteins are members of the 

immune checkpoint family which are vital in T-cell tolerance and maintaining immune homeostasis 

under physiological conditions (Jung and Choi, 2013). Tumour cells can upregulate this pathway, the 

binding of PD-L1 to PD-1, its receptor on immune cells, inhibits the adaptive immune response within 

the tumour microenvironment, allowing tumours to escape from immune cells. The presence of 

tumour infiltrating lymphocytes has been shown to be a predictor of improved disease progression, 

alongside an improved response to standard of care treatments such as neoadjuvant chemotherapy 

for TNBC (Ono et al., 2012).  

 PD-L1 is a type 1 transmembrane glycoprotein and is a member of the B7 superfamily (Han et 

al., 2020). It has been found to be overexpressed on breast cancer cells as an adaptive immune 

mechanism facilitating immune escape, mediated via aberrant signalling pathways and chromosomal 

alterations (Topalian et al., 2016). Indeed, PI3K-AKT pathway activation via PTEN mutations has been 

shown to result in extensive PD-L1 expression in cancer cells (Topalian et al., 2016), with 30-40% of 

primary breast tumours exhibiting PTEN loss (Gonzalez-Angulo et al., 2011). Interestingly, PD-L1 

expression has been found to be higher in ERα negative breast cancer subtypes, with qPCR and 

Western blot analysis showing the ERα positive cell lines MCF7 and T47D with significantly lower PD-

L1 expression than the ERα negative MDA-MB-231 and BT549 (Liu et al., 2018). PD-L1 expression in 

solid tumours is associated with high proliferation, large tumour size, high grade (Sabatier et al., 2015) 

and is inversely corelated with survival in breast cancer (Muenst et al., 2013).  

 PD-1 is a transmembrane protein receptor that acts as an inhibitor of both the adaptive and 

innate immune responses. It has been shown to be expressed on activated T cells, B lymphocytes, NK 

cells, macrophages, monocytes and dendritic cells (Han et al., 2020). PD-1 is also highly expressed on 

tumour specific T cells, in line with its role in promoting a pro tumour immune microenvironment 

(Ahmadzadeh et al., 2009). Interestingly, cancer leakage has been shown to upregulate expression of 

PD-1 by increasing expression of the c-FOS subunit of AP1 (Xiao et al., 2012). Activation of PD-1 by 

binding of PD-L1 reduces T cell activity, cytokine production, induces T cell lysis and induces tolerance 

to antigens (Schütz et al., 2017). Therefore, blockade of the PD-1, PD-L1 axis, by drugs such as 

Avelumab, represents an exciting new treatment for cancer patients.  

 Avelumab disrupts the PD-1/PD-L1 interaction and is a promising new cancer treatment. 

Further to this disruption, and unlike other immune checkpoint inhibitors, Avelumab has been shown 

to display some antibody-dependent cell-mediated cytotoxicity in vitro, adding an additional 
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mechanism of action to this drug (Julia et al., 2018). Indeed, treatment with avelumab has been shown 

to significantly increase NK cell mediated cytotoxicity against multiple TNBC cells (Julia et al., 2018). 

Unfortunately, this effect cannot be studied in mice as Avelumab does not mediate antibody mediated 

cell cytotoxicity in mouse models, which instead are dependent on CD4+ T cell and CD8+ T cell 

populations (Vandeveer et al., 2016). The JAVELIN clinical study investigated Avelumab across more 

than 15 different tumour types as a monotherapy or as a combination therapy. In the phase 1 JAVELIN 

study, Avelumab treatment was assessed in 168 patients with breast cancer, covering a number of 

different subtypes (Dirix et al., 2018b). The overall response rate (ORR) was disappointingly low at 3% 

overall (95% CI 1.0–6.8), and at 5.2% for triple negative breast cancer. Interestingly, there was a trend 

towards increased ORR in patients with PD-L1+ tumour-associated immune cells compared to PD-L1- 

in the overall population (16.7% vs 1.6%) and in the triple negative breast cancer group (22.2% vs. 

2.6%). The responses to Avelumab were found to be durable during the trial, and the drug had a 

tolerable safety profile (Dirix et al., 2018b). Breast cancer treatments with Avelumab could, therefore, 

benefit from combined therapies with new or standard treatment drugs to improve 

immunotherapeutic efficacy in a wider group of patients.  

 Zoledronic acid, the third-generation nitrogen containing bisphosphonate, has shown promise 

in the treatment of early breast cancer to reduce the risk of bone metastasis. However, Zol has only 

shown efficacy in the post-menopausal cohort, with pre-menopausal patients presenting with 

increased soft tissue metastasis and a reduced iDFS (Coleman et al., 2018a). Aside from its well 

documented bone sparing properties, mediated through an inhibition of osteoclast activity via 

inhibition of the mevalonate pathway, Zol can directly target tumour cells, target immune cells and 

increase anti-tumour immune surveillance (George et al., 2020). Indeed, Zol has been shown to 

modulate macrophage polarisation towards an anti-tumour phenotype, decrease Treg cell infiltration 

and activity and increase effector T cell infiltration. However, high concentrations of oestradiol, such 

as that seen in pre-menopausal patients, can have opposing effects on anti-tumour immunity by 

increasing Treg activity (Luo et al., 2011), increasing tumour associated macrophage polarisation 

(Svensson et al., 2015) and increasing PD-L1 expression (Shuai et al., 2020) to create a pro-tumour 

immune environment. Combining Zol with an anti PD-L1 therapy, such as Avelumab, could increase 

the efficacy of both drugs by increasing populations of anti-tumour immune cells (Zol) while removing 

immune checkpoint blockade to improve immune cell targeting of cancer cells. 

 The blockade of the PD-1/PD-L1 interaction alongside Zol treatment has been investigated in 

a pre-clinical study aiming to enhance the breast cancer treatment benefit (Li et al., 2018). BALBc mice 

were subcutaneously implanted with 4T1-LUC cells in their right flank before treatment with Zol 

(100µg/kg every two days) and/or anti-PD-1 antibody (200µg/kg every 2 days) via IP injection. Analysis 
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of tumour growth by bioluminescent intensity showed that the combined therapy of Zol and anti PD-

1 Ab significantly reduced primary tumour growth when compared to both control and single Zol or 

Ab treatment. This is the first evidence showing that combined treatment of PD-1/PD-L1 blockade 

alongside Zol treatment is effective at reducing tumour growth at the primary site. However, this study 

did not analyse the effect of the combined treatment on breast cancer metastasis, instead focusing 

on a subcutaneous tumour growth model, more representative of primary tumour growth. They then 

analysed the effect of treatments on immune cell populations within the tumour, finding a significant 

increase in CD8+ T cells with combined therapy, alongside a significant decrease in myeloid derived 

suppressor cells following treatment with Zol (Li et al., 2018). This data shows the first evidence that 

the combined therapy of PD-1/PD-L1 blockade alongside Zol treatment effectively reduces primary 

tumour growth, while increasing numbers of anti-tumour immune cells in the primary tumour. 

Interestingly, the immune profiling data seems to suggest two different mechanisms of action of the 

drugs, with PD-1 blockade effective at increasing CD8+ T cell infiltration and Zol effective at reducing 

the immune suppressive myeloid derived suppressor cell infiltration.  

 Data from chapter 5 show that CD4+ T cells and CD8+ T cells isolated from mice under pre-

menopausal oestradiol concentrations had increased PD-1 protein expression compared to those 

isolated from mice with post-menopausal oestradiol concentrations. This increase would render these 

cells more susceptible to silencing by PD-L1 binding in the tumour microenvironment and suggests 

that PD-L1 blockade could improve Zol treatment for pre-menopausal patients. The study by (Li et al., 

2018) forms an excellent base to show the efficacy of combination therapy for primary triple negative 

breast cancer treatment. However, the effects of combination therapy on breast cancer metastasis to 

bone and soft tissue were not analysed. Furthermore, the differential effects of treatment under post 

and pre-menopausal concentrations of oestradiol were also not analysed. The effects of combination 

treatment under post and pre-menopausal oestradiol concentrations could help to determine if Zol 

treatment could be made effective at reducing bone metastasis and soft tissue metastasis when 

combined with avelumab in the pre-menopausal cohort.      

