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Abstract

Bone marrow environment (BME) niches are shown to play a role in the development and progression
of bone metastases, but the precise underlying mechanisms are unknown. This project aimed to
investigate how altering bone marrow niches in vivo impacts the BME and tumour growth in bone,

comparing different mouse models.

The BME was altered by induction of tumour growth, exposure to different doses of the
chemotherapy agent doxorubicin and haematopoietic stem cell (HSC) mobilisation (with AMD3100
and G-CSF), comparing effects in BALB/c (immunocompetent) and BALB/c Nude
(immunocompromised) female mice. Hind limb bones/bone marrow were analysed with BCT, flow

cytometry and histology techniques.

| could detect differences in the BME between immunocompetent and immunocompromised
mice, including in HSCs cells/progenitors, in immune cell populations such as B lymphocytes,

monocytes, and granulocytes, in addition to T Lymphocytes being missing/defective.

In a triple negative bone metastasis model in immunocompromised mice, | found that different BM
cell populations can be assessed with flow cytometry techniques in the presence of a solid tumour;

however, a low tumour burden was insufficient to cause significant structural bone effects.

| confirmed doxorubicin-mediated bone loss (a known side effect), and bone structure and BME cell
populations were affected, though these effects were dose-dependent and differed between the

strains.

HSC mobilisation in both strains prior to metastatic model did not affect the bone or BME, yet there

was a trend towards earlier tumour progression in bone compared to control.

Collectively, the work presented in this thesis supports the importance of the BME in tumour
development and therapeutic response. My results highlight that different mouse strains responded
differently to alterations in the BME; hence more than one model should be used in studies of bone
metastasis. Finally, | showed that BME and its cell populations could be quantified with and without a

tumour.
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CHAPTER 1. INTRODUCTION

1.1. Breast Cancer: Overview of The Disease

Breast cancer (BC) is the most common malignancy in women, making up 11.7% of all new cancer
cases worldwide with 6.9% resulting in patient death (Bray et al, 2018; Sung et al, 2021). In the UK,
there were 350,960 reported new cancer cases and 55,122 of these were BC (=15 %). 78% of the BC
patients survive for 10 or more years in England and Wales. Despite improvements in diagnosis and
treatment, BC caused 11,564 deaths in 2016, the vast majority of these from metastatic disease. Each
year, 24% of the new cases occur in patients aged 75 years +, the mean age is around 60 for women
at diagnosis (CancerResearch, 2018). BC is divided into various stages that require specific treatment
for each stage. Breast cancer mostly develops in milk-producing ducts (known as ductal carcinoma)
or in the lobes of breast (glands, known as lobular carcinoma) which is a much less common type and
it is called primary breast cancer at this stage (Ramani et al, 2017). Approximately 70-80% of primary
breast cancer patients have a high chance of being cured of the disease. When BC spreads to the
distant organs like the skeleton, lungs, brain etc., it is called advanced (metastatic) BC (MBC) (Hiraga,
2019). Although MBC cannot be cured, it is treatable in different ways, depending on the histological
and molecular characteristics of the BC (Waks & Winer, 2019).

The most crucial factor for a good prognosis in BC is early diagnosis. A widely used method to
detect the cancer is mammography, which is a low dose x-ray imaging of the breast. Studies have
shown that population screening reduces BC mortality by 30% (National Statics, 2020), however there
are concerns regarding the rate of false positives leading to overtreatment (Roder et al, 2008). In 2018,
2.23 million women aged 45+ were screened for breast cancer in the UK. Of these, only 6.7% were
either referred by their GP or were self-referrals, meaning that 93.3% of the women were part of the
population screening programme. The rate of cancer detection was 8.8 per 1,000 women, 78.9% of
these were confirmed as invasive BC and the rest were non-invasive or micro-invasive (National
Statics, 2020). However, 51% of the invasive breast cancer cases were detected by ‘two-week wait’
referral route (79% of them are early stage), thus makes screening cases 31% of all invasive cases.
Only 9% of cases were detected by routine or emergency GP controls and 4% cases were diagnosed
after an emergency (Cancer Research UK, 2016). This result emphasises the importance of population

screening in the UK.




BC is a complex disease, especially at the molecular level. The main molecular classifications
depend on expression of the human epidermal growth factor receptor 2 (HER2, encoded by ERBB2),
activation of hormone receptors (oestrogen receptor (ER) and progesterone receptor (PR)) and/or
BRCA mutations (Table 1-1). ER and PR are nuclear hormone receptor which are found in cytoplasm
and cell membrane. When they activated with oestrogen and progesterone, they get significantly
translocated into the nucleus and activate the specific DNA locations (Esrl, Esr2 etc.). In the breast
cancer, these hormones induce proliferate, survival and metastatic invasion (Mohanty et al, 2022).
HER2 does exists on the cell surface on the cells, it controls the cell cycle and survival. However,
amplification or overexpression of HER2 gene, thus result uncontrolled growth and proliferation of
cells(lgbal & Igbal, 2014). BC can be divided into 4 major subgroups; Luminal A, Luminal B, basal-like
and human epidermal growth factor receptor 2 (HER2)- enriched and triple negative. Luminal A type
BC defined as expressing ER and PR while does not have HER2 amplification. They have low levels of
the proliferation marker Ki-67 and tend to grow slowly and have a better prognosis (Gao & Swain,
2018). Luminal B type BC also express ER and PR, but high proliferation marker (Ki67) is found in
Luminal B type. Luminal B is divided to 2 sub-groups, Luminal B HER2- and Luminal B-like HER2+
(Norum et al, 2014; Harbeck et al, 2019).. Luminal B-like HER2- BC also is ER and PR positive, however
not strong as the Luminal A-like BC. They do not express HER2 and has high Ki-67 marker, grow slightly
faster and are harder to cure than Luminal A-like. On the other hand, Luminal B-like HER2+ BC express
ER and PR, which allow them to respond targeted therapies (Cheang et al, 2009). Also overly expressed
HER2 results shedding of HER2, that creates soluble truncated HER2 molecules which can increase
growth and survival of cancer but this complex allow us to detect cancer via blood (Tsé et al, 2012).
Basal-like and HER2- types of BCs do not express any hormone receptors and are therefore aggressive
and generally harder to treat than the luminal subtypes. However, they express HER2, making them
responsive to agents targeting this receptor (Rakha et al, 2008). The last main molecular subtype of
BC is called triple negative (TNBC), due to their lack of expression of hormone receptors and HER2.
TNBC have high Ki67 levels which are aggressive, proliferate fast, and do not respond to hormone or
targeted therapy. TNBC is mainly treated with systemic therapies, including neoadjuvant

chemotherapy given to shrink the tumour before surgery.

In addition to the main subtypes described above, molecular profiling studies have revealed that
BC is a heterogeneous disease that can be divided into further subtypes, e. g. the triple-negative sub
type claudin-low tumours (Perou et al, 2000). These are generally characterised by low expression of
cell-cell adhesion genes. The more subtypes that are described, the more targeted therapy
approaches may be developed, with the aim to tailor treatment to the molecular characteristics of

each patients’ tumour.




Table 1-1: Molecular classification of breast cancer subtypes.

Subtypes of breast cancer classified as immunohistochemical markers and 5 years overall patient survival rate. ER: oestrogen
receptor, PR: progesterone receptor, HER2: human epidermal growth factor receptor 2 and Ki67: proliferation marker

SUBTYPE ER | PR | HER2 | Ki67 | SURVIVAL RATE
LUMINAL A + |+ |- = 94%
LUMINAL B + |+ | +/- + 90%
HER2/BASAL - - |+ + 84%
TNBC - - - + 77%

Around 10% of BCs are genetically predisposed and associated with a family member (Shiovitz &
Korde, 2015), predominantly caused by mutations in the germline BRCA1 and BRCA2 genes. The
normal function of these genes is to code tumour suppressive DNA repair proteins (Miki et al, 1994;
Wooster et al, 1995). Women with BRCA gene mutations have 70-75% risk of developing BC by the
age of 80. Women who have 2 or more first and second degree relatives with BC with BRCA mutations
have an approximately 20% higher risk of disease when compared with none carriers (Kuchenbaecker
et al, 2017). According to a recent study, this high risk for developing breast cancer due to BRCA
mutations does not affect survival rates between patients with mutations and those without (Copson

et al, 2018).

BRCA1 (17921) and BRCA2 (13g13) genes produce proteins that are responsible for DNA repair.
Mutations of these genes have strong inheritance rates that varies between ethnic groups, it is lowest
in the Asian group (0.5%) and highest in the Ashkenazi group (10.2%) (Huen et al, 2010; Shiovitz &
Korde, 2015). Other genes associated with increased risk of BC include Li Fraumeni syndrome (TP53
Mutation), PALP2, CHECK2, Ataxia telangiectasia (ATM gene mutation), Cowden syndrome (PTEN
mutation), Hereditary diffuse gastric cancer syndrome (CDH1 mutation), Peutz-Jegher syndrome
(STK11 mutation) and Neurofibromatosis (NF1 mutations) (Harbeck et al, 2019) (Table 1-2). Different
mutations trigger different subtype development such as BCRA1 mutations (80%) which mainly result

in basal-like and triple-negative type BC in both females and males.




Table 1-2: Breast cancer development risk for different mutations at different ages.

Known mutations are associated with breast cancer development; even though carriers may not develop the disease, they
have an increased risk of developing breast cancer at different ages (Breastcancer.org).

Mutation Risk Percentage | Age
BRCA1 or BRCA2 | 72% increased Lifetime
TP53 85% increased By 60
PALP2 14% increased By 50
CHECK2 28-37% increased | Lifetime
ATM 33-38% increased | By 80
PTEN 25-50% increased | Lifetime
CDH1 39-52% Lifetime
STK11 45% increased By 70
NF1 60% increased Lifetime

In addition to the BRCA1/2 mutations, other mutations linked to increased risk of developing BC
are TP53 (41%), PIK3CA (30%), MYC (20%), PTEN (16%), CCDN1 (16%), ERBB2 (13%), FGFR1 (11%) and
GATA3 (10%). These genes regulate cell cycle, proliferation and apoptosis in the cells (Koboldt et al,
2012).

Most BC cases are caused by accumulation of multiple mutations (Nik-Zainal et al, 2016).
Epigenetic alterations such as global hypomethylation (upregulation of oncogene and instability on
chromosome) or local hypomethylation (gene repression and instable genes due to the DNA repair
gene silencing) also contribute to development of BC. DNA methylation on the DNA tail, chromatin
structure changes that cause gene silencing and nucleosome remodelling are other epigenetic
mechanisms that can be seen in BC development (Romagnolo et al, 2016; Harbeck et al, 2019). Despite
multiple factors, these epigenetic changes can be identified and are potentially reversible, e.g.
inhibition of histone deacetylase can be reversed with the specific histone deacetylase inhibitor

vorinostat (Munster et al, 2011).

Hormones are the other important drivers of BC, in particular oestrogen is a well-known promotor
for BC. As described above, most breast cancers express ER/PR and oestrogen binds to the ER in the
cells that promotes BC. Also, oestrogen has effect on bone turnover by regulating bone cells hence
lack of oestrogen may result in osteoporosis (Khosla et al, 2012). Therefore, ER/PR+ breast cancer is
treated with endocrine agents that are described in Section 1.2.3 (Fontanges et al, 2004; Williams &
Lin, 2013). BC develops in complex environments, both in the primary location and the metastatic site,
where multiple contributing factors should be considered. Therefore, extracellular signals can drive

the ER mechanism where oestrogen is not found in the environment. Although we do not know what




causes the majority of breast cancer cases, research has revealed that there is an increased risk
associated with high alcohol intake, gaining weight after menopause, not doing enough physical
activity, not breastfeeding, age, early menarche (before age 12), late menopause (over age 55), height

and family history - all known general risks for developing breast cancer (Willett et al, 2014).

1.2. Treatment of Breast Cancer: Clinical Methods and Effects

Treatment of BC depends on the stage/grade, the type of cancer, the general health of the patient
and menopausal status. All of these factors must be considered in order to choose whether the patient
will have surgery, chemotherapy, radiotherapy etc. Treatment of the disease changes with the tumour
histology and biomarkers but in most cases, patients undergo surgery within a few weeks of diagnosis
to remove the tumour from the breast and in some cases the associated lymph nodes to prevent its
metastasis. Surgery is most often followed by adjuvant therapy to remove any remaining tumour cells
and may include chemotherapy, radiotherapy, endocrine treatment, targeted agents and some novel

agents depending on tumour and patient characteristics (Ramani et al, 2017).

Table 1-3: Breast Cancer Clinical Stage Description

Breast cancer is clinically staged depending on the location, tumour size and lymph node cell number which informs
subsequent treatment.

Stage Definition

0 Non-invasive breast cancer such as ductal carcinoma in situ (DCIS) and lobular carcinoma
in situ (LCIS).

IA The tumour is smaller than 2 cm and not spread outside the breast tissue.

IB The size of the tumour is greater than 2 cm inside the breast or between 0.2-2 mm in the
lymph nodes.

A The tumours are larger than 2 mm in the lymph nodes with no tumour in the breast.

1IB Tumour is between 2-5 cm in breast and 0.2-2 mm in lymph nodes, or 2-5 cm in lymph
node or larger than 5 cm in the breast.

A The tumour cell number in the lymph nodes is 4 to 9 or larger than 5 cm and 0.2 to 2 mm
in the lymph nodes or larger than 5 cm and 1 to 3 cells in lymph nodes.

1]} Tumour has spread to the chest causing ulcer or swelling with tumour cells in the lymph
nodules up to 9.

lc Any sized tumour spread around the chest and more than 10 tumours cells in lymph
nodes.

\Y, Cancer has spread to the distant organs such as brain, bones lungs and liver.

Breast cancer is divided into 5 stages (0-1V) depending on the extent of the disease (see Table 1-3)

(Aydiner et al, 2019; Cabioglu et al, 2019).




1.2.1. Chemotherapy

Chemotherapy is a systemic treatment and usually planned based on tumour size, number of

nodes, stage, spread ratio and receptor status. Chemotherapy can be divided 3 categories:

Neoadjuvant Chemotherapy is used to reduce the tumour size before the surgery and may also
kill any cancer cells in the circulation or distant sites (micro-metastases). Depending on the type,
chemotherapeutic agents are generally given once every three weeks for three cycles and is standard
of care for patients with triple negative BC (NICE, 2020). After tumour shrinkage, surgery is performed.
Use of neo-adjuvant therapy can also help to determine the combination of treatment to which a
particular tumour will respond. Commonly used combinations are FEC (5-fluorouracil + epirubicin +
cyclophosphamide), AC (doxorubicin + cyclophosphamide), TAC (docetaxel + doxorubicin +
cyclophosphamide), TCH (docetaxel, carboplatin + trastuzumab) or weekly paclitaxel. The exact
therapeutic combination used depends on patient-related factors as described above (Ramani et al,
2017; Waks & Winer, 2019). Each chemotherapy agent aims to target different points in key cancer
cell survival and proliferation pathways. 5-Fluorouracil inhibits thymidylate synthase (TS, syntheses of
nucleotides) and its metabolites merges with RNA and DNA thus disrupting their function (Longley et
al, 2003). Epirubicin and doxorubicin are anthracyclines that interrupt DNA duplication by inhibition
of topoisomerase-Il (Bachur, 2002). Cyclophosphamide is an alkylating agent and the active form binds
to and cross-links DNA and RNA (Emadi et al, 2009). Docetaxel stabilises the microtubule assembly in
the cell, reduces free tubulin resulting in inhibition of cell division between the meta- and anaphase
(Suzuki & Tokuda, 2001). Carboplatin drug binds plasma proteins and activated inside the cells that
forms platinum complexes. This reactive complex causes DNA intra- and inter-strand cross-linkage,

thus inhibits DNA synthesis (de Sousa et al, 2014).

Adjuvant Chemotherapy is given after the primary surgery, starting when the wound is healed
(usually after 2-3 weeks). Treatment depends on different condition such as tumour size and type,
receptors and other medical conditions like diabetes and cardiac disease. Therapy is given for 6-8
cycles with 3 week intervals and is often followed by radiotherapy and targeted drugs like

trastuzumab (Ramani et al, 2017).

Palliative Chemotherapy is used to treat MBC. This treatment can be weekly or once every three
weeks is dependent on patient-related factors. Which agents are used depends on the previous
treatments and may be combined with targeted drugs like trastuzumab for anti-HER therapy, or to
the organ such as zoledronic acid for bone to reduce pain and the risk of fractures (Ottewell et al,

2009; Ramani et al, 2017). There is no certain treatment if anthracyclines fail, but Capcitabine has the




potential to cover the gap for anthracycline and taxane-pretreated patients (Jiang et al, 2018).
Capcitabine is selective for tumours because of its cytotoxic moiety. It has 2 main mechanisms, one is
reducing thymidine production thus inhibiting DNA synthesis and the other is replacing uracil in RNA

and protein synthesis which inhibits the regular process (Hoffman-La Roche, 2000).

Chemotherapy does not only target cancer cells but also affects healthy, proliferative cells, most
commonly those of the bone marrow, hair follicles and digestive system. That is why toxicity of the
drugs must be considered. For example, anthracyclines can cause damage to the cardiac myocytes by
calcium overload with calcium channel activation. In addition, they produce reactive oxygen species
and those species can trigger DNA damage and mitochondria dysfunction (Bachur, 2002; Ozer &
Aydiner, 2019). Common side effects that patients experience, are hair loss, fatigue, infections,
nausea, appetite change, weight change, emotional change, diarrhoea, constipation, kidney problems,
fertility, and libido problems. These physiological effects are reducing the quality of life for the patients
(Chu & DeVita, 2018; Bayraktar & Aydiner, 2019; Ozer & Aydiner, 2019) .

1.2.2. Radiotherapy

Radiotherapy is used for multiple purposes in BC treatment, either as primary treatment to shrink
tumours before surgery or to kill tumour cells that are left deeper in the tissue or the lymph nodes
after surgery. The standard regimen is to give 40 to 45 Gy (Gray: Unit for radiation intensity) as a daily
treatment which reduces the tissue damage by decreasing the dosage. Radiation can be given to avoid
surgery/chemotherapy and as palliative therapy to treat patients with bone metastasis (for 10 to 12
days only) to reduce cancer-induced bone pain (Ramani et al, 2017; Waks & Winer, 2019). A recent
study showed that 26 Gy given in five fractions over 1 week is similar to the standard 40 Gy treatment
(15 fractions over 3 weeks) and indicated that this regime can be used for up to 5 years in patients
prescribed adjuvant local radiotherapy (Murray Brunt et al, 2020). Due to the COVID-19 pandemic this
technique has been quickly adapted by the NHS, thus resulted in reduced patient visits to hospital
(Coles et al, 2020).

1.2.3. Endocrine Treatments

Endocrine treatment, also known as hormonal therapy, is used to treat hormone-dependent BC.
Oestrogen stimulates BC growth, which can be inhibited by treatment with anti-oestrogen drugs such
as tamoxifen, anastrozole, letrozole or exemestane. (Ramani et al, 2017). These drugs are classified as
aromatase inhibitors (anastrozole, exemestane and letrozole), selective oestrogen receptor

modulators (tamoxifen) and oestrogen receptor down-regulators (fulvestrant) (Jordan et al, 2001;




Piccart et al, 2003; Fabian, 2007). Aromatase inhibitors supress the aromatase enzyme activity
therefore inhibiting the oestrogen production from androgens in peripheral tissues. Before the
menopause, the ovaries produce elevated levels of aromatase that cannot be blocked with inhibitors.
However, after the menopause aromatase is mainly present in fat and muscle, at levels that can be
blocked by these agents, which is the reason why aromatase inhibitors are widely used in
postmenopausal women (Campos, 2004; Fabian, 2007). Selective oestrogen receptor modulators
(SERMs) bind to the oestrogen receptors thus prevent the binding of oestrogen. They can also mimic
the oestrogen in bone and the uterus (Jordan et al, 2001). Oestrogen receptor downregulatory drugs
bind oestrogen receptors like SERMs, however they also block the protein kinase pathway which
remains active with SERMs. Thus, downregulatory drugs inhibit dimerization and downregulates

oestrogen receptor (Carlson, 2005; Johnston & Cheung, 2010).