 

6.1.2 Hypothesis 

Combination treatment with Avelumab and Zol could reduce bone and soft tissue metastasis under 

pre-menopausal oestradiol concentrations by increasing immune cell infiltrate and activity in tumours. 
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Aims 

1. Establish the effects of combining Avelumab with Zol on metastatic outgrowth of TNBC in pre- 

and post-menopausal mouse models. 

2. Analyse the effects of combination treatment on bone morphology and remodelling 

3. Investigate the effect of combination treatment on immune cell populations and activity in 

different metastatic sites.  
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6.2 Results 

6.2.1 Effects of Avelumab and Zol alone and in combination on the metastatic outgrowth of 4T1 cells. 

The effect of Zol and Avelumab combined treatment on breast cancer metastasis and location 

was analysed by IVIS live imaging. BALBc mice injected IC with 50,000 4T1-LUC cells were treated with 

subcutaneous Zol (100g/kg/week), intraperitoneal Avelumab (400g/kg every 2-days), 

Avelumab+Zol or control under high or low oestradiol concentrations (n=10 per group). Soft tissue 

metastases and bone metastases were analysed to see how the treatments affected breast cancer 

metastatic dissemination and growth at the secondary sites (Figure 6.1). When soft tissue metastases 

were analysed under high oestradiol concentrations, Zol and Avelumab combination therapy resulted 

in a significant decrease in the size of metastatic deposits when compared to control (P=0.0004) 

(Figure 6.1 A). Furthermore, treatment with single agent Zol also resulted in a significant decrease in 

the size of soft tissue metastases under pre-menopausal oestradiol concentrations (P=0.0032), but 

this decrease was less than that observed for combination treatment. Soft tissue metastases under 

post-menopausal oestradiol concentrations did not show any significant differences, however 

treatment with combined Zol and Avelumab therapy did lead to a strong trend towards reduced soft 

tissue metastasis when compared to control (Figure 6.1 A). Interestingly, under post-menopausal 

concentrations of oestradiol, Zol did not significantly decrease soft tissue metastasis as seen under 

pre-menopausal oestradiol concentrations. This data shows the first evidence of combined Zol and 

Avelumab therapy reducing soft tissue breast cancer metastasis. 

 Following the exciting results observed in soft tissue metastases, the effects of combination 

therapy on metastasis were analysed in the bone (Figure 6.1 B). Under pre-menopausal oestradiol 

concentrations there were no significant differences in bone metastasis for any treatment group. 

However, there was a minor trend towards decreased metastasis for combination therapy and for 

single Zol treatment when compared to control. Interestingly, in mice with post-menopausal 

oestradiol concentrations, treatment with Single agent Zol (P=0.0016), single agent Avelumab 

(P=0.022), and combination therapy with Zol and Avelumab (P=0.0011) all significantly decreased 

bone metastasis when compared to control mice (Figure 6.1 B). Furthermore, treatment with 

combination therapy resulted in the lowest bone metastasis when compared to other treatment 

groups. The data suggests that combination therapy with Avelumab and Zol is effective at preventing 
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bone metastasis under post-menopausal concentrations of oestradiol, while it is effective at reducing 

soft tissue metastasis under pre- and post-menopausal oestradiol concentrations.  

 

Figure 6.1: The effect of combination therapy with Avelumab and Zol on tumour growth 

BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-
menopausal concentrations. Mice were injected IC with 50,000 4T1-LUC cells and treated with Zol 
(100µg/kg), Avelumab (400µg every 2 days) or combined Avelumab & Zol. Mice were injected with luciferin 
before imaging by the IVIS system. (A) In vivo luminescent analysis of tumour growth in soft tissue showing 
photons/sec (n=10 per group) (B) In vivo luminescent analysis of tumour growth in bone tissue showing 
photons/sec (n=10 per group) 
(C) Representative images showing tumour growth in live mice following treatments. 

Data shown are mean ± SEM and statistical analysis was by one way ANOVA with Tukeys post test and 
students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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6.2.2 The of combination therapy with Avelumab and Zol on immune cell populations 

6.2.2.1 effect Immune cell populations in the bone 

 The immune response plays a pivotal role in breast cancer progression and metastasis, and 

the use of immune modulatory drugs in this study aims to stimulate anti-tumour immune responses 

to prevent metastasis. Following on from the encouraging tumour growth analysis showing combined 

treatment significantly reducing both bone and soft tissue metastasis, I next analysed the effect of 

combination treatment on immune cell populations in tumour bearing bones, lungs and in the spleen 

representing systemic effects. The infiltrating immune cells could provide a mechanism whereby 

combined treatment excerpts its anti-tumour effects.  

 Within tumour bearing bones, oestradiol concentrations significantly decreased B cell 

numbers under high oestradiol concentrations in single treatment Avelumab groups (P=0.0015) and a 

trend in the Avelumab/Zol group (Figure 6.2 H). Oestradiol has limited effects on other cell types 

within the bone, showing effects only in the single treatment Avelumab group where high oestradiol 

significantly increased NK cell number(P=0.0532) (Figure 6.2 K) and neutrophil numbers (P=0.3) (Figure 

6.2 B). Interestingly, under low oestradiol, combination therapy with Avelumab and Zol significantly 

increased numbers of the anti-cancer B cells (P=0.02) (Figure 6.2 H), CD4+ T cells (P=0.009) (Figure 6.2 

G) and CD8+ T cells (P=0.033) (Figure 6.2 I), suggesting that combination therapy may reduce T cell 

exhaustion and increase infiltration. On the other hand, combination therapy also significantly 

decreased the infiltration of some immune cell subsets. NK cells were significantly decreased by 

Avelumab and Zol under low oestradiol concentrations (P=0.0004) (Figure 6.2 K), alongside a 

significant decrease in neutrophils (P=0.017) (Figure 6.2 B) and monocytes (P=0.046) (Figure 6.2 C). 

These results show both an anti-tumour immune profile in T cells and B cells and a pro-tumour 

immune profile for NK cells and neutrophils following combination therapy with Avelumab and Zol. 

However, tumour growth experiments showed combination therapy significantly decreases bone 

metastasis, suggesting that the anti-tumour immune effects may outweigh the decreases seen in NK 

cells, and that there may be effects mediated by non-immune bone resident cells.  
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Figure 6.2: The effect of combination therapy with Avelumab and Zol on immune cells in bone 

BALBc mice with 4T1-LUC tumours underwent OVX before oestradiol replacement in drinking water to model Post 
and Pre-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol 
(100µg/kg), Avelumab (400µg every 2 days) or combined Avelumab & Zol. Flow cytometry analysis for immune cell 
populations. 
(A) Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 
Macrophages (Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-
,CD3+,CD4+), (H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 on CD4+ T cells 
(CD4 T cells, PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T cells, PD-1+).Data 
shown are mean ± SEM  and  statistical analysis by one way ANOVA with Tukeys post test and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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6.2.2.2 Immune cell populations in the lung 

Tumour bearing lungs were analysed by flow cytometry and qPCR array for immune cell 

populations following treatment as described above (Figure 6.3 & 6.4). Flow cytometry analysis 

showed that combination therapy with Avelumab and Zol significantly increased CD4 T cells in the lung 

under high oestradiol concentrations (P=0.048) (Figure 6.3 G). Moreover, qPCR array analysis showed 

that combination therapy significantly increased granzyme B gene expression in lungs under low 

oestradiol concentrations (P=0.0378) (Figure 6.4), suggesting an increase in lymphocyte activity and 

CD4+ lymphocyte cell number following combined Avelumab and Zol treatment. On the other hand, 

combined therapy under high oestradiol concentrations significantly reduced anti-tumour NK cell 

numbers in the lung, opposing the effects observed in CD4 T cells (P=0.048) (Figure 6.3 K). In CD8 T 

cells, combination therapy had no significant effect, however, under low oestradiol concentrations, 

single treatment Avelumab significantly reduced CD8 T cell number (P=0.013). Interestingly, combined 

therapy under low oestradiol concentrations significantly increased Nos2 gene expression when 

compared to control in mice (Figure 6.4). Nos2 is a marker of M2 macrophage activity, and expression 

in cancer cells and can be a predictor of poor prognosis. Interestingly, under the influence of low 

oestradiol concentrations, combined therapy significantly increased cd274 gene expression when 

compared to single agent Zol (encoding PD-L1 protein) (Figure 6.4). Furthermore, combination 

treatment when compared to single treatment Zol significantly increased IL1b gene expression, a pro-

inflammatory molecule (Figure 6.4).  

Combined therapy with Avelumab and Zol has significant effects on neutrophils of the myeloid 

lineage (Figure 6.3 B). qPCR array analysis showed that combination therapy significantly reduces 

neutrophil expression in the lung when compared to single treatment Zol (P=0.0139) (Figure 6.4). Flow 

cytometry analysis showed that combination therapy significantly reduced neutrophils compared to 

control under high oestradiol concentrations (P=0.0101) (Figure 6.3 B). However, single Avelumab 

treatment had no significant effect on neutrophil numbers compared to control and the reduction in 

neutrophil numbers in combination therapy. qPCR array card analysis showed no significant changes 

to immune cell populations in the combination therapy group when compared to control (appendix). 

Furthermore, oestradiol concentration had no significant effect on either immune cells or immune cell 

activity markers analysed by qPCR array card (appendix). The immune cell analysis is complex; 

however, overall combination therapy increases only CD4 T cell numbers, while significantly increase 

markers of lymphocyte activity, perhaps explaining the significant decrease in tumour growth in the 

lung following combination treatment with Avelumab and Zol.   
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Figure 6.3: The effect of combination therapy with Avelumab and Zol on immune cells in lung 

BALBc with 4T1-LUC tumours mice underwent OVX before oestradiol replacement in drinking water to model Post 
and Pre-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol 
(100µg/kg), Avelumab (400µg every 2 days) or combined Avelumab & Zol. Flow cytometry analysis for immune cell 
populations. 
(A) Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 
Macrophages (Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD45+,CD19-
,CD3+,CD4+), (H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 on CD4+ T cells 
(CD4 T cells, PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T cells, PD-1+).Data 
shown are mean ± SEM  and  statistical analysis by one way ANOVA with Tukeys post test and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 

BALBc mice with 4T1 LUC tumours underwent OVX before oestradiol replacement in drinking water to 
model Post and Pre-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells and 
treated with Zol (100µg/kg), Avelumab (400µg every 2 days) or combined Avelumab & Zol. RNA was 
extracted from lung using before reverse transcription followed by Taqman qPCR array. For immune cell 
typing, delta CT was calculated from Raw CT values and formatted into an expression matrix. Immune cell 
type signatures were taken from Nanostring and expression matrix was sub-setted into columns and rows 
corresponding to cell type gene signatures. A cell type signature score was calculated as inverse geometric 
mean resulting in a single value for a cell type for each replicate. 
Cell type markers in section 2.7.2 
Data shown are mean ± SEM   and statistical analysis performed by one way ANOVA with Tukeys post test 
and students T test  
*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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6.2.2.3 Immune cell population in the spleen 

In both the AZURE and the ABCSG-12 trials, adjuvant Zol was administered prior to evidence 

of metastasis in breast cancer patients. Differences in metastasis development may be mediated by 

changes in systemic immunity alongside changes at specific metastatic sites. Therefore, I investigated 

the effect of combination therapy with Avelumab and Zol on immune cell populations in the spleen 

(Figure 6.5). Combination therapy under low oestradiol concentrations significantly increased 

Dendritic cell numbers in the spleen (P=0.015) (Figure 6.5 A), and increased macrophage numbers in 

the spleen (P=0.0016) (Figure 6.5 D). However, under high oestradiol, combination therapy 

significantly decreased macrophage numbers in the spleen (P=0.029). Interestingly, combination 

therapy also altered macrophage polarisation under low oestradiol concentrations, increasing 

polarisation towards an M2 macrophage phenotype. Overall, this data suggests a decrease in systemic 

anti-tumour immune cells following combination therapy. Interestingly, under low oestradiol 

concentrations, combined treatment with Avelumab and Zol significantly increased PD-1 expression 

on circulating CD4+ T cells (P=0.0006)(Figure 6.5 J) and CD8+ T cells (P=0.0094)(Figure 6.5 L). This 

increase in PD-1+ cells may be due to a decrease in PD-L1 binding because of Avelumab treatment, 

leading to a decrease in exhausted T cells and an increase in PD-1 positive lymphocytes.  
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Figure 6.5: The effect of combination therapy with Avelumab and Zol on immune cells in spleen 

BALBc mice with 4T1-LUC tumours underwent OVX before oestradiol replacement in drinking water to model 
Post and Pre-menopausal concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol 
(100µg/kg), Avelumab (400µg every 2 days) or combined Avelumab & Zol. Flow cytometry analysis for immune 
cell populations. 
(A) Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, (D) Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), (E) M1 
Macrophages (Macrophage, MRC1-), (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells 
(CD45+,CD19-,CD3+,CD4+), (H) B Cells (CD45+,CD19+,CD3-), (I) CD8+ T cells  (CD45+,CD19-,CD3+,CD8+) (J) PD-1 
on CD4+ T cells (CD4 T cells, PD-1+), (K) NK cells (CD45+,CD19-,CD3-, NK1.1+), (L) PD-1 on CD8+ T cells (CD8 T 
cells, PD-1+).Data shown are mean ± SEM  and  statistical analysis by one way ANOVA with Tukeys post test and 
students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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6.2.3 Effect of Avelumab and Zol on trabecular bone volume 

Following immune cell analysis in the bone showing a pro-tumour phenotype following 

combination treatment with Avelumab and Zol, I investigated the effects of treatment on the bone 

microenvironment to elucidate if changes in bone turnover contribute to the reduced metastasis 

observed in Figure 6.1. The effects of combined treatment on bone volume and bone resident cell 

activity was evaluated by µCT and ELISA analysis. Analysis of trabecular bone volume in tumour 

bearing bones following treatment with high and low oestradiol concentrations following OVX 

(representing pre- and post-menopausal oestradiol) displayed a similar pattern to previous models 

(Figure 6.6 A) with high oestradiol concentrations significantly increasing trabecular bone volume 

when compared to low oestradiol mice irrespective of Zol or Avelumab treatment (p<0.0001 control, 

Zol, Avel, P=0.0001 Avel Zol). Interestingly, single agent therapy with Zol or Avelumab resulted in no 

significant change to trabecular bone volume under high or low oestradiol concentrations. However, 

combined treatment with Avelumab + Zol resulted in a significant increase in trabecular bone volume 

under both high and low oestradiol concentrations (Figure 6.6 A)(P= 0.0132 & 0.0464 respectively). 

Furthermore, combined treatment with Avelumab and Zol significantly increased bone volume when 

compared to single treatment Zol under high oestradiol concentrations. This suggests that treatment 

with Avelumab alongside Zol improves the anti-resorptive properties of Zol.    