Menopausal status, which alters the reproductive hormone levels, is one of the determining
factors when deciding which endocrine treatment to use. Tamoxifen is generally used for 5 years in
premenopausal patients. It has been shown that 10 year treatment with tamoxifen reduces
recurrence by more than 20 % and it can be used in postmenopausal women if they cannot tolerate
aromatase inhibitors (Davies et al, 2013). Since the side effects (including joint and muscle pain,
stroke, bone loss (for premenopausal women only)) of tamoxifen is increased after 2-3 years of usage,
anastrozole or letrozole can be given for 2-3 years if patients are postmenopausal. Aromatase
inhibitors like anastrozole, letrozole and exemestane are usually given to post-menopausal women
for 5 years. In general, it is safe to use however, patients can develop exhaustion, joint pain, and

osteoporosis (which can lead to fractures) (Johnston & Cheung, 2010; Mehta et al, 2012).
1.2.4. Targeted agents

As described earlier, identification of breast cancer subtypes characterised by expression of
specific molecules has led to the development of targeted agents. For example, patients with HER2
(20% of BC) expressing tumours can be treated with trastuzumab (also known as Herceptin).
Trastuzumab has several mechanism of actions, including downregulation of HER2 when bound
(Gajria & Chandarlapaty, 2011), attraction of immune cells to the site of HER2 overexpression (Vu &
Claret, 2012), blocking of the shedding of the extracellular HER2 domain with metalloproteinase
activity inhibition and pathways in phosphoinositide 3-kinase (PI3K) which plays a role in cell survival.
Another known mechanism is angiogenesis inhibition by reducing VEGF (Valabrega et al, 2007). Drug
is administered intravenously once every 3-4 weeks (12-17 doses) for 1 year at either the neoadjuvant
or palliative stage to HER2+ cancers (Vu & Claret, 2012; Ramani et al, 2017). However, there are

several mechanisms for trastuzumab resistance, including epitope masking with Mucin 4,




upregulation of HER2 with PTEN or PI3K mutations, alternative signalling via insulin-like growth factor-
1 and failed immune-mediated response trigger (Pohlmann et al, 2009). However, 70 % of the HER2+
BC patients develop resistance to the trastuzumab during the treatment, therefore, alternative drugs
have been developing to treat trastuzumab resistance breast cancer; Lapatinib (binds the cytoplasmic

ATP-binding site of HER2) and Pertuzumab (binds another domain of HER2)(Wong & Lee, 2012).
1.2.5. Novel Agents

Despite of the high success rates of treatment in breast cancer, known treatment methods are
not effective for all BC subtypes, as illustrated by the 11,400 BC deaths/year in the UK. Extremely
aggressive types like TNBC have the highest mortality rate and poorest response to the classical
treatments. Therefore, it is important to develop new therapeutic approaches to treat patients with
this form of BC. CDK4/6 inhibitors such as abemaciclib, palbociclib, ribociclib are used for inhibition of
cell cycle progression for hormone receptor positive and epidermal growth factor 2 negative BC types
(Shah et al, 2018). Precilinal studies of palbociclib (combined with letrozol) (Slamon et al, 2015) and
phase 1 trials for abemaciclib (Shapiro et al, 2013) and ribociclib (Infante et al, 2016) demonstrated
their safety alongside positive effects on the tumour. In the PALOMA-1 trial, combination therapy
(palbociclib and letrozol) showed higher median survival (20.2 months) when compared to the
monotherapy with letrezol (10.2 month) in 165 ER+ MBC patients (Finn et al, 2015). The following
PALOMA-2 trial with 666 patients also showed similar results with 24.8 month survival rate when
compared with the letrozol only treated group (14.5 month) (Finn et al, 2016). The most recent
PALOMA-3 study with 521 patients compared palbociclib combination therapy with fulvestrant
(n=347) with placebo after fulvestrant therapy (n=174). Patients who received palbociclib before
fulvestrant had significantly increased median survival rates (34.9 months) when compared to the
placebo group (28 months) (Turner et al, 2018). Fulvestrant has also been combined with ribociclib as
a second line treatment for postmenopausal patients in the MONALEESA-3 trial (n=484), showing that
patients who received ribociclib had significantly increased median survival rate (20.5 months) when
compared with the placebo group (12.8 months) (Slamon et al, 2018). These results from trials
demonstrate that novel CDK4/6 inhibitors have promising results and can be used as combination

therapy.

PARP inhibitors, like olaparib and talazoparib, are used for epidermal growth factor 2 negative BCs
and interfere with normal cellular DNA damage repair (Vinayak & Ford, 2010). They have also showed
positive results on BRCA mutation carrier breast cancers and especially with triple-negative BC. (Fong
et al, 2009; Foulkes et al, 2010). There are multiple clinical trials of PARP treatments for both

monotherapy and combination therapy (McCann & Hurvitz, 2018). In the EMBRACA phase 3 trial,




patients with HER2- advanced breast cancer either received talazoparib (n=287) or physician’s choice
of chemotherapy (n=144). Talazoparib-treated patients with HER2- advanced breast cancer showed
tumour effects significantly later (24.3 median months) when compared to the classical treatment
group (6.3 median months), indicating the positive effect of talazoparib in advanced breast cancer

patients (Ettl et al, 2018).

The microenvironment is one of the target areas to treat breast cancer. Bisphosphonates are used
since they inhibit osteoclast-mediated bone resorption and thereby prevent skeletal morbidity and
relieve pain (Mundy, 2002; Coleman et al, 2015). AZURE trial was designed to determine the response
to bisphosphonate (Zoledronic Acid) treatment in patients with stage Il/11l breast cancer. AZURE trial
with 18766 women showed that bisphosphonates significantly reduced bone recurrence alongside
reducing primary and distant recurrence, irrespective of bisphosphonate type, menopausal status,
oestrogen receptor type or chemotherapy treatment. Results indicated that bisphosphonates
significantly reduced recurrence but had no effect on mortality, hence it is used to prevent disease
after treatment (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), 2015). The subsequent
AZURE trial with 3360 stage II/Ill breast cancer patients, scheduled for 10 years zoledronic acid
treatment determined disease free survival, invasive free survival and overall survival rate. Zoledronic
acid improved disease free survival and invasive free survival in postmenopausal woman alongside
fewer skeletal fractures and reduced skeletal events after disease recurrence (Coleman et al, 2018).
Despite identifying the benefits of adjuvant bisphosphonates in postmenopausal woman, the

mechanism underlying this response is still unknown.

Breast cancer has been seen as an immunologically “cold” tumour, yet recent studies suggest that
immunotherapy improves the outcomes of the disease. Breast cancer and immune cell relationships
are described in detail in section 1.5.4. Briefly the immune system uses the neoantigens (antigen that
is produced by cancer cells due to high mutations) to detect and eliminate cancer cells, however breast
cancers have lower frequency of mutations thus a lower neoantigen burden and few tumour killer
lymphocyte subtypes, therefore they are classified as immunologically silent (cold) (Garcia-Aranda &
Redondo, 2019). PD-1/PDL-1 (programmed death ligand 1) binding regulates T-cell activation and
increases cancer survival thus this is a potential target for immunotherapy in BC. In order to block
binding, antibodies such as pembrolizumab (PD-1 blocking antibody), atezolizumab (PD-L1 Blocking
antibody) and avelumab (PD-L1 Blocking antibody) have been developed (Planes-Laine et al, 2019).
Another developed small molecule is tucanitib which is a tyrosine kinase inhibitor of HER2 that inhibits
phosphorylation of ErbB-2 thus resulting in growth inhibition and death of ErbB-2-expressing tumour

cells (Murthy et al, 2019; Oh & Bang, 2020). Current approaches to improve immune sensitivity of




cold cancers are enhancing the expression of cancer cell surface HLA, increasing cancer exosomes and
heat shock proteins (Toraya-Brown & Fiering, 2014). However, the immune response or escape is not
the only factor in breast cancer progression, but other factors such as oestrogen, have an impact on
tumour escape. Oestrogen in the microenvironment not only increases the tumour survival and
growth factors like VEGF, EGF, IGF and FGF, it increases the immune tolerance, hence recent adjuvant
hormonal therapies are used with HER2-targeted agents (Garcia-Aranda & Redondo, 2019). This
information indicates thatimmunotherapy has the potential as an adjuvant therapy with conventional

or novel treatments.

1.3. Metastatic Breast Cancer

When BC spreads to other organs it is called MBC (Stage IV) and becomes a life-threatening
disease that is incurable, but treatable. Patients are either initially diagnosed as stage IV BC or can
develop metastasis later in the course of the disease. In the UK, 6-7% of patients are diagnosed as
stage IV BC at presentation (CancerResearch, 2018) and up to 30% of the primary cancer patients
eventually develop metastasis (Redig & McAllister, 2013). At this incurable stage, 25% of UK breast
cancer patients can survive more than 5 years (CancerResearch, 2018), however the median survival
is 2-3 years (Harbeck et al, 2019). Common sites for MBC are the skeleton (=67%), liver (=40%), lungs
(37%) and brain (=13%) (Harbeck et al, 2019; Hiraga, 2019). The metastasis rate to the different sites
varies with subtypes such as triple-negative BC has a higher tropism rate to lung while luminal A tends
to metastasise to the liver (Gerratana et al, 2015). MBC patients receive treatment mainly to relieve
symptoms and decelerate disease progression. At this stage, the disease is complicated, and multiple

are factors from distant organs are involved, making systemic treatment necessary.

1.3.1. The Metastatic Cascade

The multistep process of breast cancer metastasis starts when cancer cells invade surrounding
tissues and enter the lymph or blood system. It has been shown in clinical trials that dissemination
starts with development of the primary tumour (Bednarz-Knoll et al, 2011). In this process, the primary
tumour microenvironment affects tumour development. Tumour cells that enter the blood stream
are called circulating tumour cells (CTCs) and when they invade the distant organ or tissue, they are
termed disseminated tumour cells (DTCs) (Figure 1-1). The primary tumour cells and their
microenvironment continuously modify the distant tissue’s microenvironment and creates a
premetastatic niche through secretion of exosomes (Quail & Joyce, 2013). Different effects are
created by various cell types with secretion of different exosomes. Fibroblasts secrete exosomes that

contains Cd81 which drives breast cancer invasion by triggering WNT-planar cell polarity (PCP) (Luga




et al, 2012) and exosomes released by NK cells contain some NK markers alongside Fas ligand and
perforin molecules which contribute to the tumour’s immune escape (Lugini et al, 2012). The
microenvironment of the distant tissue supports the premetastatic niche with chemo attractants such
as CXCL12, Connective Tissue Growth Factor (CTGF) and Fibroblast Growth Factor (FGF) (Teicher &
Fricker, 2010; Peinado et al, 2017). DTCs have 4 different fates; many of them die either in tissue or in
the circulation due to stress and immune cells within 2-3 hours. However, if they survive they can
either enter dormancy, divide a few times to generate micro-metastases or proceed to the outgrowth
stage, with the microenvironment playing a crucial role in all stages (Scully et al, 2012; Pradhan et al,
2018). Proliferation of the cancer cells is balanced with apoptosis, cellular dormancy, or immune
dormancy. The molecular mechanisms that regulate tumour cell dormancy remain to be identified,
however it is known that the microenvironment, inflammation or tissue remodelling may trigger
activation of the dormant tumour cells (Clements & Johnson, 2019). Our understanding of the
mechanisms regulating tumour dormancy by different components of the bone microenvironment is

described in section 1.4.2.1.

Tumours depend on formation of blood vessels (angiogenesis), in order to secure access to
nutrients and oxygen required to grow beyond a certain size (Park & Nam, 2020). Tumour outgrowth
promotes further angiogenesis and the microenvironment starts to support tumour growth by
producing growth factors, tumour cells evade recognition and this results in elimination by the

immune system (Al-Mahmood et al, 2018).




Extravasation

et 4 Micrometastasis
Macrometastasis

Figure 1-1: Simplified scheme of breast cancer metastasis stages to the distant tissue.

Primary tumour metastasis involves complex factors, but it can be divided into 5 simple stages. A) When primary breast
tumour reaches a certain size, B) it initiates angiogenesis which allows access to growth factors and energy supplies. After
tumour outgrowth from the primary tissue C) some cancer cells intravasate to the blood or lymph system. When they find the
suitable niche, D) circulating tumour cells (CTCs) extravasate through the blood/lymph system. Disseminated tumour cells
(DTCs) may stay dormant or divide a few times to generate E) undetectable micrometastases. After locating to a supportive
environment (the metastatic niche), microenvironmental signals trigger DTC proliferation and initiate tumour angiogenesis
resulting in F) clinically detectable macro-metastasis. (Figure created with images from Servier Medical Art)

1.4. Cancer in the Bone: Stages and Effects

Bone is the most common metastatic site, present in around 70% of the MBC cases (Hiraga, 2019).
Patients with skeletal metastases may experience severe bone pain, fractures, hypercalcemia and
spinal cord compression, reducing their quality of life (Zhu et al, 2019). Metastasis to the bone is a
multistep process that includes intravasation to the blood/lymph system, extravasation in the bone
marrow, survival with dormancy, reactivation and outgrow as illustrated in Figure 1-1. Bone
metastasis involves immune resistance, location to a supportive niche and the self-renewal ability of
the cancer cells. However, metastasis to skeletal tissue cannot be explained by tumour cell
characteristics alone, there are more complex systems involved. Therefore, the “seed and soil”
hypothesis (cancer cells interact with components of the bone microenvironment in order to
successful metastasise) is used to explain bone metastasis (Fidler, 2003; Massagué & Obenauf, 2016;

Zhang et al, 2019).




1.4.1. Pre-Metastasis; Enrichment of the soil

Before metastasis is established, the primary tumour secretes factors which induces the formation

IM

of a microenvironment that attracts tumour cells to a pre-metastatic niche “soil” in distant organs
(Mundy, 2002). The pre-metastatic niche consists of tumour-derived components, tumour-mobilized

bone-marrow-derived cells (BMDCs) and the local stromal microenvironment which secretes niche-

promoting molecular components (Table 1-1, Table 1-2 and Table 1-3).

Table 1-4: Niche-Promoting Tumour Derived Factors

Factors produced by tumour that promote pre-metastatic niche for breast cancer cell homing.

Factor Mechanism Reference
VEGF (Vascular | Recruits BMDCs to promote niches in the lung. (Kaplan et
Endothelial Growth al, 2005)
Factor)
PGF (Placental Growth | Recruits BMDCs and DTC to promote niches in the lung. | (Kaplan et
Factor) al, 2005)
S100A8/A9 (Calgranulin | Recruits myeloid cells and DTC to promote niches in the | (Hiratsuka
A) lung. et al, 2006)
CD44/CD44v6 Not for metastasis but it allows exosomes to organize | (Jung et al,
receptive niches. 2009;
Williams et
al, 2013)
E, N- heterotypic | Mediates interactions between the osteogenic niche and | (Wang et
adherens junctions cancer cells which promotes bone metastases. al, 2015a)
Versican Overexpression of G3 versican promotes breast cancer | (Ricciardelli
metastasis to bone and soft tissues. et al, 2009)
Tumour microvesical | Mobilizes BMDCs for niche formation, promotes | (Fremder
Osteopontin metastatic growth. et al, 2014)
Tumour exosomal miR- | Reprogrammes glucose metabolism in the niche and | (Fong et al,
112 increases the nutrients. 2015)
P2Y,R Recruits BMDCs to the pre-metastatic lung niches. (Joo et al,
2014)




Table 1-5: Niche-Promoting Stroma Derived Factors

Factors produced by the microenvironment that promote pre-metastatic niche for breast cancer cell homing.

Stroma Derived Factors

Factor Mechanism Reference

Angiopoietin-2 Recruits macrophages and endothelial cells for | (Srivastava et al, 2014)
niche formation.

Prostaglandin E2 Recruits BMDCs to lung niches. (Liu et al, 2014)

Periostin Creates an immunosuppressive niche. (Ghajar et al, 2013)

Heat Shock Factor 1 | Promotes tumour cell recruitment into the niche. (Scherz-Shouval et al,

2014)
Exosomal miR-19a Recruits myeloid cells into the niche. (zhang et al, 2015)
Exosomal miR-23b Induces breast cancer cell dormancy in the niche. (Ono et al, 2014)

Table 1-6: Niche-Promoting Tumour and Stromal Derived Factors

Factors produced by both tumour and the microenvironment that promote pre-metastatic niche for breast cancer cell homing.

Tumour and Stromal Derived Factors
Factor Mechanism Reference

Stromal derived factor- | Regulates angiogenesis in niche and recruits | (Seubert et al, 2015)
1/Chemokine Receptor-4 BMDCs to the niche.
Lysyl Oxidase Promotes extracellular matrix remodelling for | (Erler et al, 2009)
niche formation.

1.4.2. Metastasis; Homing and Development

CTCs that survive in the circulation then extravasate to a suitable environment and bone has
multiple factors that attract these CTCs. In the healthy bone environment, CXCL-12/CXCR-4 interaction
plays a crucial role on haematopoietic stem cell (HSC) regulation with development and migration.
This interaction anchors the HSCs in the HSC niche (Shiozawa et al, 2011b). CTCs like MDA-MB-231
cells are proposed to use similar pathways to extravasate to the bone environment (Hiraga, 2019).
Also, breast cancer DTCs may localise the HSCs’ niche as supported by studies from model studies
carried out in the Holen group, showing that mobilizing the HSCs resulted in an increased number of
tumour cells locating in niches following mobilisation of HSCs (Allocca et al, 2019). The HSC niche is a
source of many blood cells self-renewal, and it has multiple factors that affect cancer development in
bone, (see section 1.5.2). Tumour cells express cell surface integrins that can bind osteopontin (OPN),
bone sialoprotein (BSP) and vitronectin which are secreted by osteoblasts (Wang et al, 2015a) and
osteoblasts also express cell surface N-cadherins to which tumour cells can bind with their E-cadherins

for homing (Croucher et al, 2016). RANKL is another cytokine that helps migration of breast cancer




cells to the bone since it is highly secreted in the bone marrow by osteoblasts (Jones et al, 2006; Ono
et al, 2020). RANKL induces breast cancer cell migration with ERK and Akt pathway induction (Jones
et al, 2006) alongside Src kinase and WNT pathways (Tang et al, 2011). RANKL has other roles in
tumour development which is described in section 1.5.1.4. Taken together, factors that regulate
healthy bone remodelling and haematopoiesis facilitate bone homing of CTCs, yet the detailed

interactions of BC with components of the bone microenvironment remain to be identified.
1.4.2.1. Dormancy

BC can recur many years after the primary tumour appeared to be successfully treated, mainly
due to the ability of tumour cells to remain dormant in peripheral tissues, in particular the bone
marrow. One of the clinical aims is to maintain the DTCs inside the bone in a dormant state, thereby
preventing the development of MBC. To understand the mechanisms that regulate tumour cell
dormancy, different models have been developed to study dormancy and two main mechanisms are
described, cellular and tumour dormancy. Cellular dormancy where a single DTC enters a non-
proliferative, quiescent state in response to a repressive microenvironment or self-signalling. Tumour
dormancy is the state where there is balance between DTC proliferation and apoptosis, as a result
tumour cells remain below a clinically detectable number. This balance is controlled by environmental
factors such as immunosurveillance (immunologic dormancy), vascularization (angiogenic dormancy)
or stromal cell interactions (Clements & Johnson, 2019). Our current understanding of the cellular and
molecular mechanisms of tumour cell dormancy have recently been described in a comprehensive

review by Phan and Croucher (Phan & Croucher, 2020).

During cellular dormancy, cells begin their entry into quiescence by decreasing the expression
of proliferation marker Ki67 and thereby enter GO/G1 cell cycle arrest. During this phase cells also
inhibit the PI3K-AKT pathway, increased p38 activation and p21 cell cycle inhibitor expression. BCs
cells also lose their cell surface B1-integrin receptors that results in decreased FAK tyrosine residues
(White et al, 2004), and this creates a resistance to apoptotic cell death leading to cells entering a
growth-arrested quiescence state (Quayle et al, 2015). Autophagy is a catabolic process that helps
recycle cytoplasmic organelles or constituents in cells under metabolic stress (Mizushima, 2007). This
complex system initiates or supresses tumour proliferation and needs further investigation, but there
are in vitro and in vivo studies that show the importance of autophagy for cancer cell survival. Despite
of this, blocking autophagy does not initiate apoptosis in cancer cells, they might adapt to other
survival pathways, yet blocking autophagy is an potential combination treatment approach to
maintain DTC dormancy (Sosa et al, 2013; Quayle et al, 2015; Gomis & Gawrzak, 2017; Vera-Ramirez

et al, 2018). Under the stress conditions, cancer cells promote the p38 MAPK stress-response pathway




that results in a high p38 ratio when compared to ERK. Factors such as BMPs and TGF2 induce
p38"&N/ERK®" ratio, hence, tumour cells can maintenance dormancy state (Gawrzak et al, 2018;

Clements & Johnson, 2019; Mayhew et al, 2020).

Maintaining tumour cell dormancy is one of the goals to prevent overt metastasis. Therefore,
we need to understand how the DTCs are influenced by the surrounding microenvironment. As
mentioned above, angiogenesis is important for BC progression and bone is a highly vascular tissue
with an extensive microvascular network. The area immediately adjacent to the vessels is described
as the perivascular niche, which is suggested to play a role in regulating cancer cell dormancy. Using
murine models, it has been shown that DTCs localize near the microvascular structures that are high
in thrombospondin-1 (TSP-1: Angiogenic inhibitor) that is secreted by mature endothelial cells and
suppresses tumour growth. However, sprouting tips lose their TSP-1 and have increased POSTN and
TGF-B1 stimulates the tumour growth. Also, it has been found that downregulation of heat shock 27
kDA protein (HSP27: Thermotolerance protein) induces long-term dormancy (Straume et al, 2012;
Ghajar et al, 2013). In poorly vascularised areas of bone, there is high chance of DTCs encountering
hypoxic conditions. Cancer cells respond to hypoxia, which is another pathway that regulates
dormancy through supporting tumour cell survival. In this process, hypoxia inducible factor (HIF) is
involved in regulation of dormancy as shown in animal models of metastasis. Dunn et al. (2009),
demonstrated that blocking the HIF-o. and TGF-f3 pathways in MDA-MB-231 cells decreased bone
metastasis in animal models. In contrast, Hiraga et al. (2007), showed sHIF-1’s metastasis promoting
effect on bone metastasis tumour burden, with transfected CA-HIF-1a cDNA MDA-MB-231 cells,
injected in vivo when compared to controls. Fluegen et al. (2017), found that hypoxia genes (NR2F1,
DEC2, p27) were co-expressed with dormancy genes (GLUT1, HIF1a) in the microenvironment in
animal models (BALB/c Nu) injected with MDA-MD-231-5RE-ODD-mCherry-GFP cells. This data is
supported by observing the upregulated dormancy marker (GLUT1) in naturally occurring hypoxic
samples (NR2F1) from 20 human head and neck squamous cell carcinoma patients (Hiraga et al, 2007;

Dunn et al, 2009; Fluegen et al, 2017).