 

6.2.4 Effect of Avelumab and Zol on bone remodelling markers 

Serum analysis for TRAPcP-5b concentration, a marker of osteoclast activity, was performed 

by ELISA analysis of serum following the experimental endpoint (Figure 6.6 B). Interestingly, oestradiol 

concentration had no significant effect on TRAPcP-5b concentrations under any treatment group in 

this BALBc model. This result is different to that seen in the previous BALBc model, where oestrogen 

significantly decreased TRAPcP-5b in the control arm. Zol treatment under high and low oestradiol 

concentrations did significantly decrease TRAPcP-5b concentrations (P=0.001 & P=0.0007 

respectively), indicating a decrease in osteoclast activity following Zol treatment (Figure 6.6 B). 

Furthermore, combined treatment with Avelumab and Zol also significantly decreased TRAPcP-5b 

concentration to similar levels to that seen in Zol single treatment under high and low oestradiol 

concentrations (P=0.0035 & P=0.014 respectively). Interestingly, under low oestradiol concentration, 

Avelumab single treatment significantly decreased TRAPcP-5b concentration (P=0.0424), indicating 

that Avelumab treatment alone is able to affect osteoclast activity in bone. 
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 Serum analysis for P1NP concentrations, a marker of osteoblast activity, was also performed 

by ELISA analysis at the experimental endpoint (Figure 6.6 C). Low concentrations of oestradiol 

compared to high concentrations significantly decreased P1NP concentration in the combined 

treatment group, but significantly increased P1NP concentration in the Zol treatment group. 

Treatment with Zol significantly decreased P1NP concentration in the high oestradiol group. However, 

combined treatment with avelumab and Zol significantly increased P1NP concentrations compared to 

single Zol treatment to levels similar to control levels (Figure 6.6 C). This data could go some way to 

explaining results seen in the µCT analysis where combination therapy resulted in significantly higher 

trabecular bone volume, possibly because combination treatment stimulates an increase in osteoblast 

activity while inhibiting osteoclast activity.  

Figure 6.6: The effect of combination therapy with Avelumab and Zol on bone turnover 

BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 
concentrations. Mice were injected IC with 50,000 4T1-LUC cells and treated with Zol (100µg/kg/week), Avelumab 
(400µg every 2 days) or combined Avelumab & Zol. (A) Tibia from mice analysed by µCT showing trabecular bone 
volume/ tissue volume (%BV/TV) (n=10 per group) 
(B) Serum from mice at experimental endpoint analysed by ELISA for TRAcP5b concentrations (n=5)  
(C) Serum from mice at experimental endpoint analysed by ELISA for P1NP concentrations (n=5) 

Data shown are mean ± SEM and statistical analysis by one way ANOVA with Tukeys post test and students T 
test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 
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6.3 Discussion 

 Combination therapy represents an important cornerstone of cancer treatment, often 

allowing the amalgamation of drugs efficacy. Furthermore, improving the efficacy of drugs that have 

already gone through clinical trial and approval represents a cost effective and efficient way to bring 

drugs to the clinic. Researching combination treatment, compared to mono-therapy, could help to 

improve the efficacy of a drug in a demographic of patients where there was previously little benefit. 

The ABCSG-12 trial showed that adjuvant treatment with Zol after primary tumour resection is 

effective at preventing bone metastasis. However, the AZURE trial showed that women with pre-

menopausal oestradiol concentrations had increased soft tissue metastasis and reduced iDFS 

following adjuvant Zol. Interestingly, Zol and oestradiol have been shown to have effects on the 

immune system, with Zol increasing anti-tumour immune cells and oestradiol decreasing anti-tumour 

immunity while increasing PD-L1 expression (George et al., 2020). Therefore, I hypothesised that 

combination treatment with Zol alongside the anti-PD-L1 antibody Avelumab could improve the 

efficacy of Zol and allow its use in the pre-menopausal cohort.  

 The effect of combination therapy with Avelumab and Zol on tumour growth within the bone 

and soft tissue was analysed to elucidate the anti-tumour efficacy of treatments. Interestingly, 

combination therapy led to a significant decrease in bone metastasis under low oestradiol 

concentrations and a significant decrease in soft tissue metastasis under high oestradiol 

concentrations, while leading to strong trends towards decreased metastasis in other oestradiol 

groups. Although combination therapy with PD-1 blockade alongside Zol has previously been shown 

to reduce primary tumour growth (Li et al., 2018), this data provides the first evidence of the anti-

tumour efficacy of combination therapy on breast cancer metastasis to both the bone and the soft 

tissue. Interestingly, combination therapy was shown to reduce soft tissue metastasis in the presence 

of high oestradiol concentrations. In the AZURE trial, in women with pre-menopausal oestradiol 

concentrations, adjuvant therapy with Zol was shown to increase soft tissue metastasis incidence 

while decreasing iDFS, meaning that preventative Zol treatment is not used in these patients. 

Therefore, this data shows that combining Zol treatment with Avelumab could facilitate the use of this 

preventative treatment in the pre-menopausal cohort of patients.  

 A previous study has shown that combining Zol and anti-PD-1 therapies significantly reduces 

primary tumour growth of breast cancer in immune competent mouse models (Li et al., 2018). 

However, the drug used differed from Avelumab used in the present study, binding to the PD-1 

receptor instead of its ligand PD-L1. The use of Avelumab instead of an anti-PD-1 antibody could be 

more efficacious in the patient population, since Avelumab has been shown to have a secondary mode 
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of action in humans, eliciting antibody mediated cell cytotoxicity (Julia et al., 2018). Therefore, if used 

in the clinic alongside Zol, the combination therapy could be more effective than seen in the mouse 

models by directly inducing cancer cell death alongside its effects on the microenvironment.  

 To understand the mechanism behind the observed decreases in tumour volume following 

combined treatment with oestradiol and Zol, I next analysed immune cell populations within tumour 

bearing bones, tumour bearing lungs and the spleen following experimental endpoint. Overall, in all 

organs, combination therapy with Avelumab and Zol led to a trend towards reduced numbers of anti-

tumour immune cells when compared to controls. For example, in bone, combination therapy 

significantly reduced numbers of monocytes, neutrophils and NK cells, while in lung combination 

therapy also significantly reduced neutrophil numbers. On the other hand, in lung combination 

therapy resulted in a significant increase in granzyme B gene expression, suggesting an increased 

activity of immune cells following treatment. Interestingly, PD-L1 gene expression was significantly 

increased following combination therapy under low oestradiol concentrations, suggesting an 

increased immune evasive ability of cells following treatment. However, Avelumab treatment should 

block the downstream effects of this increase in PD-L1 expression by binding to the resulting protein 

and preventing signalling with PD-1 receptor. These immune population results are unexpected, as 

treatment with Avelumab would be expected to increase immune cell infiltration into tumour bearing 

organs by reducing checkpoint inhibition, reducing Treg cell activation and promoting tumour cell 

cytotoxicity. Inversely, the blocking of checkpoint inhibition means that fewer immune cells in the 

tumour can excerpt a greater response as cells do not become exhausted. This theory is reflected in 

Granzyme B expression analysis, suggesting increased immune cell activity following Avelumab and 

Zol combination therapy.  Li et al. (2018) analysed tumour infiltrating immune lymphocytes following 

Zol and anti-PD-1 treatments and found a significant increase in CD8+ T cells alongside a significant 

decrease in myeloid derived suppresser cells following combination treatment. Although this 

significant increase in lymphocyte populations was not observed in the current study, there was a 

trend towards increased CD4+ T cell numbers in bone following combination therapy, and a significant 

increase in CD4+ T cells in bone following single agent Avelumab. Furthermore, regulatory immune 

cells, immune supressing cells and markers of immune cell activity were not analysed in these 

experiments, cells that could be responsible for the changes in tumour growth and metastasis 

observed. The flow cytometry experiments have relatively low n numbers per group (n=3-5) and 

display a reasonable level of variation as expected from in vivo experiments. Therefore, future 

experiments could be performed to increase n numbers for these experiments to help better elucidate 

changes in immune cell populations. 
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The results from immune cell analysis in the bone following combination therapy with 

Avelumab and Zol showed a pro-tumour effect, suggesting that another mechanism may be 

responsible for the observed decrease in bone metastases. Therefore, the effect of Avelumab and Zol 

on bone volume and bone turnover was investigated to determine if Avelumab as a single treatment 

or in combination with Zol can alter bone resident cell activity. Interestingly, combination therapy with 

Avelumab and Zol significantly increased trabecular bone volume, significantly decreased TRAPcP-5b 

serum concentration (a marker of osteoclast activity) and led to a trend towards increased P1NP 

concentration (a marker of osteoblast activity). Furthermore, for trabecular bone volume and P1NP 

concentration, the increases observed were significantly higher when compared to single treatment 

Zol. This suggests that Avelumab in the presence of Zol increases trabecular bone volume by 

decreasing osteoclast activity and increasing osteoblast activity. This result may be an artifact of the 

reduced tumour volume in bones following combination therapy, reducing tumour mediated 

osteolysis. However, single treatment Zol under high oestradiol concentrations also exhibited low 

tumour volume, but did not have increased bone volume, suggesting another mechanism at play.  It 

has been shown that PD-L1 binding PD-1, in the presence of RANKL, induced osteoclastogenesis (Wang 

et al., 2020). Induction of osteoclasts from bone marrow cells with MCSF and RANKL, alongside PD-L1 

found that PD-L1 increased osteoclast differentiation, an effect that was blocked by treatment with 

the anti-PD-1 antibody nivolumab. Furthermore, following treatment of tumour bearing mice with 

nivolumab, serum CTX-I levels, a marker of bone resorption, were significantly decreased, suggesting 

reduced osteoclast activity. Interestingly, this was found to be an effect mediated during the 

differentiation stage of osteoclasts, with osteoclasts loosing PD-1 expression as they mature in vitro 

(Wang et al., 2020). This paper could help to explain the increase in bone volume observed following 

combination therapy with Zol, a potent anti-resorptive drug, and Avelumab. 

 Reducing bone resorption and osteoclast activity is highly beneficial for the treatment of bone 

metastasis. In tumour bearing bones, osteoclasts form part of a vicious cycle of bone degradation and 

tumour growth, with tumour cells promoting osteoclastogenesis and osteoclast activity, thereby 

increasing bone resorption which releases bone derived growth factors that promote tumour growth. 

Inhibiting osteoclast action breaks the vicious cycle, making the bone a less hospitable place for 

tumour growth. However, osteoclasts can also regulate the immune system, with osteoclasts and T 

cells having reciprocal communication. Indeed, in vitro experiments have shown that osteoclasts can 

supress T cell proliferation (Grassi et al., 2011), while T cells have been shown to inhibit osteoclast 

proliferation and differentiation (Takayanagi, 2009). Therefore, inhibiting osteoclasts with Zol 

alongside removing checkpoint inhibition could help to improve T cell infiltrate into tumour bearing 

bones, while making the bone a less hospitable environment for tumour growth.  
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6.4 Summary and conclusion 

 Combination therapy is an effective clinical tool to improve the treatment outcome over single 

agent therapies alone. Avelumab and Zol combined treatment significantly decreased tumour volume 

in the bone and in the soft tissue of mice, having the most potent effects under high oestradiol 

concentration in soft tissue and under low oestradiol concentrations in bone. Analysis of immune cell 

populations in metastatic sites and circulating tissues gave inconclusive results, with some immune 

cells decreasing following combined therapy, but some markers of immune cell activity increasing 

following combination therapy, highlighting the need for further analysis. Interestingly, combination 

therapy using Zol and Avelumab significantly increased trabecular bone volume while increasing 

osteoblast activity in vivo, suggesting that combination therapy promotes an anti-tumour 

microenvironment in the bone. This data is the first evidence of combination therapy with Avelumab 

and Zol effectively reducing breast cancer metastasis. Furthermore, this exciting data suggests that 

utilising Avelumab alongside Zol in the clinic could allow the preventative treatment to be effective in 

the pre-menopausal cohort of patients for the first time.  
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 Zol is a third-generation nitrogen containing bisphosphonate that quickly binds 

hydroxyapatite in the bone and prevents bone loss by inhibiting enzymes of the mevalonate pathway, 

therefore inhibiting osteoclast activity and promoting osteoclast apoptosis. However, Zol also has 

anticancer properties and a number of clinical trials have evaluated its efficacy at preventing bone 

metastasis in breast cancer patients following primary tumour resection. The first reported benefits 

from adjuvant Zol for breast cancer recurrence were described by the ABCSG12 and  AZURE clinical 

trials. These two studies differed in treatment regime, the ABCSG-12 trial treated 1803 pre-

menopausal patients with Zol, alongside Goserelin and endocrine therapy which rendered patients 

chemically post-menopausal (Gnant et al., 2011). This trial saw a significant decrease in relative risk of 

disease for all patients. The AZURE trial on 3360 pre- and post-menopausal women receiving standard 

treatment alongside adjuvant Zol following primary tumour resection found that OS and DFS were not 

affected by Zol (Coleman et al., 2018a). However, subgroup analysis found that patients who were 

more than 5-years post-menopausal benefited from treatment and had an improved iDFS and OS, 

while pre-menopausal patients did not benefit, displaying increased soft tissue metastasis. The 

mechanism behind this differential result is still to be elucidated, however, I hypothesized that 

oestradiol driven changes to the immune microenvironment and PD-L1 expression in breast cancer 

metastasis effects the efficacy of Zol treatment. Therefore, I set up two distinct immunocompetent 

mouse models in which breast cancer cells were disseminated into metastatic organs (primarily bone 

and lung) in the presence of Post-, Peri- or Pre-menopausal concentrations of oestradiol to evaluate 

the effect of Zol on metastatic outgrowth and immune cell composition. 

 

7.1 Effect of Zol treatment under post-, peri- or pre-menopausal oestradiol 

concentrations on breast cancer metastasis 

The selected mouse models, C57BL/6 with E0771-LUC cells and BALBc with 4T1-LUC cells, 

responded differently to Zol treatment under different oestradiol concentrations. In the C57BL/6 

model, IC injected with E0771-LUC cells, high oestradiol concentrations significantly increased 

numbers of bone metastases, while Zol treatment under low (post-menopausal) concentrations of 

oestradiol significantly increased numbers of bone metastases. A similar trend was observed for 

tumour volume analysis. On the other hand, in the BALBc model, post-menopausal oestradiol 

concentrations significantly increased volume of bone metastases, while Zol treatment led to a trend 

towards decreased bone metastasis under post-menopausal oestradiol concentrations. Incidence of 

bone metastases in the absence of Zol in the C57BL/6 model more closely resembles the clinical 

setting. A clinical study of 3553 breast cancer patients found that increased age at the time of breast 
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cancer diagnosis corelated with a reduced risk of distant bone metastasis (Purushotham et al., 2014). 

On the other hand, the effect of Zol treatment on bone metastasis reflected the clinical setting best 

in the BALBc model, with Zol leading to trends towards decreased bone metastases number across all 

oestrogen concentrations, and a reduction in tumour volume under post-menopausal oestradiol 

concentrations.   