In tumour dormancy (micrometastatic dormancy), cell cycle occurs at slow rates, or the rate
of proliferation and apoptosis are similar, thus resulting in no net growth of the micrometastases. This
stage is mainly regulated by the factors from the microenvironment such as immune surveillance,
hypoxia, angiogenesis and stromal interactions (Mayhew et al, 2020). The immune system supports
tumour dormancy by eliminating some of the tumour cells. NK cells, CD4* and CD8" T-cells play crucial
roles in this mechanism, with depletion of CD4* and CD8"* T cells resulting dormancy escape in mouse

models (Gomis & Gawrzak, 2017). Cells from the surrounding normal microenvironment secrete




numerous cytokines and growth factors that support tumour dormancy, including BMPs, TGFB2 and
miR-222/223+ exosomes (Quayle et al, 2015; Gomis & Gawrzak, 2017; Clements & Johnson, 2019).
There is some evidence from in vivo breast cancer model systems that DTCs compete with HSCs for
space in the HSC niche (Allocca et al, 2019), hence the factors that regulate HSC dormancy can
potentially also influence tumour cells located in this niche. Annexin Il (ANXA2) and growth arrest-
specific 6 (GAS6) by osteoblasts and endothelial cells found in the HSC and peri-vascular niche regulate
HSC dormancy and also drive dormancy in prostate cancer in animal and cell culture models (Jung et
al, 2007; Shiozawa et al, 2010; Decker et al, 2016). As previously mentioned, the tumour needs
support of functional vascular structure to grow in size. Tumours at a micrometastatic size cannot
grow larger than 1 mm in diameter and this can be caused due to the lack of vascular structures, active
repulsion of microenvironment vessels, increased thrombospondin 1 (TSP1: an anti-angiogenic
factor), and/or decreased angiogenic factors such as VEGF, bFGF (Mayhew et al, 2020). TSP-1 has been
shown to mediate metastasis suppression in breast cancer and it is secreted by sprouting vessels in
the bone marrow which supresses tumour growth adjacent to them, however this still remains to be

demonstrated in bone (Weinstat-Saslow et al, 1994; Ghajar et al, 2013).

1.4.2.2. Reactivation of the Dormant cells

The mechanisms underlying tumour cell escape from dormancy may differ between
metastatic tissues. In bone, changes in the factors that induce dormancy also triggers escape from
dormancy. Multiple ways of reactivation of cancer cells have recently been described. Endothelial cells
in perivascular niche activates Wnt signalling pathway by secreting periostin which recruits Wnt
ligands to serve cancer cells (Gomis & Gawrzak, 2017; Park & Nam, 2020). Mesenchymal cells release
CXCL12 that activates AKT signalling by binding to CXCR4 receptor and osteogenic cells form junctions
with N- and E- cadherins between cancer cells to activate mTOR signalling. Since both are important
intracellular pathways that responds to nutrients, hormones and growth factors, hence they regulate
proliferation and cell growth (Paplomata & O’Regan, 2014; Gomis & Gawrzak, 2017; Clements &
Johnson, 2019). According to Sosa et al., (2014) dormant cancer cells may be activated by two
mitogen-activated kinases (MAPKs) and extracellular signal-regulated kinase (ERK) (Sosa et al, 2014).
Other pathways that also regulate breast cancer dormancy, include mitogen-stress activated kinase
(MSK1) and downstream effector of p38 (Bernard et al, 2019). Annexin Il receptor and AXL, growth
arrest- specific protein 6 (GAS6) and Interleukin-6 (IL-6) may also control dormancy (Croucher et al,

2016).




Despite the mechanisms described previously , the precise regulation of tumour cell escape
from dormancy in bone is yet to be fully determined. (Ren et al, 2015). However, there are a number
of studies that might explain the outgrowth of the tumour after dormancy. Osteoclasts induce the
reactivation of dormant cells by RANKL and TGFB at the micro metastasis stage. Tumours stimulate
osteoclast activity by secreting factors, including prostaglandin-E (PGE), transforming growth factor
(TGF) a and B, epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), tumour
necrosis factor (TNF) and interleukins (IL) -1, -6, -8, and -11. This mechanism stimulates osteoclast
activity, resulting in increased tumour proliferation which in turn leads to outgrowth of the tumour
(Mundy, 2002; Rose & Siegel, 2006; Coleman et al, 2010). Another study shows that osteoclasts can
drive the outgrowth of dormant cancer cells in bone. Increased osteoclast activity caused by
ovariectomy in mice, increased tumour growth in this modal. Zoledronic acid treatment inhibited

tumour growth, implicating a role for osteoclast activity (Ottewell et al, 2014).

1.5. The Skeleton: Environment and Cells

As described in previous sections, bone is the most common metastatic organ in BC thus needs
special attention. To maintain DTC dormancy or treat MBC in skeletal tissues, the complex interactions
between the healthy bone environment and BC must be clearly understood. Bone is made up of
several components and niches, including the endosteal niche, haematopoietic niche, perivascular
niche, immune niche, and other cell types such as adipocytes. The following sections will discuss the
detailed functions of these different bone niches in healthy bone and the interactions with cancer cells

that are known so far.
1.5.1. The Endosteal Niche

The endosteal niche is located along the internal surface of the bone, covering the area of
trabecular and endocortical surfaces. The main niche components are the bone remodelling cells;
osteoclasts (bone resorbing), osteoblasts (bone forming) and osteocytes (trapped and transformed
osteoblasts in bone matrix that create networks) but also include other cells like fibroblasts (regulate
haematopoiesis), macrophages (immune response, tissue regeneration and homeostasis), endothelial
cells (homeostasis, first barrier against infections) and adipocytes (store and secrete fatty acids,
cytokines and adipokines) that are located near to the endosteal niche. Bone remodelling occurs
through life, constantly repairing micro-damage and in response to mechanical loading of bone with
osteocytes (Salhotra et al, 2020). Underlying mechanisms for each cell type are described in detail in
Sections 1.5.1.1, 1.5.1.2 and 1.5.1.3. Remodelling of healthy bone occurs in 5 steps described as
follows :-(Lowe & Anderson, 2015a; Tamma & Ribatti, 2017).




1) Activation: The first step involves the recruitment and activation of osteoclast precursor cells.
Osteoclast precursor cells merge with each other to form multinuclear cells that form a sealing zone
underneath each osteoclast and isolate this area from surrounding bone (Hauge et al, 2001).
Osteocyte apoptosis initiates the first signal by release of paracrine factors that induce angiogenesis

and increase osteoclast and osteoblast precursor recruitment (Chen et al, 2015).

2) Resorption: The second phase is the resorption phase. Osteoblast and stromal cells express
RANKL and macrophage colony stimulating factor (M-CSF). These factors are upregulated by
parathyroid hormone (PTH) and induce osteoclast differentiation and bone resorption. Osteoclasts
make the microenvironment acidic and mobilize the mineral phase of bone and through secretion of
proteolytic enzymes that dissolve bone (Teitelbaum, 2000; Tolar et al, 2004; Wu et al, 2018), a detailed

explanation of bone resorption is described in Section 1.5.1.1 .
3) Reversal: The third step is called as reversal, where bone formation starts.

4) Formation: Formation of new bone is the fourth phase of bone remodelling. Osteoblasts
secrete osteoid matrix which is rich in Collagen type 1. Hydroxyapatite crystals are then deposited in

between the collagen fibrils to mineralize the bone matrix (Kenkre & Bassett, 2018).

5) Termination: The formation phase is followed by a termination stage, when osteoblasts either
terminated by apoptosis, transform to bone-lining cells or are entrapped in the bone matrix and
differentiate to become osteocytes (Bonewald, 2011). In normal adult bone these processes occur at
the same rate maintaining the balance between bone resorption and formation to retain bone

structure and integrity and repair micro damage (Hadjidakis & Androulakis, 2006).

As it shown in the Figure 1-2, multiple factors such as insulin-like growth factors (IGFs), transforming
growth factor-B (TGF-B), fibroblast growth factors, platelet-derived growth factors etc continuously
secreted by bone and bone marrow cells (Mesenchymal stem cells, osteocytes, T-cells, and HSCs), thus

these factors play crucial role on bone remodelling (Hiraga, 2019).
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Figure 1-2: Scheme of bone remodelling stages.

Bone remodelling is a continuous process that mainly involves osteoblasts and osteoclasts. However, the key cells are
insufficient to regulate entire process of bone maintenance Therefore, each stage requires factors from cells in different bone
niches. The Figure represents some of the factors and cell types that play major roles in bone remodelling. (Modified from
Wu et al., 2018)

1.5.1.1. Osteoclasts

Osteoclasts are multinucleated cells derived from HSC and originate from promyeloid
precursors (with RANKL, OPG (Osteoprotegerin), ODF (osteoclast differentiation factor) which can be
also differentiate to macrophages (by M-CFS (macrophage colony stimulating factor) or GM-CSF
(granulocyte-macrophage colony stimulating factor)) or dendritic cells (with RANKL, GM-CSF, OPG
(Osteoprotegerin)) (Vaananen et al, 2000). Osteoclasts attach to the bone surface by integrins to
generate a sealing zone (Nesbitt et al, 1993) and creates a new membrane that has acidic vesicles that
secrete H* (Blair et al, 1989; Ono & Nakashima, 2018). In these vesicles, bone mineralisation occurs
(acidification phase, a process controlled by a vacuolar H* -adenosine triphosphates (H*-ATPase, a
proton pump). H*-ATPase is responsible for ion transfer, releases HCl into the environment that
reduces pH to ~4.5 (Teitelbaum, 2000). This acidification activates cysteine proteinase which degrades
type | collagen as well as MMP-9 that degrades ECM proteins and activates tissue remodelling

cytokines (IL-1B, TNF-a) (Yabluchanskiy et al, 2013; Ono & Nakashima, 2018).




1.5.1.2. Osteoblasts

Osteoblast are the bone forming cells that play a role in constant bone remodelling from
MSCs; RUNX2, ALP and type | collagen play crucial roles in MSCs differentiation to osteoblasts
(Dieudonne et al, 2013). When in the presence of bone inducing factors such as TGF- B and PTH,
osteoblasts become active and create tight junctions in between thus creating matrix mineral
deposition (Mackie, 2003; Caetano-Lopes et al, 2007). In the first step, they synthesise osteoids which
are mostly made up of collagen type 1. After osteoid formation, calcium salts are deposited and
alkaline phosphatase is secreted by osteoblasts for mineralisation (Parvizi & Kim, 2010; Lowe &
Anderson, 2015a). Osteoblasts contribute to osteoclast differentiation through RANKL which is
presented at their surface and binds to RANK on osteoclasts progenitors and this alongside with M-
CFU secretion initiates osteoclast differentiation. They also secrete OPG which is a RANK decoy that

inhibits osteoclast differentiation (Mackie, 2003).

1.5.1.3. Osteocytes

Osteocytes are differentiated osteoblasts that have become entrapped into their matrix and
are produced by neighbouring osteoblasts. Continuous bone deposition covers the active osteoblasts
that eventually stop secretion of osteoids (Caetano-Lopes et al, 2007). Osteocyte differentiation
occurs in different phases, when osteoblasts start to trap into the osteoid they are in the pre-
osteocyte phase, then the young and are finally mature when in the mineral phase (Dallas &
Bonewald, 2010). Pre-osteocytes secrete factors like osteocalcin that inhibits mineralization and
mature osteoclasts provide linking between osteocytes and bone surfaces by creating gap junctions
(Bonewald, 2010). Previously, osteocytes were considered to have a role only in communication and
maintaining the environment in bone by mechanical load sensing, however it is found that they are
the main producer of RANKL, resulting in stimulating bone remodelling, cancer and most bone disease
(Nakashima et al, 2011; Xiong et al, 2011; Bonewald, 2013). They also regulate bone remodelling by
stimulation of WNT signalling with [B-catenin activation (increased WNT increases osteoblast
numbers), RANK and OPG pathways (increased RANK increases osteoclast and increased OPG
decreases osteoclasts) (Bellido, 2014; Bellido et al, 2018). Osteocytes also can sense mechanical
loading with cell surface integrins, hence trigger intercellular FAK that results in activation of ERK-1/2
and Akt. This stimuli is transferred by GAP junctions, ionic channels and factors like OPN thus affecting
bone turnover (Takano-Yamamoto, 2014; Gusmao & Belangero, 2015). As 90% of the bone cells are
osteocytes, their role in tumour cell-bone interactions requires special attention. Osteocytes can

modify the endosteal niche through HSC mobilization via the CXCL12 pathway, thus might have similar




effect on bone metastasis (Asada et al, 2013; Atkinson & Delgado-Calle, 2019) with an in vitro study

supporting the positive effect on breast cancer migration and proliferation (Cui et al, 2016).

1.5.1.4. Tumour cells and the endosteal niche

The endosteal niche is one of the components that creates the metastatic niche. As mentioned
before, BC prepares the bone niche for subsequent seeding, for example by secreting lysyl oxidase
(LOX) that alter homeostasis in the endosteal niche in bone that increases migration (Cox et al, 2015).
Osteoblasts also secrete the chemokine CXCL12 that interacts with the CXCR4 receptor on osteoclast
precursors thus might be playing a main role for homing of CXCR4 expressing cancer cells to bone
(Ottewell, 2016). Moreover, osteoblasts produce matrix proteins TGFB and IGF, known growth factors
that attract the cancer cells that in turn produce proliferation factors that increase the number of
osteoblasts (Hiraga, 2019). After the initial homing, the endosteal niche is proposed to support cancer
cell dormancy with thrombospondin-1 expression by endothelial cells (Ghajar et al, 2013). In model
systems, breast cancer cells colonising bone are found in close proximity to osteoblasts; 80% of the
surrounding cells expressed ALP and 50% express Cox1 which both are osteoblastic cell markers
(Haider et al, 2014; Wang et al, 2015a). In-vitro it is reported that tumour cells induce inflammatory
cytokine production by the osteoblasts, such as IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-
1), macrophage-inflammatory protein 2 (MIP-2) with VEGF which suggest that these osteoblast
derived cytokines might support cancer cell survival and colonization (Bussard et al, 2010). Junctions
in between osteoblasts and tumour cells created by E- and N-cadherins, thus increasing mTOR activity
in cancer cells. This interaction might be one of the routes for osteoblast regulation of breast cancer
development in bone (Wang et al, 2015a). There are two main types of bone metastases; osteoblastic
(bone forming or osteosclerotic, mainly in prostate cancer) and osteolytic (bone resorbing, mainly in
breast cancer) metastasis, but mixed lytic and blastic lesions can also be found. In the osteolytic cycle,
tumour cells produce activin A (a TGF-B family member), noggin, dickkopf-1 and sclerostin to
suppressing osteoblast differentiation (Bernard et al, 2019). Osteoclasts resorb the bone matrix,
resulting in release of the growth factors and calcium ions that increase homing of the cancer cells. At
the end both activate RANKL system which is part of the vicious cycle supporting tumour growth in
bone (Zhang et al, 2019) (Figure 1-3). Osteocytes are the main source of RANKL in bone (Xiong &
O’Brien, 2012) and can also directly increase proliferation of cancer cells in the bone through notch

signalling (Atkinson & Delgado-Calle, 2019).
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Figure 1-3: Schematic representation of the vicious cycle and associated factors.

The Vicious cycle describes a continuous process where cancer and bone cells influence each other. In the figure stimulation
is indicated by + and inhibition by -. 1) Osteoclasts release growth factors that activate cancer cells 2) growth factors increase
cancer cell proliferation 3) Tumour cells produce osteoclastic-stimulating factors which inhibits osteoblasts 4) that
upregulates RANKL 5) RANKL promotes the osteoclastic precursor cells to form osteoclasts increasing bone resorption
(modified from (Chen et al, 2010; Hiraga, 2019)).

1.5.2. The Haematopoietic Niche

The haematopoietic niche includes part of both the endosteal and perivascular niche where HSCs
reside (Ugarte & Forsberg, 2013). HSCs are reside in bone marrow which is formed by mesoderm at
embryonic phase and they are the source of the blood cells which is known as haematopoiesis (Wilson
& Trumpp, 2006). Haematopoietic niche was described for the first time in 1978 by Schofield, as a
specialised niche in bone marrow where HSC development and proliferation is regulated (Schofield,
1978). HSCs give rise to a number of different linages which can make it challenging to identify rare
subpopulations, therefore, scientists have characterized HSCs in the quiescent state since they are
slow-cycling, retain their DNA label with DNA damage resistance (Cheng et al, 2000). Quiescent
populations are often found close to the interface region in between bone marrow and bone
(endosteum), indicating interactions with osteoblasts. This link was demonstrated in 2003 with an in
vivo study that showed increased HSCs by growth of trabecular bone and associated osteoblastic cell
number (Calvi et al, 2003). Endothelial cells and pericytes are suggested to be involved in regulating
HSC niches producing cell factors such as stem cell factor (SCF), which is a crucial growth factor for
HSC that is required for survival, proliferation and cellular functions (Broudy, 1997). HSCs were only

reduced when SCF was deleted from endothelial and pericyte cells, whereas deletion of SFC from




osteoblast or HSCs did not alter HSCs in bone marrow (Ding et al, 2012). HSCs and their interactions

with other cell types in the niche are detailed in the following section.
1.5.2.1. Haematopoietic Stem Cells

The formation of new blood cells is called haematopoiesis, a continuous process where
pluripotent stem cells multiply to produce new pluripotent stem cells and precursor cells which
become mature blood cells (Figure 1-4). All the precursors of blood cells are produced by
hematopoietic stem cells (HSCs) are the progenitor of blood cells and capable of self-renewal,
differentiation, and proliferation. Despite the rare percentage (around 0.01%) in bone marrow, they

are related to multiple cell types (Challen et al, 2009; Forest et al, 2013; Lowe & Anderson, 2015a).
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Figure 1-4: Haematopoiesis; formation of new blood cells from HSC progenitors.

Haematopoiesis is the process of new blood cell formation from HSCs. A) HSCs are located in between endosteal and
perivascular niche which is known as HSC niche, B) while they are keeping their DNA undamaged and telomerase length with
self-renewal, they also divide into pluripotent daughter cells that can follow either C) lymphopoiesis which is production of
adaptive immune cells (NK, T and B Cells.), D) Erythropoiesis; production of O, and CO; carrier erythrocyte or E) Myelopoiesis
which is production of innate immune cells such as macrophages, platelets and granulocytes (Figure created with images
from Servier Medical Art).




HSCs maintenance requires growth factors such as SFC and CXCL12. SCF binds to the Kit receptor
on HSCs thus increases survival and self-renewal. HSCs are depleted in steel mutant mice bone marrow
which is missing its membrane-bound SCF, demonstrating that SCF/Kit binding is important for
haematopoiesis (Barker, 1997). SCF is mainly produced by perivascular cells (pericytes and smooth
muscle cells) and endothelial cells and expression is not detected in osteoblast or HSCs (Ding et al,
2012). CXCL12 (produced by endothelial cells and osteoblasts (Broxmeyer, 2008)) regulates HSC
maintenance alongside with anchoring HSCs from blood in to the bone marrow, therefore, deletion
of CXCL12 results in HSCs depletion (Sugiyama et al, 2006). Other important factors required for HSCs
maintenance is thrombopoietin (TPO, produced by bone marrow stromal cells (Nagahisa et al, 1996))
which activates myeloproliferative leukaemia (MPL) protein on HSC cells. Both molecules are
important for HSCs maintenance because, when either MPL (Kimura et al, 1998) or TPO is deleted
from hepatocytes (since hepatocytes secrete TPO to the circulation) this effects bone marrow HSCs
(Decker et al, 2018) therefore, HSCs in the bone marrow are depleted. Additional growth factors have
been shown to modify HSCs in response to bone injury. Angiogenin, angiopoietin-like 3, FGF1, FGF2,
IL-6, Notch 2 and pleiotrophin increased and suggested to promote HSCs regeneration during bone
injury. However, it is unclear whether these are produced by HSCs niche cells or other bone marrow
cells, therefore understanding the response to injury might help for future research (Crane et al,

2017).

1.5.2.2. Tumour cells and the HSC niche

Breast cancer metastasis to bone begins with the homing of cancer cells that have escaped
the primary tumour site exiting into the circulation, followed by potential competition with HSCs for
space in the bone niches. Previous studies have shown that the breast cancer metastatic niche
overlaps with HSC niche in model systems (Allocca et al, 2019). HSCs migration from blood to bone
marrow is achieved by CXCR4/CXCL12 and Annexin 2 (cell attachment factor) which is a
chemoattractant in the HSC microenvironment, hence, breast cancer might use the same pathway for
bone migration (Jung et al, 2007; Forest et al, 2013). The ability to enter a state of quiescence (or
dormancy) is important for both HSCs and cancer cells in order for their survival and maintenance,
therefore factors that control quiescence of HSCs, such as low oxygen or supports its growth such as
FGF and angiogenin may also regulate tumour cell dormancy (Schuettpelz & Link, 2011; Decker et al,
2016). Several studies have been carried out to determine the effects of modifying the HSC niche on
disseminated tumour cells. Administration of AMD3100 (a CXCR4 antagonist) in a breast cancer model

system resulted in mobilisation of HSC progenitors from bone marrow to the circulation, but whether




this would result in increased number of and/or earlier development of overt bone metastases

remains to be established (Allocca et al, 2019).

CXCR4/CXCL12 (Stromal cell-derived factor-1, SDF-1) interaction have effects on multiple
pathways related to chemotaxis, cell proliferation, cell survival, cancer survival, angiogenesis etc.
CXCR4 is expressed on many cell types, including HSCs, lymphocytes, epithelial cells, and cancer cells.
Despite many other chemokines, CXCR4 is only activated by CXCL12 which allows modification of this
interaction by binding AMD3100 to CXCR4 (Rosenkilde et al, 2004; Teicher & Fricker, 2010).
Granulocyte colony-stimulating factor (G-CSF) is used for promoting HSCs in bone marrow and despite
a of lack of understanding of the precise mechanisms, it is found that G-CSF reduce CXCL12 which
results in increased HSCs mobilisation from bone marrow in murine models (Petit et al, 2002). Lee et
al. (2014), investigated the effectiveness of AMD3100 and G-CSF on C57BL/6J and BALB/c mice (both
aged 8-12 weeks). Both of these studies show a significant increase in the number HSCs colonies from
PB which indicates AMD3100 mobilise HSCs from bone marrow. Lee et al. (2014), also showed that
G-CSF is better mobilizer for both murine strains but AMD3100 works better on C57BL/6J. They
conclude AMD3100 mediated mobilization depends on bone marrow stem/progenitor cells (BMSPCs)
since they found C57BL/6J have significantly increased BMSPCs when compared to BALB/c strain (Lee
et al, 2014a) . These studies indicate that the murine model system, as well as the pharmacological
agent used to mobilise HSCs, may result in differential effects on the HSC niche and potentially also

on the DTCs located there.