Soft tissue metastasis also differed between the two models used for this study. In the 

C57BL/6 model, Zol treatment under pre-menopausal concentrations of oestradiol significantly 

increased soft tissue metastasis when compared to Zol treated mice under post-menopausal 

oestradiol concentrations. This reflects that seen in the clinic, where pre-menopausal patients treated 

with Zol exhibited higher soft tissue metastasis and had reduced OS. Interestingly, in BALBc mice, Zol 

treatment had no effect on soft tissue metastasis under pre-menopausal concentrations of oestradiol 

but did significantly decrease metastasis under post-menopausal concentrations. This data also 

reflects elements seen in the AZURE trial, showing that Zol treatment decreases soft tissue metastasis 

in the absence of oestradiol, but in the presence of oestradiol, it does not exert any beneficial effects 

(Coleman et al., 2018a). Taken together, the two models show different trends of tumour growth 

following Zol treatments, but together each model contains elements relating to isolated effects 

observed in clinical findings. The data highlights how genetic and physiological background of 

patients/mice can affect treatment outcome. Indeed, patient genetic background and tumour genetic 

makeup can affect the pattern of metastasis from breast cancers and response to treatment. An 

analysis of the genetic expression profiles of 92 breast cancer patients, 46 with bone metastasis and 

46 without, found 22 significantly differentially expressed genes between the two groups and found 

that these could be used to better predict bone metastasis risk (Cosphiadi et al., 2018). The genetic 

differences present between both the mouse strains and the murine breast cancer cell lines used could 

help to explain the differences in tumour metastasis and response to treatment observed in this study. 

Interestingly, a previous publication from our research team found that high concentrations of 

oestradiol increased soft tissue metastasis in the immunocompetent mouse models but did not affect 

metastasis to the soft tissues of immunocompromised mice, suggesting the immune response is 

important for the anti-tumour effect of Zol in soft tissue (Canuas-Landero et al., 2021).  

 

7.2 Effect of Zol treatment under post-, peri- or pre-menopausal oestradiol 

concentrations on metastatic microenvironments.  

Following in vitro experiments showing that the effects of Zol and oestradiol in vivo are not 

mediated via direct actions on breast cancer cells (Chapter 3), I analysed effects on the 
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microenvironments of the metastatic sites. I hypothesize that the effects observed in the ABCSG-12 

and AZURE trials are due to Zol and oestradiol altering the immune response to breast cancer. To 

differentiate between immune regulated and bone cell regulated effects of Zol and oestradiol, I first 

assessed to what extent changes to the bone microenvironment following treatment could contribute 

to differential metastatic patterns. High oestradiol concentrations significantly increased trabecular 

bone volume in both mouse models, with Zol having little effect on bone volume. This supports the 

well documented role of oestradiol promoting healthy bone turnover by reducing osteoclast activity, 

inducing osteoclast apoptosis alongside promoting osteoblast activity (Emmanuelle et al., 2021). Zol 

treatment significantly decreased osteoclast activity and osteoblast activity. Depending on the 

oestradiol concentration, the models showed strain specific differences in results, with Zol treatment 

less effective at reducing osteoclast activity under the presence of pre-menopausal oestradiol 

concentrations in BALBc mice compared with C57BL/6. Moreover, Zol led to no significant change in 

P1NP in the post-menopausal BALBc model, but significantly decreased P1NP in the C57BL/6 model. 

Overall, this shows another strain specific difference in treatment, highlighting the importance of 

utilising multiple mouse models to reflect the heterogeneity of patients.  

Overall, these reductions in bone cell activity are indicative of a decrease in bone turnover, 

reducing bone resorption and formation. Mouse models of both breast and prostate cancer show that 

tumour cells home to areas in the bone with high osteoblast numbers, known as the endosteal niche 

(Shiozawa et al., 2011). Treatment with Zol has been shown to alter this niche, alongside closely linked 

osteoclast activity, and result in tumour cell relocation to other areas of bone (Haider et al., 2014). 

This reduction in bone turnover creates a less hospitable environment for established tumour growth 

by breaking the vicious cycle of bone degradation feeding tumour growth in bone metastasis (Chen et 

al., 2010). Both the ABCSG-12 and the AZURE trial showed that treatment with Zol reduced bone 

metastasis incidence with the AZURE trial showing that this effect was independent of oestradiol 

concentration. Therefore, this reduction in bone metastasis could, in part, be mediated by a Zol 

induced decrease in bone turnover creating a less hospitable environment for breast cancer growth. 

However, treatment with Zol at different oestradiol concentrations also has significant effects on soft 

tissue metastasis, suggesting that the microenvironmental effects are not limited to bone resident 

cells.  

The immune system plays a crucial role in the progression of both primary and metastatic 

breast cancer. I hypothesise that it is Zol and oestradiol induced changes to the immune response that 

drive the differences in treatment outcome observed in pre and post-menopausal patients. Following 

treatment with Zol and different oestradiol concentrations, I analysed immune cell populations in the 

bone, soft tissue and circulation to elucidate how changes in immune cells affect tumour growth in 
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different metastatic sites. In the literature, Zol and oestrogen have both profound and often opposing 

effects on the immune response to breast cancer. Zol has been shown to increase γδ T cell activation 

(Kondo et al., 2011), influence macrophage polarisation towards an anti-tumour phenotype (Coscia et 

al., 2010) and decrease Treg activation (Liu et al., 2016), expansion and activity in the tumour 

microenvironment. On the other hand, high oestradiol concentrations have been shown to have an 

immune suppressive effects, often supporting tumour growth by increasing Treg cell expansion and 

activity (Polanczyk et al., 2007), decreasing NK cell cytotoxicity (Baral et al., 1995), decreasing T cell 

development (Okasha et al., 2001) and influencing macrophage polarisation towards a pro-tumour 

phenotype (Svensson et al., 2015). This would support the findings of the AZURE trial, where 

treatment with Zol in patients with post-menopausal oestradiol concentrations resulted in an 

improved iDFS and reduced bone and soft tissue metastasis. Whereas in pre-menopausal patients, 

there was an increased soft tissue metastasis and no improvement in iDFS. This could be mediated by 

an increase in anti-tumour immune cell infiltration under the influence of Zol in the absence of 

oestradiol, an effect that could be reversed by high oestradiol concentrations reducing these immune 

mediated benefits.  

Immune results from my current study are complex and differ depending on mouse strain and 

cancer cell line used, as has been observed in both tumour growth and bone turnover analysis. In 

agreement with the hypothesis and reflecting that seen in the literature, high oestradiol 

concentrations in the bone of both models significantly decreased B cell numbers when compared to 

control. Furthermore, in the lung of the BALBc mouse model, high oestradiol concentrations 

significantly decrease B cells, CD4+ T cells and CD8+ T cells in the presence of Zol, showing that 

oestradiol can inhibit the immune stimulatory effects of Zol treatment in the lung. Indeed, treatment 

with Zol under low oestradiol concentrations in the lung of BALBc mice increased numbers of cells of 

the lymphoid lineage: B cells, CD4 and CD8+ T cells, but has no effect under high oestradiol 

concentrations. While in lungs of C57BL/6 mice high oestradiol decreased numbers of cells of the 

myeloid lineage, including dendritic cells, monocytes and macrophages. These results help explain the 

data obtained from tumour growth experiments, where Zol treatment had no effect under high 

oestradiol concentrations but significantly reduced lung metastasis under low oestradiol 

concentrations. Moreover, results reflect that seen in the AZURE trial, where under high oestradiol 

concentrations there is increased lung metastasis following treatment with Zol (Coleman et al., 

2014b), perhaps because oestradiol treatment opposes the pro-immunogenic benefits of Zol 

treatment.   