1.5.3. The Perivascular Niche

Bone is a highly vascularized tissue and endothelial cells (ECs) are the central component of bone
marrow vascular microenvironment, having major roles in osteogenesis and haematopoiesis (Ding et
al, 2012; Galan-Diez & Kousteni, 2018). Bone vessels are structured by molecularly and structurally
distinct arteries and sinusoidal capillaries. Arteries covers the central diaphysis and branches to the
endothelium with type L sinusoidal capillaries and type H vessels to the metaphysis region
(Ramasamy, 2017). H vessels and L sinusoids are made up of several types of endothelial cells, H type
endothelial cells are strongly positive for CD31 (PECAM1) and Endomucin compared to sinusoidal
vessels named as L type. Type H endothelial cells have a strong relationship with osteoprogenitor cells.
H vessels produce factors such as RANKL, HIF, VEGF thus they stimulate proliferation and
differentiation of osteoprogenitors. Therefore, osteoprogenitors are found in abundance around H
vessels and loss of type H endothelium can be observed during ageing alongside a reduction in the
number of osteoprogenitor cells (Kusumbe et al, 2014; Ramasamy, 2017). H type endothelial cells are

important for cancer development in bone since they mediate neo-angiogenesis (Kusumbe et al,




2014). The perivascular niche includes the area that is around the vascular structure and consists of
ECs and pericytes. ECs have various roles, from initiating homing of cancer cells to the development
of a mature fully growth tumour (Zhang et al, 2019). Endothelium and pericytes produce angiocrine
factors, including stromal cell-derived factor 1/C-X-C motif chemokine 12 (SDF1/CXCL 12) and stem
cell factor (SCF), that support hematopoietic stem cells (Ramasamy et al, 2015). However, a recent
study with triple negative and ER+ MBC murine models showed that DTC fate does not depend on
vessel structures. It was found that BC cells showed bias to H type vessels in an outgrowth model
(ovariectomized mice) but bias to L type vessels in an indolence model (sham operated mice) (Hughes
et al, 2021). It is important to note that the H/L vessel structures defined in murine models have not
been shown in humans yet, and it is possible that different vessel subtypes have different effects on

tumour cells located in the bone microenvironment.

1.5.3.1. Endothelial Cells

As mentioned above, bone marrow endothelial cells (EC) form a major part of the vascular
structures, secreting growth factors or inhibitory factors that play crucial roles in haematopoiesis.
Sinusoidal ECs express E-selectin that supports HSC differentiation and mobilization (He et al, 2014).
While the osteoblastic niche provides HSCs with a quiescent microenvironment, sinusoidal ECs
provide proliferative cues. Bone marrow ECs secrete factors like CXCL12 (which activates adhesion
molecules therefore increases stromal migration of HSCs) (Sugiyama et al, 2006), whereas endothelial
cells promote HSC expansion through Akt and p42/44 MAPK cell regulation pathways. Akt activation
promotes self-renewal factors such as FGF2, IGFBP2 and downregulates inhibition factors such as
Ang2 and dickkopf-1 (a WNT signalling pathway inhibitor) (Kobayashi et al, 2010). Despite the low
effect of only MAPK activation on HSC differentiation, activation of both in ECs increases activation of
Notch ligands, hence accelerates HSC differentiation (Mangialardi et al, 2016). Vascular ECs mainly
secrete factors that regulate self-renewal and regeneration such as stem cell factor (SCF), E-Selectin,

Glycoprotein 130 (gp130) and pleiotrophin (PTN) (He et al, 2014).

1.5.3.2.  Pericytes

Pericytes were originally believed to only function as endothelial cell support to maintain the
structural integrity of the vasculature, however recent discoveries have revealed other important
pericyte functions. Pericytes share a common basement membrane with endothelial cells, and they
are connected to each other through cell-cell junctions. Both cell types secrete factors that support
adhesion of ECs and pericytes to the basement membrane (Kloc et al, 2015). Pericytes in bone marrow

can be divided into two categories according to their anatomical position; perisinusoidal pericytes




(expressing CD146 [Melanoma cell adhesion molecule: MCAM)]) secrete factors such as SCF, CXCL-12,
Notch ligands, TGF-f and Angiopoietin and active HSCs can be found this area (Mangialardi et al,
2016). In contrast, periarteriolar pericytes express CD146 and B-adrenergic receptor; suggesting that
they might be involved in HSC trafficking since downregulation of the B-adrenergic receptor gene
resulted in significant HSCs reduction (Méndez-Ferrer et al, 2010). Deletion of SCF and CXCL-12 from
mice resulted in HSC depletion and periarteriolar pericytes secrete SCF and CXCL-12 which might play
a critical role for quiescence HSC maintenance (Sugiyama et al, 2006; Ding et al, 2012). Taken together,
these data support interactions between pericytes and HSC through the CXCL12 pathway but whether

DTC interact directly with pericytes remains to be established.

1.5.3.3. Tumour cell interactions with the bone microvasculature

The cell populations of the vascular niche and the molecules they produce have several
different effects on cancer cells, creating a supportive microenvironment and the homing of
disseminated tumour cells. The sinusoids (type L capillaries) have a large diameter and spread through
the bone. This vessel has a specialized two-way permeability for hematopoietic cells, these
characteristics are supporting tumour dissemination (Kusumbe, 2016). HSCs are located in close
proximity to the vascular structures (Kunisaki & Frenette, 2014) that express E-selectin to maintain
HSC dormancy, self-renewal and proliferation cell (Winkler et al, 2012). These dormancy-inducing
effects on hematopoietic stem cells are proposed to have similar effects on DTCs in bone, yet this still
needs to be confirmed in humans (Kusumbe, 2016). As described previously, peri-vascular niche cells
have an impact on HSC migration with factors such as SCF, CXCL-12, thus they might also attract
disseminated BC cells to bone (Kusumbe, 2016). Cancer cells can also use the mechanisms that
maintain HSC quiescence , as described in the dormancy section 1.4.2.1. Ghajar et al. (2013), found
increased expression of dormancy-supporting TSP-1 around the neovascular tips secreted from
endothelial cells. Also, sprouting vessels produce factors such as periostin and TGFB-1 which
reactivate the dormant cancer cells (Ghajar et al, 2013), hence these factors support the
vascularisation of the growing tumour after activation (Kusumbe, 2016). Collectively, data from model
systems suggest that bone marrow vascular cells may have separate roles through progression of
tumour growth in bone, with the capacity to affect dissemination, survival, dormancy, and

progression.




1.5.4. The Immune Niche —role in bone metastasis

The relationship between the immune system and cancer has been studied for many years,
immune cells either eliminate cancer cells, keep them in the equilibrium phase or cancer cells can
escape from the immune cells in various ways and in some cases they can use immune cells to grow
(Pandya et al, 2016). Since one of the main source for immune cells is bone marrow, this makes the
relationship between immune cells and cancer cells more complicated as tumours can interfere with
immune cell production and maintenance (Xiang & Gilkes, 2019). The immune system can be divided
into 2 different categories: one responsible for innate immunity and the other for the adaptive
immune response (Figure 1-5). The innate immune system works as a general defence mechanism,
whereas the adaptive immune system works as a specialized defence. Both systems serve the same
purpose but in different ways, with innate immunity protecting against foreign bodies, injuries and
pathogens whereas adaptive immunity protects against specific pathogens or changed cells, which
will be covered in detail in the next sections 1.5.4.1 and 1.5.4.2 (Janeway et al, 2001). Breast cancer
cells can develop immune suppression through cross-talk with mesenchymal stem cells (MSCs),
secreting chemokines, cytokines and growth factors such TNF-a, CXCL5 and CXCL12 that stimulate
production of CSF1 which in turn recruit TAMs and myeloid derived suppressor cells (MDSCs) (Hill et
al, 2017). In-vitro proliferation and transmigration assays of MSC and BCs showed that MSCs recruit
regulatory T-cells, which have immunosuppressive activities in the tumour microenvironment,
indicating this phenomena might be true in bone tumours (Patel et al, 2010). BCCs recruit
mesenchymal stem cells to the primary tumour site where MSCs release cytokines that support the
survival of cancer cells, which in turn attracts the immune suppressor cells. During metastasis, tumour
stroma cells secrete MCP-1 that increase macrophage proliferation (Walker et al, 2016). At the early
stages of tumour development, the innate and adaptive immune systems eliminate single tumour cells
and small colonies (micrometastases). Surviving cancer cells begin to proliferate, with clones starting
to manage the tumour antigens and MHC class | molecules by changing their surface proteins. Once
established, the tumour starts to suppress T-cell activity (Cali et al, 2017). This requires multiple
interacting processes, including production of granulocytes, lymphocyte precursors and initial B-cell
maturation that all occur in the bone marrow, hence, it makes the immune niche an important
regulatory component of the metastatic process (Lowe & Anderson, 2015b). After early development,
T cells migrate to the thymus and B cells remain in bone marrow for maturation; many B cells migrate
from the bone marrow but some remain associated with sinusoidal endothelial cells and contribute
to immunoglobulin diversity (Pereira et al, 2009). Returning B cells mature and serve as antibody-
secreting plasma cells (Benner et al, 1974). Dendritic cells in the bone marrow supports the naive B

cells with survival factors such as macrophage migration inhibitory factor (Sapoznikov et al, 2008).
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Figure 1-5: Innate and Adaptive Immune Cells.

Components of innate and adaptive response; innate immunity is the first line defence system where cells quickly detect
foreign materials and eliminates it and includes NK cells, granulocytes, macrophages, dendritic cells. Adaptive immunity is a
slower process providing specific defence and memory against foreign materials and includes B and T cells alongside
antibodies. NK/T and y&T sub-lymphocyte cells are the bridge between both systems. Reprinted and reused by permission
from Springer Nature: (Dranoff, 2004)

1.5.4.1. The innate immune system

Innate immunity is a non-specific process to target foreign pathogens, destroyed or
neutralized by complement, interferon, cytokines, natural killer cells, neutrophils, and macrophages
which can recognize the cancer cells through their surface molecules. The major cell types of the
innate system that directly target cancer are natural killer cells, macrophages, neutrophils and
dendritic cells (Liu & Zeng, 2012). Innate immunity has two key stages: recognition and elimination.
Pattern recognition receptors on macrophages detect the ‘foreign’ molecules which are not part of
the host (Delves et al, 2017). This detection can lead to direct lysis of pathogen or production of
cytokines, chemokines and antimicrobial proteins that attract monocytes and neutrophils from the
blood system to eliminate pathogens. After this stage, innate immunity triggers adaptive immunity,
as dendritic cells mature to antigen-presenting cells (APCs) that capture and process the foreign
molecules and present to the adaptive immune cells (T lymphocytes) (Shortman & Liu, 2002). There
are 2 main subsets of T lymphocytes, CD4* T cells (Helper T and Regulatory T cells) and CD8* cells
(Cytotoxic T cells). APCs bind to helper T cells through CD4 and the MHC II/Epitope-T cell receptor;
this activates both cells to release cytokines which clone T cells to CD4* and CD8" T cells. B cells

recognise foreign antigens and produce fragments that present antibodies that are recognised and




activate T cells. When a cell is infected, it presents some fragments of a foreign body with its MHC |;
when CD8* T cells recognise that MHC |/Epitope structure it produces perforins (produce pores on cell
membrane) and granzymes (break down proteins inside the cell) that lyse the infected cell (Charles et

al, 2001; Janeway et al, 2001).

Natural killer cells generally recognize cancer cells through their NKG2D, CD16 and DNAM1
receptors that detect cancer cell surface ligands, resulting in their elimination (Janssen et al, 2017).
MHC cell surface protein is another recognition pathway for NK cells; when this surface protein is
missing, they destroy the cells with granule mediated exocytosis and Fas-Fas ligand interactions (Wu
& Lanier, 2003). The role of NK cells in the BME is still not fully understood; current approaches are
focused on the known cancer effecting factors. Mayol et al. (2011) studied NK trafficking from the
bone marrow and found that maturation of NK cells was associated with downregulation of CXCR4
and upregulation of S1P5, which can increase mobilisation from BM (Mayol et al, 2011). NK cells can
inhibit osteoclastogenesis with the MHC proteins since OCs have a lower surface MHC and secrete
factors (IL12, IL15 and IL18) that induce cytotoxic NK cells (Tseng et al/, 2015). In addition, NK cells
express both RANKL and MCSF and are found to stimulate osteoclastogenesis in models of

inflammatory arthritis (Séderstrom et al, 2010).

Macrophages have both pro- and anti-inflammatory effects in the bone marrow. The pro-
inflammatory effects are mediated through secretion of cytokines IL-1, IL-6, IL-23, IL-12 and INF-y that
activate NK and T cells to destroy the cancer cells (Mantovani & Sica, 2010). The anti-inflammatory
effects are mediated by tumour associated macrophages (TAMs), that have an important role in
tumour progression (Lee et al, 2013). They secrete high levels of IL-10 and TGF-B that decrease the
activation of cytotoxic T cells and using the chemokine CCL2 they induce breast cell colonisation to
the bone and lung (Xiang & Gilkes, 2019). A recent murine model study showed that
monocyte/macrophages expressing CD137 induce breast cancer metastasis with differentiation to
osteoclasts, thus might contribute to the vicious cycle (Jiang et al, 2019). Also, decreasing the
monocytes/macrophages in murine models by treating with clodronate encapsulated in liposomes
resulted in inhibition of bone and muscle metastasis of lung cancer, suggesting that macrophages play
an important role in metastasis (Hiraoka et al, 2008). Another mechanism in which TAMs might be
involved in bone metastasis is through the CXCL10/CXCR3 pathway. Silencing CXCR3 in melanoma
cancer cells or neutralising CXCL10 suppressed bone metastasis and in-vitro cocultures of BC cells with
bone marrow macrophages revealed that cancer cells promote macrophage production of CXCL10,

suggesting cancer cells might stimulate this pathway to induce tumour progression (Lee et al, 2012).




Neutrophils are granulocytes that are attracted to the cytokines produced by macrophages
and are proposed to have multiple roles in cancer progression, including in regulating steps of the
metastatic cascade, comprehensively reviewed by Coffelt (Coffelt et al, 2016).Neutrophils are
abundant in the bone marrow, and the CXCRL4/CXCL12 signalling pathway is used to control
neutrophils. They release CXCR4, VEGF and MMP-9, factors shown to have effect on cancer metastasis
in bone (Xiang & Gilkes, 2019). Progression of prostate cancer and breast cancer to bone may involve
similar pathways and in-vivo elimination of neutrophils resulted in increased prostate tumour growth
in bone and expression of STAT5 by tumour cells, a prostate cancer promotor transcription factor,
found to be suppressed by neutrophils (Costanzo-Garvey et al, 2020). Despite our limited knowledge
of neutrophils in breast cancer bone metastasis, we know they can affect several mechanisms related
with growth and initiation of different tumour types as demonstrated in murine and/or clinical studies.
Neutrophils can interact with cancer cells in a number of ways; through production of ROS, RNS and
proteases (Antonio et al, 2015); promote growth by crosstalk when activated by IL-17 secreting CD4*
T cells (Charles et al, 2009) and activating senescent cancer cells to promote by IL1IRA (Di Mitri et al,
2014); stimulate tumour progression by activating PI3K signalling (Houghton et al, 2010) and
immunosuppression (Bodogai et al, 2015); modify the extracellular matrix via BV8 production and
induce angiogenesis by activating VEGFA with MMP9 (Shojaei et al, 2007; Deryugina et al, 2014). All
these findings indicate the importance of neutrophils in cancer development and tumour progression,
hence, understanding their behaviour in BC bone metastasis might help us to develop better

treatments.
1.5.4.2. The adaptive immune system

In contrast to the innate immune system that detects an unfamiliar molecule without the need
for antigen recognition, the adaptive system requires the recognition of a specific antigen.
Lymphocytes are the main components of the adaptive immune system with the help of dendritic cells

and can be divided into 2 sub-groups; T- and B- cells (Lowe & Anderson, 2015c).

T cells make up 80 % of the lymphocytes in the bone marrow; cytotoxic T cells, Regulatory T
cells and T helper cells are the main T cell types (Xiang & Gilkes, 2019). Cytotoxic T cells recognize
MHC proteins on the host cell surface and sometimes cancer mutations result in the loss of these
proteins. When cytotoxic T cells can not recognize the host MHC proteins, they induce cell apoptosis

with fas-fas ligand or destruct the tumour cells by perforin-granzyme B (Janssen et al, 2017).

Regulatory T cells regulate cell trafficking to the bone marrow through CXCR4/CXCL2

signalling and they are also one of the major sources for RANKL, a molecule that is central to regulating




bone turnover. Since RANKL is an important cytokine for metastasis, Tregs might have an effect on
disseminated tumour cell metastasis to bone marrow (Xiang & Gilkes, 2019). Another T cell subgroup
is T helper cells. T helper cells secrete RANK and IL-17, where IL-17 has been shown as a key regulator
of OPG and RANKL balance by increasing RANKL and decreasing OPG production in several studies
(Nakashima et al, 2000; Lubberts et al, 2003; Liu et al, 2015). Monteiro et al. (2013), created a primary
mouse mammary cancer model by injecting 10% 4T1 or 67NR cells into the mammary fat pads and
achieved spontaneous metastasis in BALB/c mice. After 11 days, CD3* T cells were harvested from
animals with bone metastasis and transferred to BALB/c nude mice with 4T1 cells to determine if T
cells are responsible for early bone loss. Results indicated that T cells derived from 4T1-bearing mice
induced bone loss in the presence of tumour antigens but without the tumour present. Also, they
knocked down RANKL expression in T cells from 4T1 bearing mice and metastasis to lymph nodes was
reduced by 5% and metastasis to bone was prevented. These findings highlight the importance of

RANKL* T cells in bone metastasis (Monteiro et al, 2013).

B Cells turn into plasma cells which are responsible for humoral immunity where they secrete
antibodies or immunoglobulins. In the adaptive immune system, B cells recognise foreign antigens
with IgM on their surface and start to secrete antibodies that tag foreign bodies (Lowe & Anderson,
2015c). CD4* T cells recognise the B cells with fragments and produce cytokines that induce B cells
proliferation to plasma cells (that produce antibody) and memory-B cells which can survive and rapidly
proliferate in case of re-encounter with the same pathogen. However, the role of B cells in cancer
progression is not clear. B cells were found increased in the blood of the breast cancer patients which
indicates the importance of this population (Tsuda et al, 2018). In the murine models for cancer cell
and B cell interaction, tumour growth is promoted by B cell-derived lymphotoxin; an angiogenesis
inducing factor (Ammirante et al, 2010). Breast cancer cells can also induce a B-cell precursor
population in blood by secreting thymic stromal lymphopoietin; a cytokine that also plays an
important role in T cell maturation, B cell expansion and differentiation (He & Geha, 2010; Ragonnaud
et al, 2019). Multiple myeloma (MM), a plasma cell malignancy that occurs in the bone marrow, is
characterised by proliferation of B cells, and is associated with extensive lytic bone lesions, renal
impairment and anaemia in patients. Plasma cells secrete factors such as RANKL, IL-1, IL-3 etc. and are
found adjacent to osteoclasts which indicates direct cell-cell contact. This explains the increased
osteoclastic activation, osteolytic bone lesions and the resulting hypercalcaemia in patients. Since
MM-induced bone disease can cause skeletal related events, bone-targeted agents like denosumab

and bisphosphonates are used to reduce such events (Edwards et al, 2008; van de Donk et al, 2021).




Dendritic cells are known as the antigen presenting cells (ACPs) in the adaptive immune
system, as they induce cytotoxic T cell activation by presenting foreign antigens. Since they induce
both T cell activation and proliferation, DCs have important roles in anti-tumour responses (Xiang &
Gilkes, 2019). Dendritic cells secrete TGF-B, nitric oxide, IL-10, VEGF and arginase that supress the
cytotoxic T cells and this mechanism might increase the tumour survival in bone marrow (Capietto &

Faccio, 2014).

One of the challenges for increased understanding of the role of immune cells in bone
metastasis is that the in vivo models developed to study metastasis often use human cancer cells
injected into immunodeficient (mainly T cell deficient) mice and some models are lacking B cells. This
situation makes it harder to understand the role of the adaptive immune system on bone metastasis

(Buenrostro et al, 2014).
1.5.5. Osteoimmunology: immune and bone cell interactions

The term ‘Osteoimmunology’ was first used by Arron and Choi (2000) to describe the regulation
of osteoclastogenesis by T cells in autoimmune arthritis (Arron & Choi, 2000). It was known that bone
and the immune system shared the same environment, but studies now focused on immune cells
during bone damage and found that immune and bone systems share a variety of molecules, including
RANK, RANKL, OPG, M-CSF (Lorenzo et al, 2008). Studies show that depletion of CXCL12 in osteoblasts
reduce B lymphoid progenitor numbers in the bone marrow (Greenbaum et al, 2013) and osteoblasts
express Notch ligand delta-like 4 which supports T cell progenitors development (Yu et al, 2015). These
findings indicate that osteoblasts support immune cell differentiation. A study investigated
osteoblasts in sepsis using a caecal ligation and puncture model and showed that osteoblasts were
ablated thus bone volume rapidly reduced. IL-7 expression by osteoblasts was decreased and
additional IL-7 administration reduced the bone loss reduction (Terashima et al, 2016). Previous
studies pointed out the importance of IL-7 in lymphocyte activation to survival from sepsis (Unsinger
et al, 2010; Venet et al, 2012), thus these findings confirm the importance of osteoblast derived IL-7
on lymphoid progenitors. On the other hand, several cytokines which are also found in the immune
system have known effects on osteoblast regulation, such as TNFa (inhibits osteoblast differentiation
and collagen synthesis), IL-1, IFN-y (inhibits collagen synthesis) (Lorenzo et al, 2008). In addition,
activated T cells produce factors that induce alkaline phosphatase activity in bone marrow stromal
cells, thus triggers rapid differentiation to mature osteoblasts such as upregulation of osteocalcin and
Runx2 (Rifas et al, 2003). Numerous other cytokines are known to affect both bone turnover and the
immune system as reviewed by Lorenzo et al.(Lorenzo et al, 2008) and Tsukasaki et al. (Tsukasaki &

Takayanagi, 2019).