  In contrast, and in disagreement with the hypothesis, high oestradiol concentrations were 

shown increased numbers of some anti-tumour immune cells. In the bone of BALBc mice, oestradiol 
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increased numbers of CD4+ T cells and CD8+ T in Zol treated groups, whereas in the bone of C57BL/6, 

oestradiol did not significantly affect these cells, and instead resulted in a reduction in NK cells and 

dendritic cells. Although these results do not fit the hypothesis, they do reflect the heterogeneity of 

the clinical population, and further highlight the importance of utilising multiple models in pre-clinical 

studies.   

 Immune checkpoints represent an important mechanism whereby tumour cells evade 

detection and destruction by immune cells. PD-L1 is often expressed on tumour cells, and binding of 

PD-L1 to its receptor PD-1 on immune effector cells inhibits immune cell function and allows tumour 

cells to escape immune recognition (Han et al., 2020). Interestingly, when analysing PD-1 expression 

on CD4 and CD8+ T cells, I found that Zol significantly decreased PD-1 expression on T cells within the 

bone, suggesting these cells may have a reduced capacity for silencing by PD-L1. Furthermore, in the 

lungs of BALBc mice, high oestradiol concentrations significantly increased PD-1 expression on T cells. 

This result fits the hypothesis, with Zol increasing anti-tumour immunity and oestradiol leading to a 

decrease in anti-tumour immunity. This increase in immune checkpoint expression with oestradiol 

could contribute to the differential effects of Zol on breast cancer metastasis under different 

menopausal oestradiol concentrations. Indeed, oestradiol has been shown effect the PD-L1/PD-1 axis 

in breast cancer. High concentrations of oestradiol increase PD-L1 expression on ER+ breast cancer 

cells via a post-translational activation of the PI3K pathway, both in vitro and in vivo (Yang et al., 2017). 

Therefore, combined treatment with an immune checkpoint inhibitor alongside Zol could improve 

treatment outcome in premenopausal patients by increasing anti-tumour immune cell activity 

induced by Zol.  

 

7.3 Effect of combination therapy with Avelumab and Zol  

 To test this hypothesis that combination therapy with Avelumab and Zol will increase the anti-

metastatic efficacy of Zol in pre-menopausal women, I utilised the pre- and post-menopausal BALBc, 

4T1 LUC mouse models of breast cancer metastasis. Combination therapy led to a significant decrease 

in tumour growth in both soft tissue and bone of BALBc mice, showing the first evidence of 

combination therapy with Avelumab and Zol effectively reducing breast cancer metastasis incidence. 

A previous pre-clinical study has reported the efficacy of combining an anti PD-1 antibody with Zol in 

a primary breast cancer model, showing significant reductions in primary tumour volume following 

combination treatment (Li et al., 2018). Put together, these studies show the first evidence of the 

efficacy of Zol treatment on tumours outside the bone when combined with immune checkpoint 

inhibitors. This result has an important clinical significance in the prevention of breast cancer 
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metastasis. Meta analysis of 26 randomised clinical trials of adjuvant bisphosphonates for early breast 

cancer showed that while bisphosphonates benefit bone recurrence irrespective of menopausal 

status, subgroup analysis showed that post-menopausal patients had a clear benefit in overall 

recurrence, distant recurrence and mortality (J. Bergh et al., 2015). Pre-menopausal patients did not 

have the same benefits from treatment, with the AZURE trial showing that these patients had a worse 

clinical outcome with increased soft tissue metastasis (Coleman et al., 2014b). The results from my 

tumour growth experiments following combination therapy show evidence that combining Zol with 

Avelumab could be used in the clinic to prevent breast cancer metastasis in pre-menopausal patients. 

Indeed, results showed that combination therapy significantly reduced soft tissue metastasis in mice 

with pre-menopausal concentrations of oestradiol, representing exciting translational prospects to a 

clinical subgroup of patients who previously did not benefit from Zol treatment.  

 To understand the mechanism behind the reduction in metastasis observed with combination 

therapy, I analysed changes in the tumour microenvironments of different metastatic sites. 

Combination therapy significantly increased trabecular bone volume compared to control and single 

treatment Zol, while significantly decreasing osteoclast activity. These changes in bone turnover help 

create a less hospitable environment for breast cancer metastasis to bone, alongside reducing tumour 

growth of previously established tumour cells by breaking the vicious cycle of bone degradation and 

tumour growth (Chen et al., 2010). This data presents further evidence that combining Zol with 

Avelumab can increase its efficacy, while also showing evidence of Avelumab activity within the bone 

microenvironment. PD-1 blockade has been previously shown to effect bone resident cells, with 

Nivolumab treatment significantly decreasing osteoclastogenesis in WT mice. Moreover, in a multiple 

myeloma model, signalling through the PD-1/PD-L1 pathway has been associated with hyper-active 

osteoclast activity. Therefore, this anti-osteoclast activity of PD-L1 inhibition in the bone represents a 

secondary anti-tumour activity of this drug in the bone microenvironment. However, tumour growth 

experiments show that combination treatment has significant effects outside the bone, reducing soft 

tissue metastasis. To investigate this, I analysed infiltrating immune cell numbers and activity in the 

bone, soft tissue and circulation of tumour bearing mice following treatment under high and low 

oestradiol concentrations.  

 Blockade of the PD-L1/PD-1 signalling pathway with Avelumab aims to block immune 

checkpoint signalling in the tumour microenvironment and enable immune mediated tumour 

cytotoxicity. Moreover, Zol has been shown to have immune modulatory effects, stimulating anti-

tumour immune cells by increasing M1 macrophage polarisation, reducing Treg cell infiltration and 

differentiation and increasing T cell activation (George et al., 2020). Therefore, I hypothesised that 

combining Avelumab and Zol could increase immune cell populations in the tumour 
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microenvironment while stimulating immune mediated tumour cell cytotoxicity. Interestingly, flow 

cytometry analysis showed that following combination treatment, a number of anti-tumour immune 

cells did not respond as predicted. In bone, there were significant reductions in neutrophils, 

monocytes and NK cells in mice that received combination treatment, while in the lung, combination 

therapy had no significant effect on immune cell numbers except for a decrease in neutrophil number. 

These decreases in immune cell number in the lung and bone seem to contradict the expected effect 

of combination treatment and that seen in tumour growth experiments where combination therapy 

significantly decreased lung and bone tumour burden. Interestingly, (Li et al., 2018) combined Zol with 

a PD-1 inhibitor in a primary breast cancer mouse model and analysed tumour infiltrating immune 

cells. They found a significant increase in CD8+ T cells and a significant decrease in myeloid derived 

suppressor cells. Furthermore, they observed an increase in IFN-γ and IL-18 signifying an increase in 

immune activity. However, these experiments differ from the current study where bone, lung and 

spleen were analysed, instead utilising a primary subcutaneous tumour model. The bone represents 

a unique immune microenvironment that is significantly immunocompromised providing an immune 

privileged niche for disseminated tumour cells, containing a high number of immature and inhibitory 

immune cell types (Baschuk et al., 2015). Furthermore, the bone has a significantly lower population 

of NK cells, CD4+ T cells and CD8+ T cells when compared to peripheral blood and other metastatic 

sites. This low immune cell base population could account for differences in treatment outcome 

between bone, soft tissue and primary tumour. Moreover, it could suggest that the anti-tumour 

effects of Avelumab and Zol in the bone are not solely mediated via an immune cell dependent 

mechanism, perhaps acting through bone turnover cells.  

After observing no significant increase in immune cell population in tumour bearing organs 

following combination treatment, I next analysed markers of immune cell activity by qPCR array. 