1.5.6. In vivo models of breast cancer bone metastasis

Around 70% of advanced breast cancer patients develop bone metastasis; however, bone
metastasis progresses slowly in humans, often developing many years after initial treatment and is
only detected when patients have advanced, symptomatic bone lesions (Bussard et al, 2008).
Understanding the possible mechanisms that underpin bone metastasis might reveal new targets to
improve the disease outcome and patients’ quality of life. It is impossible to obtain sufficient quality
and quantity of bone metastasis samples from patients, therefore well-characterised in vivo models

required for studies of breast cancer bone metastasis.

Most bone metastasis models have used mice, as they are widely available and have short
lifespans. However, spontaneous bone metastasis rarely occur in mice and studies using in vivo models
may miss some essential molecules that drive development of human bone metastasis (Mundy, 2002).
Complex interactions between the tumour and the BME, the involvement of various signalling
pathways, and multiple different sub-types of breast cancers are some reasons for developing

multiple different in vivo models (Ottewell & Lawson, 2021).




Table 1-7: Murine models of breast cancer bone metastasis.

Commonly used murine models that have been used to study breast cancer bone metastasis. Each model is given with the
specific cell type, injection route, lesion type and required time to achieve that lesion, ratio of successful skeletal metastasis
and metastatic site if occurs. IC: Intracardiac, IV: Intravenous, IT: Intratibial, O: Orthotopic, PDX: Patient-Derived Xenografts

Cell Type Route | Lesion Type Metastatic Site/Frequency
Xenograft Models
Osteolytic
MDA-MB-231 IC Long bones, spine, and jaw/ 60-90%
(3-5 Weeks)
Osteolytic
MDA-MB-2311V vV Long bones and spine/ 80-90%
(2-3 Weeks)
Osteolytic
B02 v Long bones, spine, and jaw/ 90%
(2-3 Weeks)
Osteolytic
MDA-MB-231 IT Long Bones/ 100%
(2-4 Weeks)
Long bones, lungs, human bone explants/
PDX Osteolytic
IC,0 IC:80% to human explant, 20% to mice long bone
(BB2RCO8) (14+ Weeks)
0:100% to human explant, 80% to mice long bone
Long bones, lungs, human bone explants/
PDX Osteolytic
IC,0 IC:80% to human explant, 75% to mice long bone
(BB3RC32) (15+ Weeks)
0:100% to human explant, 80% to mice long bone
Long bones, lungs, human bone explants/
PDX Osteolytic
IC,0 IC:30% to human explant, 20% to mice long bone
(BB6RC37) (12+ Weeks)
0:20% to human explant, 30% to mice long bone
Syngenetic Models
Osteolytic
471 (o] Long bones, spine, jaw, lungs, and spleen/ 20%
(3-4 Weeks)
Osteolytic
4T1-2 IC Long bones, spine, jaw, and spleen/ 40-60%
(2-3 Weeks)

No perfect model represents the entire bone metastasis process; therefore, several different
models has been developed to address specific hypotheses (Table 1-7). Models can be categorised
into two main groups, xenograft and syngenetic. Since human breast cancer cells’ genetic and
phenotypic properties are different from mouse mammary carcinoma, human breast cancer cells
injected in immunodeficient mice (xenografts) were developed (Reviewed by Tulotta et al, 2019a).

These mice have suppressed immune systems due to various mechanisms; lacking thymus due to the




Foxnl gene mutation resulted in unmatured T lymphocytes. This mutation also resulted in fur loss,
and this BALB/c strain was named “Nude” mice (Flanagan, 1966; Nehls et al, 1994). A limitation is that
the immune system is also involved in different stages of disease development and progression;
however, it is impossible to study human disease in mice with an intact immune system due to
rejection of the human cancer cells. Therefore, syngenetic models of mouse mammary cancer have
been used to investigate the role of the immune system in bone metastasis (Ottewell & Lawson,

2021).

The majority of published studies use xenograft models, where human breast cancer cells are
modified to express green fluorescence (GFP), luciferase (Luc) or other markers to allow in vivo
monitoring of tumour growth (Tulotta et al, 2019a). Generally, Nude mice are used with human breast
cancer cells introduced via different injection routes (intracardiac, intravenous, intratibial) to generate
skeletal metastasis, sometimes using bone-seeking tumour cell variants (Tulotta et a/, 2019b, 2019a).
Patient-derived xenografts are also used, and severe immunodeficient NOD SCID mice are used in
those cases. These mice have defective T and B lymphocytes and reduced NK and myeloid cells

(Ottewell & Lawson, 2021).

Disease progression differs between models, depending on the injection route and breast
cancer cell type. Intracardiac injection of cancer cells into the left ventricle creates an early bone
metastatic model, without complications caused by a primary tumour or visceral metastasis
development (Wright et al, 2016). Alternatively, the isolation of bone-seeking tumour cell clones
allows for intravenous injection, resulting in bone metastasis (Peyruchaud et al, 2001). Finally, another
method that can be used is directly injecting the cancer cells into the long bone, bypassing homing

and colonisation and allowing investigation of the late stage of the disease (Rose et al, 2007).

There are multiple types of breast cancer that may have different interactions with the BME.
The most common method to study bone metastasis is injecting triple negative human breast cancer
cell lines via i.c. route to young (4-8 weeks old) immunocompromised mice (Ottewell & Lawson, 2021).
Injecting human triple-negative breast cancer cell lines (e.g. MDA-MB-231) (via i.c.) to
immunodeficient mice results in osteolytic bone metastasis (long bones, spine and jaws) within 3-5
weeks (Brown et al, 2012; Wright et al, 2016; Allocca et al, 2019). It is a reproducible model, with 60-
90% of the animals developing tumour growth in the long bones without extra-skeletal involvement,
hence was the main model chosen for my studies of the impact of tumour growth on bone (Chapter
3). On the other hand, there are several disadvantages; most patients have ER+ skeletal tumours,
whereas triple-negative breast cancer lacks hormone receptors. Skeletal metastasis has a long

dormancy phase but outgrown is short in this model, therefore lacking the dormancy phase. I.c.




injections require technical expertise, and around 10% of the mice can die due to stroke or hind limb
paralysis (caused by tumour cells getting stuck in the circulation; thus, careful preparation including
pre-filtration of the cells is required before injection to reduce this risk). Finally, the
immunocompromised models lack representation of the immune populations; therefore, this must
be considered when interpreting the results (Wright et al, 2016; Tulotta et al, 2019a; Ottewell &
Lawson, 2021). Another model using triple negative MDA-MB-231 cells is an intratibial injection (1-
2x10° cells) to Nude mice, resulting in extensive osteolytic disease. This model is suitable for studies
of the late stage of the disease, but one significant major disadvantage with it damages the bone
during the injection and tumour cells frequently spill out of the bone and grow in the surrounding
muscle (Zheng et al, 2007; Ottewell & Lawson, 2021). Peyruchaud et al have developed bone-seeking
MDA-MB-231, called B02, and intra-arterial injection of these cells (1x10°) results in osteolytic bone
disease after around 18 days (Peyruchaud et al, 2001). Another bone-seeking MDA-MB-2311V is also
used (1x10°) via an intravenous route which results in osteolytic bone disease around 28 days, thus,
eliminating the risks of intracardiac injection (Nutter et al, 2014). Immortalised cell lines have been
used in the laboratory for more than 40 years; thus, it was suggested that they could not represent
their original tumour due to losing their heterogeneity. Therefore, freshly isolated tumours (patient-
derived xenografts) were suggested to be used with immunocompromised animals to generate a
better, more representative breast cancer model (Lv et al, 2020). Lefley et al carried out in vivo
experiments with PDX (BB3RC32, BB2RC08, and BB6RC37), MDA-MB-231, MCF-7 and T47D with
immunocompromised mice (NOD/SCID, 8-10 Weeks female). They explanted human bone discs to the
mice obtained from the femoral heads of postmenopausal women undergoing hip replacement
surgery. They injected 1x10° tumour cells via intracardiac or four™ nipple (orthotopic). Their findings
showed that with oestrogen supplementation (12 mg/L), ER+ PDX successfully metastasised to the
human bone disc in 100% of the animals as well as to mouse bone (20-75% of the animals). In contrast,
MDA-MB-231 cells only metastasised to the human bone (70% of the animals). Since oestrogen alters
the bone microenvironment, their choice was the lowest amount that could cause overt metastasis in
the bone. However, this dose failed to support bone metastasis from MCF-7 and T47D; thus, their
findings provided a more precise genetically representative ER+ model breast cancer model (Lefley et

al, 2019).

Orthotopic implantation of 4T1 mouse triple-negative mammary carcinoma cells is commonly
used in immunocompetent BALB/c mice; however, spontaneous metastasis varies between subtypes,
and the frequency of bone metastasis is low (20% from 4T1, 40% from 4T1-2 etc.). Introducing
intracardiac injection with bone tropic 4T1-2 cell lines (1x10*1x10°) resulted in osteolytic lesions in 2-

3 weeks (Ottewell & Lawson, 2021) therefore this bone tropic 4T1 model was chosen to observe




effects of HSCs mobilisation on the tumour proregression in the immunocompetent strain (Chapter
5). Despite the presence of immune cell populations, this model is much more aggressive than the
MDA-MB-231/immunodeficient i.c. model, resulting in a high frequency of lung metastasis, limiting

the experiment time frame (Canuas-Landero et al, 2021).

1.6. Treatment of The Bone Metastasis; Clinical Drugs and

Effects

As described previously, understanding the bone metastatic niche is important to develop
treatments to eliminate disseminated cancer cells. Other factors, including tumour cell homing,
dormancy and bone destruction must be considered therapeutic targets for better treatment to
improve the patients’ quality of life, disease-free survival, and overall survival. Therefore, therapeutic
approaches targeting cancer cells which have overlapping effects on cells in the microenvironment
such as inducing immune cells, supressing osteoclast-mediated bone resorption, reducing angiogenic

factors, thus resulting in increased anti-tumour effect (Figure 1-6) (Weilbaecher et al, 2011).
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Figure 1-6: Therapeutic approaches to target the microenvironment.

Cancer cells interact with stromal cells in the bone microenvironment to survive and promote their own growth, thus, cancer
cell targeted therapies (a) have effects on the cells in the microenvironment (b) which result in increased anti-tumour effects.
MMP= Matrix Metalloproteinase; XRT= Radiotherapy; RKT=Receptor Tyrosine Kinase; TGF8=Transforming Growth Factor-68;
BPMs=Bone Morphogenetic Proteins. Reprinted and reused with permission from Springer Nature: (Weilbaecher et al, 2011).




When breast cancer cells are seeded in bone, their subsequent growth promotes osteoclast
activation and differentiation which increases bone resorption. This releases embedded growth
factors that promote tumour growth thus results in the vicious cycle (Zhang et al, 2019), which causes
continuous bone destruction. Current approaches to limit development and progression of these bone
lesions are aimed at supressing osteoclasts through different mechanisms with agents like
bisphosphonates, anti-RANKL antibody (Denosumab), mTOR, c-SCR inhibitors (Sousa & Clézardin,
2018) or cathepsin K inhibitors (Dai et al, 2020).

1.6.1. Bisphosphonates

Bisphosphonates are the most common therapeutic agents for osteoclast-mediated diseases such
as osteoporosis, cancer-induced osteolysis, Paget’s disease of bone and multiple myeloma. Their
activity against the bone resorption reduces bone pain and expansion of bone lesions (Drake et al,
2008). Bisphosphonates have two main actions against bone resorption; they attach to hydroxyapatite
binding sites on the bone surface (especially to the active resorption area), thus inhibit enzymes with
revealed phosphate (Rodan & Fleisch, 1996). They also decrease development of osteoclast
progenitors and their recruitment along with inducing osteoclast apoptosis (Hughes et al, 1995). These
two actions depend on the chemical structure of bisphosphonates: simple bisphosphonates and
nitrogen containing bisphosphonates. Zoledronic acid, the most commonly used BP used in patients
with bone metastases, is one of the nitrogen containing bisphosphonates with 10,000 fold higher anti-

resorptive activity than the simple bisphosphonates (Widler et al, 2002).
1.6.1.1. Mechanism of Action

Bisphosphonates are chemically stable derivatives of inorganic pyrophosphate (PPi) and their
molecular structure are similar but more stable due to their nonhydrolyzable central carbon (Figure
1-7, A). Because of the affinity to hydroxyapatite (like PPis) bisphosphates have high affinity to bone
(Drake et al, 2008). Bisphosphonates’ hydroxyl (R!) and structural moiety (R?) groups allows
phosphonates to flank thus increase the affinity and determines bone potency (Figure 1-7,B). (Drake
et al, 2008) Second or third generation bisphosphonates have amino or N groups which increases

antiresorptive potency relative to the early bisphosphonates (Figure 1-7,C) (Drake et al, 2008).




A Inorganic pyrophosphate Bisphosphonate
0 0 o R? o
" ] = o1 n "
10 =R =@ =g =0 _0=P=C=P=0
1 | | 1 I
0 0_ O R¥ O,
B Etidronate Clodronate Tiludronate
20 )
. CI 3 L 3 (l: & = Cl =
. Cl H
Relative
potency 10 10
C Alendronate Risedronate Ibandronate Pamidronate Zoledronic acid
NH., @ H4C =N = (CH ), NH., RS’“
I I I CcH. I |
(CH.), CH, (CH,), 3 (CIH )2 CH,
1 I | |
2 (lt . 2 2 (I: 2 %(lt < .;.(II 3 s 3 ('2 3
Relati OH OH OH OH OH
elative
potency 500 2000 1000 100 10,000

Figure 1-7: Molecular structures of bisphosphonates

Molecular structure and relative potency of bisphosphonates. (A) Molecular similarity of a bisphosphonate to inorganic
pyrophosphate. (B) Simple bisphosphates’ molecular structures and their relative potency. (C) Second or third generation
(nitrogen containing) bisphosphonates’ molecular structures and their relative potency. Reprinted and reused with permission
from Elsevier: (Drake et al, 2008).

Both simple and nitrogen containing bisphosphonates induce osteoclast apoptosis, but their
mechanisms of action are different. Simple bisphosphonates do not contain a nitrogen R chain thus
allowing them to incorporate into newly formed adenosine triphosphate. However, because of their
nonhydrolyzable property, they started to inhibit multiple ATP dependent process thus leading to the
osteoclast apoptosis (Russell, 2006). Nitrogen containing bisphosphonates have two mechanisms to
induce apoptosis; they inhibit farnesyl pyrophosphate (FPP), which is a key enzyme of the mevalonate
pathway, thus reducing prenylation of small GTPase enzymes (Ras, Rab, Rho, and Rac) that play role
in osteoclast proliferation, differentiation, and survival downstream pathways. Therefore, FPP
inhibition results as osteoclast apoptosis (Rogers, 2003). Also, they can induce formation of Apppl
(triphos- phoric acid 1-adenosin-50yl ester 3- (3-methylbut-3-enyl) ester), which is an endogenous ATP
analogue. Isopentenyl pyrophosphate isomerase (IPP) accumulates because of the FPP inhibition, thus
IPP is converted to Apppl that induces osteoclast apoptosis by inhibiting adenine nucleotide

translocator (Monkkonen et al, 2006).




Alongside bisphosphonate preservation of bone reduction, there are several in vitro (Boissier
et al, 2000; Clézardin et al, 2000; Neville-Webbe et al, 2005) and in vivo (Neudert et al, 2003; Daubiné
et al, 2007; Hirbe et al, 2009; Fournier et al, 2010) studies that focus on anti-tumour effects, reporting
increased levels of apoptosis and reduced proliferation in many cancer types, including breast cancer.
However, in vivo studies did not show similar anti-tumour effects of BPs when used as single agents.
In contrast, there are several in vivo studies that indicate a reduction of tumour burden (Ménkkénen
et al, 2006). A key point to remember is the administration of drug, which is directly on tumour cells
in in vitro studies with high drug concentrations for prolonged periods of time. In vivo administration
of BPs result in rapid binding to bone and a short half-life in the circulation, with tumours exposed to

low doses for a limited period (Weiss et al, 2008).

Some potential effects of bisphosphonates from preclinical studies are inhibition of tumour
proliferation and angiogenesis, apoptosis induction, promotion of cytotoxic agents, reducing the
tumour cell adhesion to the bone, immune cell activation and reducing tumour cell migration. The
majority of anti-tumour effects of bisphosphonates in-vivo are shown to be indirect through its bone

resorption inhibition and thereby ‘breaking’ the vicious cycle (Zekri et al, 2014).

1.6.1.2. Clinical use

Bisphosphonates are used to prevent bone loss in patients with confirmed bone metastases, to
reduce cancer treatment-induced bone loss and as an adjuvant therapy to prevent development of
metastases in post-menopausal breast cancer patients. Breast and prostate bone metastasis and
advanced multiple myeloma can cause hypercalcemia, spinal cord compressions, bone pain and
fractures, therefore, bisphosphonates are well established in these diseases to reduce skeletal related
events (SREs) (Coleman et al, 2012). In one of the early phase Il clinical study for bisphosphonates,
patients with skeletal metastasis (n=173) received clodronate as a two 400 mg capsule twice a day for
two years and clodronate prevented SREs significantly when compared to placebo group (Kristensen
et al, 1999). Patients with metastatic breast cancer patients (n=287) reported increased quality of life
and decreased bone pain when receiving daily 50 mg ibandronate for up to 96 weeks (Body et al,
2004). Many studies carried with bisphosphonates, and everyone indicated reduced SREs, thus led to
major analysis of 17 studies of bisphosphonates to compare the effects on many tumour types,
including breast cancer. This major analysis showed zoledronic acid’s SRE rate as 1.6 per 100 person-

month which was the best outcome when compared with other bisphosphonates (Palmieri et al,




2013). As a result, zoledronic acid is now standard of care for patients with confirmed bone metastases

in solid tumours and multiple myeloma.

The ability of BPs to prevent the development of bone metastases lead to an investigation of
zoledronic acid’s effect as adjuvant therapy, where it is combined with endocrine therapy, aromatase
inhibitors and chemotherapy for post-menopausal women. This was investigated in the ABSCSG-12,
AZURE and ZO-FAST clinical trials (Gnant & Eidtmann, 2010; Coleman et al, 2011, 2013, 2014;
Coleman, 2019). In the ABSCG-12 trial (1998-2006), ER+ breast cancer patients (n=1,803) who received
ovarian function suppression (therefore, patients considered as postmenopausal) were treated with
either single anastrozole (an aromatase inhibitor) or anastrozole and zoledronic acid. Zoledronic
addition to the treatment increased disease-free survival, reduced the bone metastasis and regional
recurrence, and eliminated cancer treatment induced bone loses (Gnant & Eidtmann, 2010). ZO-FAST
trial (2005-2011) carried out a similar treatment with letrozole (an aromatase inhibitor).
Postmenopausal ER+ and/or PR+ breast cancer patients (n=1,065) were treated with immediate or
delayed zoledronic acid alongside with letrozole. Results indicated that immediate zoledronic acid
increased disease-free survival, with reduced bone metastasis (Gnant & Eidtmann, 2010; Coleman et
al, 2013). In the AZURE trial (2003-2013), patients (n=3,360) with invasive breast cancer (regardless of
their subtypes) were treated with standard adjuvant systemic treatment with or without zoledronic
acid (Coleman et al, 2011). The AZURE trial did not show any difference in disease-free survival,
however, further analyses showed that postmenopausal patients had delayed or prevented
recurrence or bone metastasis (Coleman et al, 2011, 2014). All of these studies indicate that zoledronic
acid has different effects on pre- and post- menopausal patients. An in vivo study that mimicked
menopausal status in mice reflected the clinical findings from the AZURE trial, showing that zoledronic
acid treatment prevented tumour growth in ovariectomized but not in sham operated animals
(Ottewell et al, 2014), however, the underlying mechanisms for these effects are still unknown. One
possibility is that zoledronic acid affects bone cells other than osteoclasts, including myeloid
populations. Previous study carried out in our group, demonstrated transient changes in

haematopoietic progenitors in the bone when treated with zoledronic acid (Ubellacker et al, 2017).
1.6.2. Denosumab: Monoclonal Antibody to RANKL

The importance of the RANK/RANKL pathway in bone remodelling, described in detail in previous
sections, lead to the development of new therapeutic agents. Denosumab is a fully humanised
immunoglobulin G2 monoclonal antibody with 2 heavy (448 a.a./chain with 4 intramolecular
disulphides) and 2 light chains (215/chain) that targets RANKL expressed on both osteoclast

precursors, osteoclasts, and cancer cells. Preventing RANK/RANKL interaction inhibits tumour




survival, tumour formation and osteoclast formation/activity thus, bone resorption is decreased
(Hanley et al, 2012). Also, administration of denosumab is subcutaneous with a 60mg dose every 6
months (Stopeck et al, 2010) whereas zoledronic acid is an intravenous injection that requires 15
minute infusion every 3-4 weeks in hospital (Berenson, 2005). Therefore, denosumab administration

is less stressful for patients.

Like bisphosphonates, denosumab is used to reduce skeletal-related events and is significantly
more effective than zoledronic acid, as described below. A randomised phase Il trial (Body et a/, 2010)
investigated the effects of different denosumab doses (n=42,30-180mg) on patients with/without
previous bisphosphonate treatment. Patients were male or females with solid tumours or MM with
at least 1 bone lesion history. The main outcome measure from this study at the 25" week, was the
bone turnover marker urinary N-telopeptide (UNTx) by creatine, which is evidence for bone turnover.
Results indicated that denosumab supressed bone turnover, thus reduced the risk of skeletal events
for both breast and prostate tumours. Another randomised phase |l trial (Fizazi et al, 2009)
investigated denosumab’s effects on the patients with metastatic breast or prostate cancer and
multiple myeloma (n=46) with at least 50 nmol/L uNTx. Patients were treated with either 180 mg
denosumab or a bisphosphonate every 4 weeks for 25 weeks. After 25 weeks, patients who still had
at least 50 nmol/L uNTx, received treatment for an additional 32 weeks. At the end of the study,
denosumab reduced bone resorption thus resulting in less skeletal related events such as fractures. A
phase lll trial of denosumab (Stopeck et al, 2010) compared its effects with bisphosphonates in breast
cancer patients with at least one bone metastasis. Patients received either 120 mg denosumab or 4
mg zoledronic acid every 4 weeks for 34 months. Similar results were observed as in the previous trial;
denosumab is better at slowing and reducing skeletal related events when compared to zoledronic
acid. Allen et al. (2012), analysed the skeletal related events in patients with BC, prostate cancer, MM
or other solid bone tumours in phase 3 clinical studies of doxorubicin and zoledronic acid, and found
that denosumab was significantly better than zoledronic acid reducing skeletal related events by 17%.
Disease progression and survival was similar for both zoledronic acid and denosumab treatments

(Lipton et al, 2012).

Denosumab has also been investigated as an adjuvant treatment, in the phase Ill clinical trial (D-
CARE) with early breast cancer patients (n=2253) receiving 120 mg denosumab every 3 months for 5
years or a matching placebo. Despite preclinical evidence suggesting RANKL inhibition might delay
bone metastasis or disease recurrence in patients with early-stage breast cancer, denosumab did not
improve disease-related outcomes for women with high-risk early breast cancer (Coleman et al,

2020a). All these clinical studies indicate denosumab’s inhibitory effect on osteoclasts is better than




zoledronic acid, however, it still does not have the same effect in post-menopausal women in the
adjuvant setting. This indicates that the benefits of zoledronic acid in this setting involves other

mechanisms in addition to osteoclast inhibition.
1.7. Summary, conclusion, and outstanding question

In summary, the BME provides ideal niches for cancer cells, including the vascular and
hematopoietic niches that support breast cancer cell homing, survival, and growth. Different cell types
of the bone marrow such as hematopoietic, immune, and adipose cells contribute to the different
stages of breast cancer metastasis, from tumour cell homing to overt tumour growth, both through
direct cell contact and through release of soluble factors. However, more needs to be known about
these complex interactions between the bone marrow and tumour cells in the early stages of

metastatic breast cancer.

It is well established that chemotherapy has negative effects on the bone microenvironment, but
the precise cellular, molecular, and structural consequences of cytotoxic agents remain an unstudied
area. Alteration of the microenvironment can cause metastatic growth in bone; however, to what
extent modification of any one component in the niche affects the other niche components as well as
the disseminated cancer cells requires elucidation. Many therapeutics target the bone remodelling
cells (primarily osteoclasts), but the main aim is generally on slowing disease progression and the
associated bone degradation. Therefore, this project investigates the effects of current anti-cancer
therapies on different cellular components of the bone marrow microenvironment, revealing possible

additional therapeutic effects as well as indicating potential off-target effects in bone.




1.7.1. Hypothesis and aims of the thesis

The hypotheses underpinning this project are:

e Therapeutic agents used in treatment of cancer modifies multiple cell types in bone

o The presence of tumours in bone modifies multiple cell types and bone marrow niches,
including immune cell populations

o Therapeutic targeting of the bone marrow modifies progression of bone metastasis.

To investigate the hypotheses, the following aims have been set:

e Characterise and quantify the bone marrow populations comparing different mouse strains
(immunocompetent and immunocompromised).

e Determine how the bone marrow cell populations are affected by the presence of tumour
cells.

e Determine how the bone marrow cell populations are affected by anti-cancer therapies.

e Investigate how modulation of the hematopoietic bone marrow niche affects tumour growth

in bone.




CHAPTER 2.

2.1. MATERIALS

Table 2-1: Commonly Used Laboratory Agents

MATERIALS AND METHODS

Reagent Supplier CaT. No.
Acetic Acid | AnalaR VWR 20104.298
AMD3100 | Sigma-Aldrich 155148-31-5
Amphotericin B | HyClone SV30078.01
DAB | Vector SK-4100
DMSO | Sigma-Aldrich 472301
DMEM | Gibco 10569010
Doxorubicin | QC Release ITH Pharma LTD N/A
DPX | VWR 360294H
EDTA | Sigma-Aldrich 0360
Eosin | Atom Scientific LTD RRSP35-A
EtOH | Fisher E/0665DF/17
Filgrastim (G-CSF or ZARXIO™) | Sandoz Inc. NDC 61314-312
Foetal Calf Serum | Sigma-Aldrich F7524-500ML
Gill’s Haematoxylin | Merck HXX2494994
H,O0, | VWR 23622.298
Histo-Wax | Leica $26.0280
IMDM | ThermoFisher 31980030
ISOFLURANE | Zoetis NDC 0044-5260-03
Luciferin | Perkin Elmer 122796
MethoCult GF M3434 | Stemcell Technologies 03434
MTT | Sigma-Aldrich M5655
Naphthol AS-BI phosphonate | Sigma-Aldrich N-2125
NGS | Vector S-1000
Paraformaldehyde | Sigma-Aldrich P6148
PBS | ThermoFisher 10010023
PenStrep | Gibco 15140-22
RPMI 1640(1X)+GlutaMAX™ | ThermoFisher 61870036
Sodium Nitrite | Sigma-Aldrich S-2252
Sodium Tartrate | Sigma-Aldrich S-4797
Tri-Sodium Citrate | Merk 1.06448
Triton-X 100 | Sigma-Aldrich X100-500ML
Trypsin | Sigma-Aldrich T3924-500ML
Tween-80 | Sigma-Aldrich P1754-500ML
Xylene | Fisher X/0250/17




Table 2-2: Software used for analysis

Software

Supplier

CTAnalyser software
GraphPad Prism 8
Image J

LAS AF

NRecon

Osteomeasure Software
SkyScan

Table 2-3: Machines used

Machine

SkyScan, Burker microCT, CT-Analyser

GraphPad Software Prism version 8

Image J Version 1.52s

Leica

Osteometrics

Osteometrics

Bruker microCT

Supplier

Multi-Well Plate Reader

Leica EG1150H Wax Dispenser
Leica RM2135 Microtome

X-Ray Computed Microtomography
Leica AF6000LX

IVIS Lumina

SCIL vet Abc PLUS

SpectraMax M5e, Molecular Devices

Leica

Leica

Bruker, aartselaar, Belgium

Leica

Perkin Elmer

SCIL Animal Care Company, Altorf, France

Table 2-4: List of the Antibodies used

Antibody Supplier Cat.No. Clone Fluorophore
CD11b | Biolegend 101225 M1/70 APC/Cy7
CD11c | Biolegend 117363 N418 KIRAVIA Blue 520
CD11c | Thermo-Fisher 61-0114-82 N418 PE-eFluor610
CD19 | Biolegend 115507 6D5 PE
CD3 | Biolegend 100353 145-2C11 BV510
CD4 | Biolegend 100423 GK1.5 PerCP/Cy5.5
CD45 | Biolegend 103134 30-F11 Bv421
CD8 | Biolegend 100724 53-6.7 AF647
F4/80 | Biolegend 123113 BM8 PE/Cy7
Ly-6C | Biolegend 128007 HK1.4 PE
Ly-6G | Biolegend 127616 1A8 PerCP/Cy5.5
MHCII | Biolegend 107635 M5/114.15.2 BV510
NK 1.1 | Biolegend 108713 PK136 PE/Cy7
Zombie UV | Biolegend 423107 N/A uv4s0
Lineage Cocktail | Biolegend 558074 M1/70|145- APC
2C11|RB6-
8C5 | TER-
119|RA3-6B2
CD117(c-Kit) | Biolegend 560185 288 APC-H7
Ly-6A/E (Sca-1) | Biolegend 561076 E13-161.7 PE
Fc Block (CD16/CD32) | Biolegend 553141 2.4G2 -




2.2. METHODS

2.2.1. In Vitro Experiments

2.2.1.1. Cell Lines

MDA-MB-231-1V PX462

MDA-MB-231 is an immortalised epithelial human breast cancer cell line. It is highly
aggressive, invasive, and triple-negative breast cancer. It lacks oestrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor 2 (HER2) amplification. The MDA-MB-231
cell line used in these studies are a GFP+ clone derived by Dr Vicky Cookson (hamed MDA-MB-231-1V
PX462) of the highly bone-seeking MDA-MB-231 |V cells, previously transfected with a luciferase
vector by Nutter et al. (Nutter et al, 2014). When mice are administered luciferin, tumours are
traceable with the In Vivo Imaging System (IVIS). Bone metastasis models were created with an intra-
cardiac injection of 1 x 10° cells per animal in 100 ul PBS. MDA-MB-231 cells were cultured in RPMI
1640 (1X) + GlutaMAX™ medium (ThermoFisher Scientific, UK) with 10% Foetal Calf Serum (FCS)
(Sigma-Aldrich, UK) in air-filtered T75 flasks. Cells were incubated at 37 °C, %5 CO2 and 95% relative

humidity. Their doubling time was 48 hours.
4T1 LUC BONE

4T1 LUC BONE cells are triple-negative mouse mammary carcinoma cell line specifically targets
bones (transfected with a luciferase vector) and kindly provided by Dr Penelope Ottewell. These cells
do not express GFP and were generated by the Ottewell team as follows: 4T1-Luc2 cells were injected
(i.c.) into 12-week-old female BALB/c mice and tumour growth in bone was monitored using the IVIS
Lumina Il system (Calliper Life Sciences, UK). Animals were culled 2 weeks after tumour cell injection
and tumour-bearing bones were isolated in a sterile environment and dissociated aseptically to collect
the 4T1LUC BONE cells (Canuas-Landero et al, 2021).In my project, bone metastasis models were
created with an intra-cardiac injection of 3x10%cells per animal in 100 pl PBS. 4T1 LUC BONE cells were
cultured in DMEM -pyruvate (Gibco, UK) with 10% Foetal Calf Serum (FCS) (Sigma-Aldrich, UK) in air-
filtered T75 flasks. Cells were incubated at 37 °C, %5 CO2 and 95% relative humidity.

Cell lines underwent regular mycoplasma testing and have been authenticated, in house (by the
Ottewell group), using short tandem repeat analysis of 10 loci.




2.2.1.2. Cell Passaging

Cells were passaged after two days (~80% confluent cells in T75 flasks). The old medium was
discarded, and cells were washed three times with 6 ml sterile PBS (ThermoFisher, UK). 2 ml of 0.25%
Trypsin EthyleneDiamineTetraacetic Acid (EDTA) (ThermoFisher Scientific, UK) was added to the flasks
and incubated at 37 °C for 5 minutes. 8 ml cell culture medium with 10% FCS was used to deactivate
the Trypsin-EDTA. The cell suspension was transferred to tubes and centrifuged at 1000 rpm for 5
minutes to form a pellet. The supernatant was discarded, and cells were re-suspended in 6 ml

medium+10% FCS. 2 ml of the suspension was added to a T75 flask containing 10 ml media+10%FCS.
2.2.1.3. Cell Freezing and Thawing

For freezing cells, cells were suspended as described for cell passaging above. After removal
of the supernatant, the cells were re-suspended in cold freeze medium (90% FCS + 10% DMSO),
aliquoted to 1 ml per cryovial and frozen overnight at -80°C. The vials were transferred to the liquid

N, tank/biorepository for long-term storage.

For the thawing of cells, the vial containing the frozen cells was warmed in the 37 °C water
bath until the sides were thawed, but the centre was kept frozen. The cells were collected by adding
3 ml medium +10% FCS, then transferred to the 15 ml falcon tube and centrifuged at 1000 rpm for 5
minutes. The supernatant was removed, and cells were re-suspended in 15 ml medium + 10% FCS and

transferred to a T75 flask.

2.2.1.4. Cell Counting

Cells were counted with a haemocytometer under the light microscope. Cells were trypsinised
and suspended as described for cell passaging above. 10 pl of the cell suspension was added to the
sides of the haemocytometer. Four 4x4 corners were counted (4 x 10° ml volume); a total number
divided by the number of counted squares and multiplied by the volume factor (1 x 10%) gives the total

number of cells per ml (Figure 2-1).




Figure 2-1: Representation of 1 haemocytometer grid.

Cells inside the squares that highlighted in red counted and cells are at the borders of those squares are not counted.

2.2.1.5. Half Maximal Inhibitory (ICs0) dose with MTT Assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye is used for assessing
cell metabolic activity. The reduction of MTT dye inside the cells produces soluble formazan crystals,
which gives a purple colour (Plumb, 2004). This specific reaction correlates with cell numbers. The
effect of doxorubicin on MDA-MB-231 was analysed using the MTT assay. Cells (n=8) were seeded
10000 cells/cm? on to 96 well plates with 200 pul RPMI + 10% FCS. Cells were treated with media
+10%FCS, media + PBS, 10° M, 10® M, 5x10® M, 107 M, 10°® M, 10> M, 5x10° M, and 10* M
doxorubicin for 72 hours in an incubator at 37 °C. Doxorubicin binds topoisomerase-Il and blocks the
DNA proliferation and MDA-MD-231 cell doubling time is around 38h (after | have seeded 1 x 10*
cells/cm?, 38 hours required to double their density). The cells were incubated for 72 hours to allow
enough time to observe a significant difference between cell numbers. After 72 hours, all media was
removed, and 100 pl MTT solution (1mg/ml media+10%FCS) was added to all wells. The plate was
covered with aluminium foil, and cells were incubated for 4 hours in an incubator at 37°C. After four
hours, the MTT solution was removed by carefully inverting the plate onto the sterilised tissue paper.
For the last step, 100 pl DMSO was added to the wells, and the plate was re-covered with aluminium
foil. The plate was placed on the plate shaker for 15 minutes at 170 rpm to dissolve all formazan
crystals. Multi-well plate reader reads absorbance at 570nm wavelength. GraphPad version 8 was
used to calculate ICso. First, concentrations were calculated as Log[X], and absorbance values were

converted to cell viability based on the highest value from the concentration group set as 100%. These




X (concentrations) and Y (Cell viability) were fitted into the inhibition graph, and the X value is

calculated where it intersects with 50% viability (Figure 2-2).
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Figure 2-2: Schematic of dose response to identify 1Cso.

Diagram of dose response experiment to determine ICsp dose of doxorubicin. 10000 cell/cm? cells were plated and serially
treated at 10-fold dilutions ranging from 1x 10* M — 1x 108 M DOX doses and control media (media +10%FBS and media
+PBS) for 72 hours. Absorbance values calculated with MTT assay and Log[M]-Absorbance graph plotted.

2.2.2. In Vivo Experiments

2.2.2.1. Home Office Approval

The Research Ethics Committee of the University of Sheffield (Sheffield, UK) reviewed and
approved all the in-vivo experiments which were granted UK Home Office approval and performed in
accordance with the UK Animals (Scientific Procedures) Act 1986 and Home Office Regulation under
the Programme Project Licence PPL 70/8964 (Professor Nicola J Brown), P99922A2E (Dr Penelope D
Ottewell) and Personal licence ID5F9D530 (Veli Aydin).

2.2.2.2. Animals

8-10 Weeks old female BALB/c, BALB/c nude, and C57BL/6J mice were ordered from Charles
River (UK) and were housed in individually ventilated cages in a controlled environment with a 12-
hour light/dark cycle at 22 °C. Water was available ad libitum. For all studies, animals were randomised
to control, or treatment based on weight. All animals were weighed before the distribution to the
cages, and the mean weight value of each cage was similar (4 or 5 animals per cage, depending on the
size of the experiment). The treatment part of the studies was not blinded; however, sample analyses
for histology were done in a random fashion to avoid bias. Flow cytometry and uCT analyses were not

dependent on the observer; thus, samples were not blinded.




2.2.2.3. Tumour Cell Injection

Breast cancer bone metastasis was mimicked by intra-cardiac injection of Luc2+ve MDA-MD-
231 cells. Mice were anaesthetised with 2-3% isoflurane (Zoetis, UK) inhalation. All mice were injected
with 100 pl PBS containing 1x10°> MDA231 cells (xenograft models) or 3x10* 4T1 cells (syngenetic
models) into the left ventricle. Then, mice were kept in an incubator at 32°C for 1-3 hours post-

injection and observed closely for any adverse effects for at least 24 hours.
2.2.2.4. Administration of Drugs and Other Solutions
Doxorubicin Treatment of Mice

16-20 Mice were used for either BALB/c or BALB/c nude experiments, and randomly divided
into 8-10 mice for each group (PBS control and Doxorubicin (DOX) treated). 4 or 8 mg Doxorubicin/kg
concentration was used. Concentration calculation was made by assuming 20 g animal would be
injected with 100 ul DOX diluted in PBS. Mice that have lower body weight received a lower volume
but the same concentration. All mice were treated once a week with 100 ul PBS (control) or DOX for
four weeks via tail vein injection (performed by Mr Matt Fisher). Animals were monitored every two
days by checking their physical appearance and weights. Animals were culled two days after the last
treatment with blood withdrawal by cardiac puncture, and dislocation of the neck was used to ensure

death.
Modification of the HSC niche

10-16 Mice were used for all strains, randomly divided into 5-8 mice for each group (PBS
control, AMD3100 treated, and filgrastim (G-CSF) treated). Animals were treated with PBS (100 pli.p.)
daily, the CXCR4 antagonist AMD3100 (5 mg/kg, i.p.) or G-CSF (123 ug /kg i.p.) for five days.
Concentration calculation made by assuming 20 g animal would be injected with 100 ul of any drug.
Animals were monitored every two days by checking their physical appearance and weights. Animals
were either culled 2-6 hours after the last treatment with blood withdrawal by cardiac puncture and
dislocation of the neck to confirm death, or tumour cells were injected via the intracardiac route to

observe tumour development.
2.2.2.5. In-Vivo Imaging of Tumour Growth

As mice were injected with tumour cells that expressed firefly luciferase, tumour growth was
monitored using the in-vivo imaging system (IVIS) LUMINA II (Calliper Life Sciences). Five minutes

before the imaging, animals were injected with 100 pl D-Luciferin (30 mg/kg) via the sub-cutaneous




route. All procedures were done under anaesthesia with 2-3% inhalation of isoflurane (Zoetis, UK).
Images were analysed with living image software version 4.1. Tumour size, presence time and counts

were measured.
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Figure 2-3: Example IVIS image.

IVIS example, the Scale on the right represents the level of intensity. The blue hue represents approximately 300 units, and
the red hue represents 2000 units.

2.2.3. Ex Vivo Experiments

2.2.3.1. Collection of Bone Samples

Femurs and tibias of animals were collected at the end of the experiment. First, skin and most
muscles were removed from the hind limbs. Then, the hind limbs were removed from the pelvis by
cutting perpendicular to the limb bones to protect the integrity of the femoral heads of the bones.
After removing the hind limbs, the tibia and femur were separated by cutting with scissors to obtain
individual bones. Lastly, any remaining muscle and connective tissues were removed with forceps. The

right tibias were fixed in 4% paraformaldehyde solution. Then, bones were decalcified with 0.5M EDTA

solution and processed for histology following standard procedures (see Sections 2.2.3.2 and 2.2.3.3).




The left tibias were used for bone marrow isolation. Left and right femurs were snap frozen in liquid

N,.
2.2.3.2. Tissue Fixation and Decalcification

Fixative solution: The 4% Paraformaldehyde solution was used to fix the bones. The solution
was prepared by adding 40 mg paraformaldehyde powder (Sigma-Aldrich, UK) to 1L PBS under the
hood. The solution was heated to 55 °C while stirring until the solution became clear, followed by
cooling on ice. 3 ml of 4% PFA solution was used for fixing mouse bones at 4°C overnight—any excess

4% PFA solution was stored at -20°C.

Decalcification solution: Bones were decalcified with 0.5M EDTA solution. 186.6 g EDTA
powder was added to 700 ml PBS. Then, a 20 g NaOH pellet was added to help EDTA dissolve on the
stirrer. After the solution became transparent, the pH was adjusted to 8 and the volume adjusted to
1 L with PBS. The solution was divided into aliquots and stored at 20 °C for up to 4 weeks. Bones were
decalcified inside bijou containers that contained 5 ml 0.5 EDTA solution for two weeks at 4°C. The
solution was changed every one to two days for 14 days. After decalcification, bones were processed

for histology by the University of Sheffield Bone Biology Lab.

2.2.3.3. Wax Embedding and Sectioning

After the bones were processed, tissues were embedded into histo-wax (Leica, UK) blocks
using Leica EG1150. Bones were placed in a 58 °C paraffin bath for 30 minutes. The best-corresponded
mould was chosen for the bone shape. A small amount of paraffin was put into the mould then, using
warm forceps, bone was placed into the middle of the mould as diagonal to get the best result from
the microtome. While pressing firmly, mould was placed on the cold surface to hold the bone. After
that, the labelled tissue cassette was placed over it and filled until the cassette was full. For the last
stage, the mould was placed under the cold plate for at least 30 minutes to cool down, the mould was

then removed, and excess was cleaned near the cassette.

A Leica RM2135 microtome was used to section the paraffin-embedded bones. A new knife
was used for each sectioning section, and all blocks were placed on the ice block inside the 4°C fridge
for at least 1 hour to achieve maximum hardness for the best cutting result. During the sectioning,
blocks were softened due to the increased heat of the cutting process. To make them harder, they
were placed on the ice block. 3 um thickness was used for each section, and bones were trimmed until

the first triangle that could be scored was achieved (Figure 2-4).




Growth plate
Triangle

Figure 2-4: Schematic explanation of triangle.