Interestingly, combination therapy significantly increased Granzyme B expression under low 

oestradiol concentrations in the lung, suggesting an increase in immune cell function. Granzyme B is 

a serine protease found in granules from NK cells and cytotoxic T cells and is a marker of lymphocyte 

activity, suggesting that while treatment did not affect lymphocyte number, it did significantly 

increase activity. Granzyme B serum levels in cancer patients following PD-1 blockade have been 

corelated with improved clinical outcome (Hurkmans et al., 2020), so combination with Zol could help 

to further improve the beneficial lymphocyte activity associated with granzyme B. An investigation 

into the effects of Avelumab treatment on immune cell subsets in the peripheral blood of 28 cancer 

patients found that there was no significant change to any immune cell subsets observed. However, 

the study found an increase in ratio of CD27:CD40L which is indicative of immune activation. This 

reflects my data, where Avelumab and Zol increase immune cell activity but seem to decrease number 
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of immune cells. Overall, further work is needed to understand the effects of combination therapy 

with Avelumab and Zol on the immune response. Taken together, combination therapy with Avelumab 

and Zol significantly reduces both soft tissue and bone metastasis, showing the first evidence that 

combining these two drugs could be an exciting new treatment option for breast cancer patients, 

regardless of menopausal status.  

 

7.4 Future directions 

 This study has elucidated some exciting results with translational potential for the 

preventative treatment of breast cancer metastasis. However, there are still a number of unanswered 

questions and unclear results that could be addressed in future studies. The analysis of the immune 

cells following treatments for both models could benefit from further analysis. Although some 

interesting results have come to light from these experiments, a wide variation in results coupled with 

relatively low n numbers (n=3-5) make teasing out the changes a challenge. Future flow cytometry 

experiments should focus on characterising infiltrating immune cells from metastatic sites while 

standardising tumour size and increasing n numbers to reduce variation between mice. Furthermore, 

analysis of markers of immune cell activity and PD-L1 and PD-1 should take focus in future experiments 

to complement the analysis of immune cell numbers. This analysis should be performed using a 

number of different methods. Firstly, analysing immune cell activity by in vitro assays to determine 

how different menopausal conditions with and without Zol affect immune cell activity would help 

elucidate the important regulators of the immune effects. Moreover, analysis should include 

determination of specific immune cells in the tumour microenvironment by immunohistochemistry 

alongside flow cytometry for immune cell characterisation and qPCR/Nanostring analysis for gene 

expression profiles. Moreover, RNAseq analysis from patient samples from the AZURE trial would 

provide important clinical data to strengthen the results. This more comprehensive analysis should 

help to elucidate the mechanism behind the anti-metastatic effect of combination therapy.  

 This study found that combination therapy with Avelumab and Zol significantly reduces breast 

cancer metastasis. However, only one mouse model was used in the analysis of this combination 

treatment. Considering the mouse strain specific differences I observed in previous experiments, 

future work should utilise multiple different mouse models to confirm this novel finding.  
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7.5 Concluding remarks 

 Zoledronic acid is currently used in the clinic for the prevention of early breast cancer 

metastasis in post-menopausal women. However, clinical trials show that pre-menopausal women do 

not benefit from this treatment, instead suffering increased soft tissue metastasis and a decreased 

iDFS, showing the need to find effective treatments that can prevent future relapse in these young 

women. This project aimed to understand the mechanism behind this differential effect of Zol and 

hypothesised that oestradiol driven changes to the immune microenvironment altered the anti-

metastatic effects of Zol. Therefore, mouse models were set up, successfully modelling menopausal 

oestradiol concentrations, breast cancer dissemination and Zol treatment. Zol was found to be more 

effective at reducing soft tissue metastasis under low oestradiol concentrations in both models, a 

change that was found to be, in part, mediated by Zol induced changes to immune cell infiltration and 

activity. Therefore, Zol treatment was combined with the anti PD-L1 antibody Avelumab to try to 

improve their anti-metastatic properties. Avelumab and Zol combination treatment significantly 

reduced both bone and soft tissue metastasis under high and low oestradiol, showing potential for 

clinical translation for the treatment of both pre- and post-menopausal women.  
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A: The effect of oestradiol +/- Zol on immune cells in bone 
BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 

concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol (100µg/kg), Avelumab 

(400µg every 2 days) or combined Avelumab & Zol. RNA was extracted from lung using before reverse 

transcription followed by Taqman qPCR array. 

Cell type markers in appendix. 
Data shown are mean ± SEM   and statistical analysis performed  by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 

 

 

 

Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 
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B: The effect of oestradiol +/- Avelumab/Zol on immune cells in bone 
BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 

concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol (100µg/kg), Avelumab 

(400µg every 2 days) or combined Avelumab & Zol. RNA was extracted from lung using before reverse 

transcription followed by Taqman qPCR array. 

Cell type markers in appendix. 
Data shown are mean ± SEM   and statistical analysis performed  by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 

 

 

 

Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 



197 
 

 

C: The effect of combination therapy with Avelumab/Zol on immune cells in bone 
BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 

concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol (100µg/kg), Avelumab 

(400µg every 2 days) or combined Avelumab & Zol. RNA was extracted from lung using before reverse 

transcription followed by Taqman qPCR array. 

Cell type markers in appendix. 
Data shown are mean ± SEM   and statistical analysis performed  by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 

 

 

 

Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 
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D: The effect of oestradiol +/- Avelumab/Zol on immune cells in bone 
BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 

concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol (100µg/kg), Avelumab 

(400µg every 2 days) or combined Avelumab & Zol. RNA was extracted from lung using before reverse 

transcription followed by Taqman qPCR array. 

Cell type markers in appendix. 
Data shown are mean ± SEM   and statistical analysis performed  by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 

 

 

 

Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 
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E: The effect of oestradiol +/- Zol on immune cells in bone 
BALBc mice underwent OVX before oestradiol replacement in drinking water to model Post and Pre-menopausal 

concentrations. Mice were IC injected with 50,000 4T1-LUC cells and treated with Zol (100µg/kg), Avelumab 

(400µg every 2 days) or combined Avelumab & Zol. RNA was extracted from lung using before reverse 

transcription followed by Taqman qPCR array. 

Cell type markers in appendix. 
Data shown are mean ± SEM   and statistical analysis performed  by one way ANOVA and students T test  

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001 

 

 

 

Figure 6.4: The effect of combination therapy with Avelumab and Zol on immune cells in bone 



200 
 

  

F: Flow cytometry myeloid panel gating strategy for Lung. 

Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+), Neutrophils (CD45+,CD11b+,Ly6G+), Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), M1 
Macrophages (Macrophage, MRC1-), M2 Macrophages (Macrophage, MRC1+) 
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G: Flow cytometry lymphoid panel gating strategy for Lung.  

CD4+ T cells (CD45+,CD19-,CD3+,CD4+), B Cells (CD45+,CD19+,CD3-), CD8+ T cells  (CD45+,CD19-, 
CD3+,CD8+), PD-1 on CD4+ T cells (CD4 T cells, PD-1+), PD-1 on CD8+ T cells (CD8 T cells, PD-1+), NK cells 
(CD45+,CD19-,CD3-, NK1.1+) 
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H: Flow cytometry Myeloid panel gating strategy for Spleen 

Dendritic cells (CD45+,CD11b+,CD11c+,MHCII+), Neutrophils (CD45+,CD11b+,Ly6G+), Monocytes 
(CD45+,CD11b+,LY6G-,LY6C+,F480) High, Macrophages (CD45+,CD11b+,LY6G-,LY6C Low, F480 High), M1 
Macrophages (Macrophage, MRC1-), M2 Macrophages (Macrophage, MRC1+) 
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I: Flow cytometry lymphoid panel gating strategy for Spleen.  

CD4+ T cells (CD45+,CD19-,CD3+,CD4+), B Cells (CD45+,CD19+,CD3-), CD8+ T cells  (CD45+,CD19-, 
CD3+,CD8+), PD-1 on CD4+ T cells (CD4 T cells, PD-1+), PD-1 on CD8+ T cells (CD8 T cells, PD-1+), NK cells 
(CD45+,CD19-,CD3-, NK1.1+) 