Explanation of triangle when collecting slides on microtome cutting.
2.2.3.4. Blood Sampling

Mice were anaesthetised with 2-3% isoflurane (Zoetis, UK), and blood samples were collected
with a cardiac puncture (terminal procedure) and placed into 50 pl EDTA to prevent clotting. Samples
were analysed either with scil Vet abc Plus (SCIL Animal Care Company, Altorf, France) or used in FU

analysis.
2.2.3.5. Bone Marrow Isolation

After dissection, bones were placed into ice-cold PBS. Under the sterile hood, bones were
quickly dipped into 100% EtOH five times, and excess alcohol was immediately removed with tissue
paper. Then, a similar approach was repeated with 70% alcohol. The top end (head) of the bone was
carefully removed with scissors and placed into sterilised 0.2 ml PCR tubes where the bottom had
been removed. Tubes containing bones were then placed into 1,5 ml Eppendorf tubes that contained
200 pl sterile PBS with 1% penicillin and streptomycin. Tubes were centrifuged at 6000-7000 rpm for
3-5 minutes to flush the bone marrow into the PBS. After removing the supernatant, bone marrow
was suspended in PBS and centrifuged at 1000 rpm 5 minutes 3 times. All bone marrow cells were
frozen in FCS with 10% DMSO, the same freezing media used for in vitro cell culture or the CFU Assay

was performed.




2.2.3.6. Micro Computed Tomography (uCT)

Micro-computed tomography (microCT or uCT) is a non-destructive imaging tool to produce
high-resolution three-dimensional (3D) images composed of two-dimensional (2D) trans-axial

projections of a target specimen.

UCT has four major components: an x-ray tube, a collimator (which focuses the beam geometry to
either a fan or cone beam projection), a specimen stand and a phosphor-detector/ charge-coupled
device camera. Reconstruction of a 3D image is performed by NRecon software which constructs a 3D
image from the 2D image that is gathered. SkyScan software wass used to obtain 2D images. Scanning
was performed using a Skyscan 1172 X-ray computed microtomography scanner (Bruker, Aartselaar,
Belgium). The 2016x1344 camera resolution with a 0.5 Al filter and 4.3 um pixel size settings were

used for all the bones. All bones were scanned 180°with a default 0.7 rotation step.
Analysis of uCT data

Data were analysed with CTan software. Data was first selected from the software. The
reference point was selected where the spongy bridge on the trabecular bone had broken. 0.2 mm
from the reference point is the offset for trabecular bone (1 mm for cortical bone). After the offset

value, 1 mm of the bone was set as the height to analyse (Figure 2-5).
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Figure 2-5: Setting the reference point.

Growth plate bridge used as reference point in the spongy bone, where spongy bone started to merge. After this point an
offset was taken 0.2 mm for trabecular bone and 1 mm for cortical bone and measurement carred for 1 mm height on

Osteomeasure.

After selecting the correct bone region, we selected the region of interest (ROI), either the

trabecular or cortical area was selected (Figure 2-6).
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Figure 2-6: Selection of region of interest for trabecular and cortical bones.

Example drawing of trabecular and cortical bones ROl on Osteomeasure.

Bone ROIs were extracted for all the samples, then were analysed with the batch manager. In
the analyses, all samples were run through “Thresholding”, “Despeckle”, and “3D Analysis” in
sequence. The thresholding value was set to a minimum of 80-85 and a maximum of 255. Despeckle
was set to remove white speckles of less than 10 voxels. Default settings were used for 3D analysis of

trabecular bone thickness, number, and separation measurements.
2.2.3.7. Histochemistry

Haematoxylin and Eosin (H&E) Staining

H&E stain is used to visualise various tissue structures; the nucleus of the cells stains blue;
cytoplasm and connective tissue are stained pink. Histological sections from paraffin-embedded

bones were stained with a standard protocol. Briefly, sections were dewaxed in xylene (2 times, 5




minutes each) and rehydrated with decreasing concentrations of alcohol (99%, 99%, 95% and 70%, 1
minute each) to distilled water. Sections were placed in Gill's Haematoxylin solution (Merck, UK) for 2
minutes. After that, sections were rinsed under the tap water for 5 minutes. After clearing the water,
sections were placed in 1% eosin solution (Atom Scientific LTD, UK) for 5 minutes. Before the
dehydration, samples were rinsed again with tap water. Slides were dehydrated with increasing
alcohol concentrations (70%, 95%, 99%, 99%, 30 seconds each), cleared in xylene and mounted on a
cover slip with DPX [(distyrene), plasticizer (tricresyl phosphate) and xylene] (VWR, UK).
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Figure 2-7: Haematoxylin and Eosin Stain.

10x image of bone with breast cancer that shows the H&E staining results on bone marrow cells. Tumour were marked with
red border while black border was used to mark the bone marrow cells and the pink-purple coloured area where the widely
purple nucleus cells (osteocytes) buried is the bone.

Staining for Tartrate-Resistant Acid Phosphate (TRAP)

Tartrate-Resistant Acid Phosphatase (TRAP) staining is a histological stain that shows
osteoclast activity. TRAP is the catalysis of a naphthol-AS-Bl phosphate substrate, a key enzyme in
bone resorption. Red areas indicate high TRAP activity, which shows osteoclast presence and
correlates with the number of osteoclasts. Gill’'s haematoxylin is used as a counterstain to show cell

perimeters and nuclei.




Paraffin-embedded samples were cut at 3 um thickness and placed on slides left to dry in an
incubator at 37 °C overnight. Slides were dewaxed and immersed for 5 minutes in a pre-warmed
acetate-tartrate buffer prepared by mixing sodium tartrate (Sigma-Aldrich, UK) (2.18% (w/v)) into an
acetate buffer of diluted acetic acid (1.2% acetic acid (v/v) (AnalaR, UK) in dH20) in H20 (20% diluted
acetic acid (v/v) in H20). After the immersion, slides were incubated in naphthol/dimethylformamide
solution (2% w/v naphthol AS-BI phosphonate (Sigma-Aldrich, UK)) for 30 min at 37 °C. Next, slides
were incubated in 4% (w/v) sodium nitrite (Sigma-Aldrich, UK) solution in H20 for 15 min at 37 °C.
Slides counterstained for 20 seconds in Gill's haematoxylin and dehydrated with increasing alcohol

concentrations (70%, 95%, 99%, 99%, 30 seconds each), cleared in xylene and mounted on a cover slip

with DPX [(distyrene), plasticiser (tricresyl phosphate) and xylene] (VWR, UK).
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Figure 2-8:Bone section stained for TRAP.

10x image of the bone that shows the stain for TRAP and measured parameters on bone marrow cells. Cortical bone surface
(marked with green) and trabecular bone surface (marked with red) measured. Active osteoclasts which are multinuclear
and positive for red TRAP stain (marked with cyan dots) and active osteoblasts which are big rectangular cells (marked with
orange dots) were counted for both bones. Also, their bone adjacent cell surfaces were measured (cyan line marker for

osteoclast and orange line marker for osteoblast)




2.2.3.8. Scoring of Histological Slides

Bone histomorphometry was performed on stained histological sections using Osteomeasure
software (Figure 2-9). Osteoblasts were identified by their characteristic cuboidal shape; osteoclasts
were identified by bright pink staining under the microscope. This software allows quantification and
measurement of the specific bone parameters such as the endocortical and trabecular zone. For the
endocortical zone, the chondrocyte zone was taken as a reference point (Figure 2-10), and 250-300
pum was taken as an offset at the end of the chondrocyte zone. After that point, 1.8 mm of the cortical

bone was analysed (Figure 2-11).
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Figure 2-9: Overview of Osteomeasure software.

New: Opens a new file, Save: Saves current file, Save Settings: Saves settings for Osteomeasure software, Read Settings:
Opens saved settings, Objective: Adjusts pixel/distance ratio to the objective, Field: Adjust working field, Features: Adjusts
visible analyse features, Measurements: Current settings that are set for different analyse features and list, Measure View:
Measurement area, Field Data: current analyse results, Summary Data: Current file’s results with all areas, All Biopsies:
Summary results of all files that are scored, Options: Options for analysing features settings.
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Figure 2-10: Chondrocyte zone for reference point.

Finding the chondrocyte zone in the growth plate as a reference point.
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Figure 2-11: Endocortical zone measurement.

Example TRAP scoring for endocortical zone.




The number of osteoclasts (N.Oc), number of osteoblasts (N.Ob), osteoclast surface
area(Oc.Pm) on bone, osteoblast surface (Ob.Pm) on bone and bone surface were measured. 0.6 mm
of the area was analysed after the offset. For the trabecular zone, the offset value was taken from the

ending of the growth plate (Figure 2-12).
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Figure 2-12: Trabecular zone measurement.

Example TRAP scoring for the trabecular zone.

2.2.3.9. Colony Forming Unit (CFU) Assay

Haematopoietic stem cells have different progenitor cells which differentiate into many
different types. When these progenitor cells are cultured in suitable semi-solid media, they form
colony-like structures, which divide and can be identified. Each colony is derived from a single cell
when optimal dilutions and plating conditions are applied. MethoCult GF M3434 is a semi-solid media
that can be used to grow different hematopoietic progenitor cells such as erythroid progenitor cells
(CFU-E), burst-forming unit-erythroid (BFU-E), granulocyte and/or macrophage progenitor cells (CFU-
GM), multi-potential progenitor cells (CFU-GEMM) and B lymphocyte progenitor cells (CFU-pre-B).

1x10* cells/well were seeded on 6-well plates with 1.1 ml MethoCult GFM3434 (StemCell
Technologies, UK) + 10% IMDM (2% FCS+%1 P/S/A), samples were seeded in triplicate. Samples were

checked once every two days to detect colony formation for 14 days. Each well had 1.1 mL media




(Figure 2-13). At the end of the experiment, images were taken by an automated system using a Leica

AF6000LX inverted microscope, and colonies counted using ImagelJ software (Figure 2-14).
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Figure 2-13: Merged image of one well.

Each square image was taken using the Leica AF6000LX inverted microscope with its automated plate reading software, LMX

and merged.

Figure 2-14: Example colony image.

Burst-Forming unit-erythroid (BFU-E) identified from its morphology




2.2.3.10. Flow Cytometry

Either fresh or defrosted cryopreserved bone marrow was used in flow cytometry. Bone
marrow was washed in ice-cold PBS supplemented with 1% v/v FBS (FACS buffer). Samples were
aliquoted and incubated with fluorochrome-conjugated antibodies and live/dead dyes (

Table 2-4) (diluted 1:100) for 45 min. In flow cytometry, samples were unstained, or labelled with
every single stain and fluorescence minus one (FMO: staining the sample with all except one stain) to
determine gate. First, samples were stained with live/dead dye (Zombie UV) at room temperature for
30 minutes. After that, samples were incubated with antibodies on ice for 45 min. After each staining
process, samples were washed with ice-cold FACS buffer and centrifuged at 500g for 5 minutes to
remove the supernatant. After the staining, samples were washed twice with FACS and ran with flow

cytometry. Cell populations were compared using a statistical T-Test (Table 2-5).

Table 2-5: Cell populations and flow cytometry markers

Lymphocytes

T Cells

CD45%, CD3*, CD1Y

CD4+ T Cells

CD45%, CD3*, CD19,, CD4*, CD8

CD8+ T Cells

CD45*, CD3*, CD19,, CD8*, CD4

B Cells

CD45%, CD3, CD19*

Natural Killer (NK) Cells

CD45%, CD3, CD19°, NK1.1*

Myeloid Cells

Dendritic Cells CD45%, CD11b*, CD11c*, MHCII*
Neutrophils CD45*, CD11b*, Ly6G*

Macrophages CD45*, CD11b*, Ly6G, Ly6C"°, F4/80"
Monocytes CD45*, CD11b*, Ly6G", Ly6C", F4/80"
Granulocytes CD45%, CD11b", Ly6G"

HCSs and progenitors

LSK Cells Lin-, Sca-1%, cKit*

LK Cells Lin’, Sca-1, cKit*

Analysed cell populations from bone marrow and their markers.




Gating Strategies for flow cytometric analyses

Gating around the cell populations with common characteristics, using forward/side scatters
and marker expression level, allows quantification of populations of interest. The following figures
show the gating strategies for haematopoietic populations (Figure 2-15), lymphocytes (Figure 2-16)
and myeloid populations (Figure 2-17) using side scatter area (SSC-A), forward scatter area (FSC-A)
and height (FSC-H) and the markers listed in Table 2-5. All positive or negative gating was determined

using fluorescence minus one (FMO) and a single stain for the marker.

Lin-

LK Cells  LSKCells

SSC-A
cKit

Lineage Sca-1

Figure 2-15: Gating strategy for haematopoietic populations.

Gating strategy of HSCs and progenitors: LK Cells (common progenitors) and LSK Cells (HSCs and their multipotent
progenitors) were gated under the lineage negative live bone marrow cells.
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Figure 2-16: Gating strategy for lymphocyte populations.

Gating strategy of Lymphocyte cell populations: CD19/CD3 gating were carried under CD45 positive cells, CD19 positive and
CD3 negative cells were gated as they are B lymphocytes, CD19 negative and CD3 positive cells were further gated with CD8
and CD4 antibodies for CD8 positive T cells and CD4 positive T Cells. CD19 and CD3 negative cells were further gated with
NK1.1 for NK Cells.




SSC-A

CD11b

.CD11b+H “ Neutrophils

'y N
<
D < [=]
O ! 0
n (] 2
Ly6C
s
s
Ly6Clow
< < =
2 Q
a b
(%]
3 A
< Dendritic Cells < Macrophage
O I Q
0 0
" "
MHCII F4/80

Figure 2-17: Gating strategy for myeloid populations.

Gating strategy for myeloid populations: Granulocytes arise from live CD45 positive bone marrow cells; Neutrophils were
gated under the CD11b positive cell populations, and Ly6G negative population giving rise to monocytes and macrophages.
Denderitic cells arise from the CD11c positive population from CD11b positive cells.




2.2.4. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8.0. All the sample results
were compared on GraphPad and used t-test, 2-way ANOVA or Mantel-Cox (Log-Rank) analysis to
determine their significance. All experiments were carried out at least three times in triplicates. Data
is considered statistically significant at p<0.05. P<0.05 is the first-degree significance (*), P<0.01 is the
second-degree significance (**), P<0.001 is the third-degree significance (***) and P<0.0001 is the

fourth-degree significance (****)







CHAPTER 3. THE BONE MARROW
MICROENVIRONMENT IN DIFFERENT MOUSE STRAINS
— IMPACT OF TUMOUR GROWTH

3.1. Summary

Bone metastatic breast cancer causes bone pain and fractures, with current treatments only
slowing disease progression. Therefore, understanding the bone and bone marrow composition can
help researchers develop better treatments to improve quality of life and survival rates. Murine
models are often used to understand the mechanisms underlying breast cancer. However, there is not
a single model that comprehensively allows replication of human bone metastasis. Many studies use
xenograft models, requiring immunocompromised mice that do not allow investigation of the role of
the immune system in this process. Modelling bone metastasis inimmunocompetent models has been
limited, mainly because of widespread concomitant soft tissue metastasis. It is unclear whether
differences in the bone microenvironment between immunocompetent and compromised mice
contribute to the different patterns of metastasis. Age and weight-matched immunocompetent
syngeneic (BALB/c) and immunocompromised xenograft (BALB/c Nude) strains were used. Bone
parameters such as bone structure, bone remodelling cells, haematopoietic stem cell populations,
lymphocytes and myeloid cell populations and complete blood count were measured to evaluate
whether these models have similarities or detectable statistical differences between them. It is known
that the BALB/c Nude strain has defective immunity due to the lack of a thymus, which results in T-

Lymphocyte deficiency.

Results obtained from the current study showed that haematopoietic stem cells (HSCs), B-
Lymphocytes and myeloid cells from bone marrow were different in the BALB/c Nude strain compared
to BALB/c strain. Flow cytometry obtained quantifiable differences from liquid bone marrow. Using
UCT there were differences in trabecular bone thickness or numbers between the strains and
trabecular separation was found longer in the BALB/c Nude mice. However, no significant differences
were observed in bone remodelling cells between the strains, except osteoclast perimeter was found
to be longer in the BALB/c Nude trabecular bone. These findings indicate that determination of exact
differences is required to understand mechanisms under the disease progression or possible drug

effects.




The second study described in this chapter was to explore and, if possible, quantify the early
effects of tumours on the bone and bone marrow populations. The xenograft model was used to test
this hypothesis. The earliest detectable tumours appeared nine days after injection of the breast
cancer cells, and the experiment ended on day 21. Nine out of the ten mice had tumours with
measurable hind limb signals, but no measurable difference was found between bone volumes despite
the visual observation of the tumour causing bone destruction. However, GFP+ cells could be sorted
from the all-signal-bearing bones (9/9). No difference was found in the bone marrow populations in
the presence of tumours, which might be the reason for the low tumour burden. Overall, studies in
this chapter identified possible differences between different mouse strains used in the studies and
indicate these populations might be the reason behind the different results obtained. Also, it shows
that the tumour’s bone destruction effects, alongside its effects on the cell population, can be

observed given sufficient time for tumour development.




3.2. Introduction

Bone metastases are incurable, causing pain, fractures, and hypercalcemia, especially in late-
stage breast cancer patients (Hiraga, 2019). Understanding the mechanisms underlying these effects
is required to reveal novel potential therapeutic targets, which can help to improve the patient's
quality of life and increase the survival rates. As it is impossible to obtain sufficient quantity/quality of
bone metastasis samples from patients, well-characterised in vivo models must be studied for breast

cancer bone metastasis.

Multiple murine models are used to study breast cancer metastasis (Ottewell & Lawson,
2021), and each has different advantages and disadvantages. Achieving spontaneous bone metastasis
from a primary tumour is rare; thus, it is hard to reproduce the same efficient model (Mundy, 2002).
None of the models can represent all genetic and phenotypic properties of human breast cancer bone
metastasis; therefore, a specific problem must be tackled using either the most suitable model or a
combination of models. In xenograft models, the immune system is suppressed. Therefore, genetically
modified strains or techniques that eliminate the immune system (such as radiation) are used (Wright
et al, 2016). There are several types of immunodeficient mice; most are T cell deficient, and some
lack B cells. Because of this, the role of the adaptive immune system in the development of bone

metastasis cannot be explored in xenograft models (Buenrostro et al, 2014)

The first immunodeficient mice were defined by Flanagan (Flanagan, 1966); they did not have
hair and a thymus and thus were named ‘nude’. They lacked the Foxn1 gene or the HNF-3/forkhead
homolog 11 gene (Nehls et al, 1994). Lacking a functional thymus significantly reduced the T cells, and
only a small number of CD3, CD4, CD8 and Thy-1 antibodies were detected on the remaining T cells.
However, they had mature B, dendritic, and NK cells (Belizario, 2009). Therefore, the only difference

was expected to be HSC cells.

On the other hand, understanding the immune cells and their interactions with tumour cells
has led to new therapeutic strategies (Lal et al, 2021). Cancer cells can be eliminated, kept under
equilibrium or outgrow, partly depending on the immune system (Pandya et al, 2016). The immune
system has two sub-categories, innate and adaptive immune cells (Janeway et al, 2001). They both
consist of different types of myeloid and lymphoid cells and different pathways, yet there is always
crosstalk between them. Adaptive immunity is where the immune system remembers the foreign
material in the body and produces antibodies, whereas innate immunity detects and eliminates ‘non-

self’ (Delves et al., 2017).




Lacking T cells affects cancer studies, and immune cells interact with the bone and bone
marrow cells. Regulatory T cells secrete RANKL (both critical for bone remodelling and cancer) (Xiang
& Gilkes, 2019), helper T cells secrete RANK and IL-17 (an essential regulator for RANKL and
osteoprotegerin) (Liu et al, 2015), and T Helper 17 cells supports bone resorption while regulatory T
cells suppress bone resorption (Zhang et al, 2020). Therefore, transgenic and syngeneic
(immunocompetent) models have been developed to study the immune system interactions with
cancer and anti-cancer drugs. Some genes such as the P53 and TGFa are manipulated in transgenic
models for spontaneous breast cancer development. However, bone metastasis is hard to achieve
with this random manipulation, therefore, syngeneic models with mouse breast cancer cells injected

has been used to study bone metastasis (Ottewell & Lawson, 2021).

Understanding the tumour effect on bone and determining if there is a detectable effect on
the bone and bone marrow is also essential. Previous studies have shown that increasing tumour
burden results in increased bone destruction by showing reduced trabecular bone number and
density(Brown et al, 2012). Thus, understanding the differences between immunocompetent and
immunocompromised models can help us to interpret the results and determine the pathways and

cells involved.

3.3. Aims

The work presented in this chapter aims to investigate if there are any differences in the bone

and bone marrow in different mouse strains, with and without tumours. The main objectives are:

e To compare the bone microenvironment in immunocompetent and immunocompromised
mice.

o Toestablish protocols for isolation and analysis of bone marrow cell populations from tumour-
bearing bones

e To establish if the metastatic bone tumour has quantifiable effects on the bone and bone

marrow at the early stages of disease progression




3.4. Material and Methods

3.4.1. Breast Cancer Cell Lines

The triple negative human MDA-MB-231-IV PX462 cell line was cultured in RPMI 1640 with 10%
FCS at 37°C 5%CO,.

3.4.2. In vivo Studies

All in vivo studies were carried out according to local guidelines and with Home Office approval
under project licence PPL 70/8964 held by Professor Nicola Brown or P99922A2E held by Dr Penelope
D Ottewell, University of Sheffield, UK. Studies were completed using female BALB/c

(immunocompetent) and BALB/c Nude (immunocompromised) mice.

3.4.2.1. Determinating the differences between immunocompetent and

immunocompromised strains.

In the subsequent chapters, age-matched immunocompetent (BALB/c) and
immunocompromised mice (BALB/c Nude) have been used as control groups for both drug and
tumour studies. Data in this chapter are the combined data from the control groups, which were
treated with saline once a week for four weeks. Animals were culled two days after the last saline
treatment, and peripheral blood (PB) and bone marrow were collected for the colony formation assay.
Hind limb bones were collected for uCT to determine bone structure and integrity, and histology (H&E,
staining for TRAP) carried for bone remodelling cells. Bone marrow from hind limbs were used for flow
cytometry to determine HSCs, lymphocytes, and myeloid populations. Data obtained from

downstream analysis were compared using the statistical students’ T-tests (Figure 3-1).
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Figure 3-1: Comparison between immunocompetent and immunocompromised strains.

Experimental outline to compare the differences between immunocompetent and immunocompromised strains. Data from
saline-treated 7-week-old female BALB/c and BALB/c Nude animals (n=16/group) were statistically analysed using a T-Test.

3.4.2.2. Effects of bone metastatic breast tumour on the bone and bone marrow.

6-week-old female BALB/c Nude animals were injected with either saline (n=5) or 1x10°
Luc2+ve MDA-MB-231 cells (n=10) via the intracardiac route to determine whether there is a
guantifiable effect of bone metastatic breast tumours on the liquid bone marrow. Animals were
observed with in vivo imaging and culled one week after the hind limb tumour development (day 21);
peripheral blood was collected for blood counts, and hind limbs were collected for uCT and flow

cytometry (Figure 3-2).
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Figure 3-2: Determining the quantifiable effects of the tumour on the liquid bone marrow

and bone.

The effects of bone metastatic breast tumours on the bone and bone marrow were tested with this experimental design. 6-
Week-old female BALB/c Nude animals had an intracardiac injection of either saline (n=5) or 1x105 Luc2+ve MDA-MB-231
cells (n=10). In vivo imaging was used to monitor the tumour growth, and animals were culled one week after the hind limb
tumour development. Hind limb bones and peripheral blood were collected for ex vivo analysis.

3.4.3. In vivo imaging of tumour development.

Mice were put under anaesthesia with 2.5% isoflurane, then injected with 100 pl 30 mg/mm
Luciferin subcutaneously. After 5 minutes, animals were placed in the imaging chamber, and non-
invasive in-vivo imaging was performed. The bioluminescent signal was visualised in animals at
different time intervals to compare tumour development. First, images were normalised by setting
thresholds that depend on the image that has the lowest detectable tumour (Figure 3-3, i), each
specific spheroid was counted as a separate tumour, and images in Figure 3-3, ii represent different
signals from tumours in the skull (A), spine (B), hind limbs (C) and jaw (D). Depending on the model,
some animals had chest signals caused by tumour cells in the sternum or the lungs. After the collection
of hind limb bones, ex vivo images were captured to detect the numbers/location of tumours inside
the bones (Figure 3-3, iii). The total count of the signal was divided by 4 to calculate the overall tumour
number/per mouse hind limb bone (example calculation for the image in Figure 3-3,iii: 4 bones had

signals which are 4 / 4 = 1 tumour per bone).
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Figure 3-3: Calculating in vivo and ex vivo bone tumour numbers.

Example images to illustrate tumour number calculations. i) Example threshold to normalise the tumour signals for that
specific experiment, given threshold was used in these example images. ii) In-Vivo imaging of a mouse that has a signal in the
skull (A), spine (B), hind limbs (C) and jaw (D), whereas each spherical signal count as one tumour. iii) Ex-Vivo image of hind
limb bones, where each signal counts as separate tumours.

3.4.4. Ex Vivo analyses of tumour growth in bone

3.4.4.1. Collection and preparation of the bones for microcomputed tomography (LCT) and

histology.

Hind limbs were removed from the carcass, all soft tissue removed, and tibias separated from
the femurs. Bones were placed in 4% PFA overnight and then washed and stored in PBS at 4°C.
Random tumour-free tibias (n=3-4) were selected for uCT and then decalcified, processed, embedded
in wax and sectioned to 3 um slides. Slides were either stained with TRAP or H&E for bone remodelling

cell analyses.




3.4.4.2. Collection of bone marrow.

After separation of the femurs from the carcass, they were dipped in 100% EtOH for surface
disinfection. Under the sterile hood, the femoral head was removed, and the bone was placed into
0.2 ml PCR tubes with a hole pierced in the bottom. Tubes were placed into 1.5 ml Eppendorf
containing 200 ml PBS and bone marrow spun out with 3000 g for 5 min. After collection of bone
marrow, it was washed with PBS containing 10% FCS and processed by colony formation assays or

stained for flow cytometry.

3.4.4.3. Collection and preparation of peripheral blood of colony forming unit and blood

count.

Peripheral blood (PB) was collected via terminal cardiac puncture. 0.5-1 ml PB was taken from
each animal to the syringe, and 100 pl of PB was transferred into 1.5 ml Eppendorf containing 50 pl
EDTA (anticoagulant) for blood analyses and 0.5 ml of PB was transferred into 1.5 ml Eppendorf

containing 50 ul EDTA (anticoagulant) for colony-forming assays.
3.4.4.5. Flow Cytometry

Flow cytometry analysis was conducted using the LSRII, and fluorescent activated cell sorting
was conducted on the FACSMelody. Data analysis was conducted using FlowJo software. Lymphocyte,

myeloid and haematopoietic stem cell populations were analysed (Table 3-1).




Table 3-1: Cell populations and flow cytometry markers

Lymphocytes

T Cells

CD45%, CD3%, CD1Y

CD4+ T Cells

CD45*, CD3*, CD19,, CD4*, CD8

CD8+ T Cells

CD45*, CD3*, CD19", CD8*, CD4

B Cells

CD45%, CD3, CD19*

Natural Killer (NK) Cells

CD45*, CD3", CD19", NK1.1*

Myeloid Cells

Dendritic Cells CD45%, CD11b*, CD11c*, MHCII*
Neutrophils CD45*, CD11b*, Ly6G*

Macrophages CD45%, CD11b*, Ly6G", Ly6C", F4/80M
Monocytes CD45%, CD11b*, Ly6G", Ly6C", F4/80"
Granulocytes CD45*, CD11b*, Ly6G"

HCSs and progenitors

LSK Cells Lin,, Sca-1*, cKit*

LK Cells Lin,, Sca-1,, cKit*

Analysed cell populations from bone marrow and their markers.

Gating Strategies for flow cytometric analyses

Gating around the cell populations with common characteristics, using forward/side scatter
and marker expression level, allows quantification of populations of interest. The following figures
show the gating strategies for haematopoietic populations (Figure 3-4), lymphocytes (Figure 3-5) and
myeloid populations (Figure 3-6) using side scatter area (SSC-A), forward scatter area (FSC-A) and
height (FSC-H) and the markers listed in Table 3-1. All positive or negative gating was determined using

fluorescence minus one (FMO) and a single stain for the marker.
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Figure 3-4: Gating strategy for haematopoietic populations.

Gating strategy of HSCs and progenitors: LK Cells (common progenitors) and LSK Cells (HSCs and their multipotent
progenitors) were gated under the lineage negative live bone marrow cells.
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Figure 3-5: Gating strategy for lymphocyte populations.

Gating strategy of Lymphocyte cell populations: B Lymphocytes were gated under the live CD45 positive bone marrow cells,
CD19 negative and CD3 positive compartment giving rise to the T Lymphocytes and both CD19, CD3 negative compartment
giving rise to the NK Cells.
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Figure 3-6: Gating strategy for myeloid populations.

Gating strategy for myeloid populations: Granulocytes were given arise from live CD45 positive bone marrow cells,
Neutrophils were gated under the CD11b positive cell populations, and Ly6G negative population gave rise to monocytes and
macrophages. Dendritic cells were given arise from the CD11c positive population from CD11b positive cells.
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3.5. Results

3.5.1. Comparison of immunocompetent and immunocompromised mice

bone marrow

To establish the structural and cellular differences of the BME between age-matched
immunocompetent and immunocompromised mice, a detailed analysis of the data from the control
groups of previous experiments described in subsequent chapters was conducted. Briefly, 6-week-old
female BALB/c and BALB/c Nude mice were treated with saline (i.v.) for four weeks (Figure 3-1). After
cull, samples of hind limbs were analysed with uCT, stained for TRAP, colony-forming unit analysis for

HSCs and flow cytometry. Data from experiments were combined and compared using a statistical T-

test.

The body weight of animals is an indicator of health, and it also represents the animal's size,
which may create biological differences between groups. There were no significant differences in
weight between the two groups over the 28 days of the experiment; therefore, there was no

difference between groups except in their strains (Figure 3-7).
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Figure 3-7: Body weight change for immunocompetent and immunocompromised strains.

Daily body weight comparison between BALB/c and Nude strains, 2-way ANOVA was used for statistical analysis, n=16/group,
data in the graph given as Mean+/-SD
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Bone structure and integrity

Impact on bone structure and integrity is crucial for all bone diseases; therefore, it is widely
used to determine the damage caused by metastatic breast cancer. Establishing whether there is a
structural difference in the bone between immunocompetent and immunocompromised mice could
help interpret experiments and allow the comparison of results obtained in different strains. Since the
experiments are designed to test one or multiple comparisons to the appropriate control, it is always

shown as change (% etc).

Data comparison showed that (Table 3-2), there were no differences found in trabecular bone
density (BALB/c: 11.36%1.39, NUDE: 9.86+2.25,p:ns)(Figure 3-8A), trabecular number (BALB/c:
2.62+0.28, NUDE: 2.34+0.5, p:ns )(Figure 3-8B) and trabecular thickness (BALB/c: 0.04+0.002, NUDE:
0.04+0.002, p:ns )(Figure 3-8C) between BALB/c and BALB/c Nude strains. Trabecular separation (main
diameter of cavities in trabecular bones) was significantly higher in BALB/c Nude than BALB/c (BALB/c:
0.81+0.06, NUDE: 0.68+0.05, p:<0.0001) (Figure 3-8D). The cortical bone volume of the BALB/c Nude
strain was significantly lower than the BALB/c strain. (BALB/c: 0.2+0.036, NUDE: 0.25+0.03, p:0.0003)
(Figure 3-8E).

Table 3-2: Quantifying structural bone parameters of immunocompetent and
immunocompromised strains.
BALB/c NUDE P

Trabecular Bone Density (BV/TV, %) | 11.36%1.39 | 9.86+2.25 | ns:0.052

Trabecular Number (Tb.N., mm) 2.62+0.28 | 2.34+0.5 ns:0.09

Trabecular Thickness (Tb.Th., mm) 0.04+0.002 | 0.04+0.002 | ns:0.1759

Trabecular Separation (Tb.Sp., mm) | 0.2+0.036 | 0.25+0.03 | ***:0.0003

Cortical Bone Volume (BV, mm?3) 0.81+0.06 | 0.68+0.05 | ****:.<0.0001

Overall uCT quantification of trabecular bone density (BV/TV, %), Trabecular Number (Tb.N., mm), Trabecular Thickness
(Th.Th., mm) and Cortical Bone Volume (BV, mm3) was assessed at the end of the experiment. T-Test was used for statistical
analysis, and ns is non-significant, ** is <0.01, *** is <0.001, **** js <0.0001, and data show Mean+SD, n=13 for BALB/c and
BALB/c Nude.
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Figure 3-8: Comparison of structural bone parameters of immunocompetent and
immunocompromised strains.

Comparison of bone structure parameters between BALB/c and BALB/c Nude strains. A) Trabecular Bone Density (BV/TV,
%), B) Trabecular Number (Tb.N., mm), C) Trabecular Thickness (Tb.Th., mm), D) Trabecular Bone Separation (Tb. Sp, mm)
and E) Cortical Bone Volume (BV, mm3) was assessed at the end of the experiment. T-Test was used for statistical analysis,

and ns is non-significant, ** is <0.01, *** js <0.001, **** js <0.0001, and data show Mean+SD, n=13 for BALB/c and BALB/c
Nude groups.

Although the trabecular bone thickness and density were similar between both strains,
trabecular separation was larger in BALB/c Nude strain. The most significant difference was in the

cortical bone, with BALB/c having a greater cortical bone volume than the BALB/c Nude (Figure 3-8).
Bone remodelling cells

Osteoblasts and osteoclasts are the main cell types responsible for bone remodelling, and
despite the different bone lesion types (osteolytic or osteoblastic), they play crucial roles in tumour
progression. Therefore, comparing the two mouse strains, the number of osteoblasts and osteoclasts

in different bone regions (endocortical and trabecular) was determined.
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Figure 3-9: Bone remodelling cells comparison between immunocompetent and
immunocompromised mice’s endocortical bone region.

Comparison of the bone remodelling cell numbers and depositing/resorbing surface parameters of BALB/c and BALB/c Nude
groups. Graphs show (A) osteoblast number(Ob.N.) per mm endocortical bone surface (EBS), (B) effects on osteoclast number
(Oc.N.) per endocortical bone surface (EBS), (C) overall of per osteoblast bone depositing surface per mm EBS, (D) overall of

per osteoclast bone resorbing surface per mm EBS (E) Osteoblast and Osteoclast ratio, T-Test was used for statistical analysis,
ns is non-significant, data show Mean#SD n=8 for BALB/c and BALB/c Nude groups.

Endocortical bone is the bone marrow surface of the cortical bone where osteoblasts
predominantly. The data showed no significant difference in either osteoblast or osteoclast numbers
per mm endocortical bone surface (Figure 3-9) or their active depositing/resorbing surface between

the two mice strains (Table 3-3).
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Table 3-3: Bone remodelling cell numbers in the endocortical region of immunocompetent

and immunocompromised strains.

BALB/c NUDE P
Osteoblast Number (Ob.N./mm EBS) 9.34+4.37 11.97+5.54 ns:0.31
Osteoclast Number (Oc.N./mm EBS) 0.5+0.76 0.25+0.22 ns:0.38

Osteoblast depositing surface ((um/Ob.N.)/ mm EBS) | 3.47+1.54 3.48+1.26 ns:0.98

Osteoclast resorbing surface ((um/Oc.N.)/ mm EBS) | 4.15+4.65 1.671.77 ns:0.18

Bone remodelling cell numbers and their active depositing/resorbing surface parameters of BALB/c and BALB/c Nude mice’s
endocortical bone region. Data show Mean+SD n=8 for BALB/c and BALB/c Nude groups. T-Test was used for statistical
analysis, and ns is non-significant.
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Figure 3-10: Bone remodelling cells comparison in the trabecular region in

immunocompetent and immunocompromised mice.

Comparison of the bone remodelling cell numbers and depositing/resorbing surface parameters of BALB/c and BALB/c Nude.
Graphs show (A) osteoblast number(Ob.N.) per mm trabecular bone surface (TBS), (B) effects on osteoclast number (Oc.N.)
per trabecular bone surface (TBS), (C) overall of per osteoblast bone depositing surface per mm TBS, (D) overall of per
osteoclast bone resorbing surface per mm TBS (E) Osteoblast and Osteoclast ratio, T-Test was used for statistical analysis, ns
is non-significant, * is p<0.05, data show Mean+SD n=8 for BALB/c and BALB/c Nude groups.
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Results obtained from analysing the data (Table 3-4) showed that, osteoblast (BALB/c:
3.36£1.59, NUDE: 2.57+0.95, p:ns) (Figure 3-10A) and osteoclast number (BALB/c: 2.89+1.21, NUDE:
3.68+2.06, p:ns )(Figure 3-10B) per mm trabecular bone is similar for both BALB/c and BALB/c Nude
strains. The average active bone depositing surface per osteoblast in the mm trabecular bone was also
similar (BALB/c: 4.41+0.62, NUDE: 4.3+1.46, p: ns) (Figure 3-10C). However, BALB/c Nude mice had a
greater osteoclast surface for active bone-resorption than the BALB/c mice (BALB/c: 5.38+2.3, NUDE:
8.91+3.99, p: *:0.048) (Figure 3-10D).

Table 3-4: Bone remodelling cell numbers in the trabecular bone region of

immunocompetent and immunocompromised strains.

BALB/c NUDE P
Osteoblast Number (Ob.N./mm EBS) 3.36+1.59 2.57+0.95 | ns:0.24
Osteoclast Number (Oc.N./mm EBS) 2.89+1.21 3.68+2.06 | ns:0.37

Osteoblast depositing surface ((um/Ob.N.)/ mm EBS) | 4.41+0.62 4.3+1.46 ns:0.84

Osteoclast resorbing surface ((um/Oc.N.)/ mm EBS) | 5.38%2.3 8.91+3.99 | *:0.048

Bone remodelling cell numbers and their active depositing/resorbing surface parameters of BALB/c and BALB/c Nude mice’s
trabecular bone region. T-Test was used for statistical analysis, and ns is non-significant, * is p<0.05 data show Mean+SD n=8
for BALB/c and BALB/c Nude groups.

Overall, the number of osteoblasts and osteoclasts were similar in both strains for both
endocortical and trabecular bone regions; the only difference found was that the average osteoclast

perimeter/mm trabecular bone was higher in the BALB/c nude strain compared to the BALB/c mice.
Haematopoietic Stem Cells

The haematopoietic stem cell niche has been suggested as a potential niche for breast cancer
metastasis. LSK cells (Lineage(-), Sca-1(+), C-Kit(+)) (defined as HSCs and progenitors) and LK cells
(Lineage(-), Sca-1(-), C-Kit(+)) (common myeloid populations, granulocyte-macrophage progenitors
and megakaryocytes-erythrocyte progenitors), are the main components of the HSCs niche.
Therefore, flow cytometry was used to quantify these cell populations in bone marrow samples from

BALB/c and BALB/c nude mice.

Comparison of the flow cytometry results showed that the number of both LSK (BALB/c: 0.54+0.13,
BALB/c Nude: 0.19+0.05, p:<0.0001)(Figure 3-11A) and LK cells (BALB/c: 2.97+0.62, BALB/c Nude:
1.86+0.35, p: 0.0006)(Figure 3-11B) expressed as % of live cells were significantly lower in the BALB/c

Nude strain compared to the BALB/c strain.
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Figure 3-11: Bone marrow haematopoietic stem cells and progenitors in

immunocompetent and immunocompromised strains.

Comparison of A) LSK Cell and B) LK Cell data as % of live cells from BALB/c and BALB/c Nude bone marrow, T-Test was used
for statistical analysis, ns is non-significant, *** is p<0.001, **** js p<0.0001 and data show Mean+SD, n=8 for BALB/c and

BALB/c Nude groups.

Table 3-5: Immune Cell Characteristics of strains used.

BALB/c | BALB/c NUDE

Mature T Lymphocytes | Present | Absent

Mature B Lymphocytes | Present | Present

NK Cells Present | Present
Genetics Inbred Inbred
Hair Coat Yes No

The supplier provided immune phenotypes of the strains used in this study (BALB/c Nude Mouse | Charles River).

Lymphocytes.

As described before, due to the lack of the Foxn1 gene, Nude mouse strains have no functional
T Lymphocytes, yet they do have antibody-bearing, non-mature T lymphocytes. Lymphocyte numbers
were compared between BALB/c and BALB/c nude mice to determine if there are detectable

differences or similarities between BALB/c and BALB/c Nude.

The difference between B Lymphocytes is shown in Figure 3-12A. The % of B cells of live CD45+
bone marrow cells in BALB/c was significantly higher than in BALB/c Nude mice (BALB/c: 40.99+7.16,
BALB/c Nude: 17.4246.58, p:****:<0.0001).However , both CD8* T (BALB/c: 0.1+0.06, BALB/c Nude:

107



0.120.07, p:ns) and CD4* T lymphocytes (BALB/c: 0.13+0.07, BALB/c Nude: 0.16+0.06, p:ns) were similar
in the two strains (Figure 3-12B,C).
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Figure 3-12: Comparison of bone marrow lymphocytes between immunocompetent and

immunocompromised strains.

Statistical analysis of flow cytometry data of bone marrow to determine the differences between A) B Lymphocytes, B) CD8*
T Lymphocytes, and C) CD4* T Lymphocytes. T-Test was used for statistical analysis; ns is non-significant, **** js p<0.0001
and data show Mean+SD, n=8 for BALB/c and BALB/c Nude.

Myeloid Cells

The BALB/c Nude strain has a functioning myeloid population, which has a significant role in
cancer, some promoting or supporting cancer to escape immunity and some having anti-cancer
functions (Liang et al, 2020). Therefore, it is essential to establish similarities and differences in these

critical cell populations between BALB/c and BALB/c Nude strains, as this may have implications for

tumour development and progression in bone.
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Figure 3-13: Bone marrow myeloid populations from immunocompetent and
immunocompromised mice.
Statistical analysis of bone marrow flow cytometry data to determine the differences between A) macrophages, B)

monocytes, C) neutrophils, and D) granulocytes. T-Test was used for statistical analysis; ns is non-significant, **** js p<0.0001
and data show MeanSD, n=8 for BALB/c and BALB/c Nude groups.

The % of macrophages in the live CD45+ bone marrow cells were not significantly different between
the strains (BALB/c: 1.45+0.14, BALB/c Nude: 1.66+1.7, p: ns:0.073) (Figure 3-13A). On the other hand,
monocyte % was significantly lower in the BALB/c Nude mice compared to BALB/c (BALB/c: 0.91+0.18,
BALB/c Nude: 0.01+0.02, p:<0.0001) (Figure 3-13B). Interestingly, neutrophils were significantly higher
in the BALB/c Nude mice (BALB/c: 23.21+3.1, BALB/c Nude: 42.8+5.92, p:<0.0001)(Figure 3-13C), but
granulocytes were significantly lower in the nude strain compared to the BALB/c strain (BALB/c:

12.51+2.64, BALB/c Nude: 4.72+1.08, p:****:<0.0001)(Figure 3-13D).
Haematology Analysis

Total blood counts were obtained in further experiments (mapping effects of treatment

Chapter 4), allowing me to compare between control groups of BALB/c and BALB/c mice.

109



Table 3-6: White blood cell counts from peripheral blood between immunocompetent and

immunocompromised strains.

BALB/c Nude p
White Blood Cells (103/mm?3) 2.34+0.88 3.04+0.85 ns:0.16
Lymphocyte Cell Counts (103/mm?3) 1.86%0.71 1.54+0.46 ns:0.31
Monocyte Cell Counts (103/mm?3) 0.07+0.08 | 0.2+0.05 **:0.002
Granulocyte Cell Counts (103 /mm?3) 0.41+0.15 0.81+0.2 **%:0.0009
Eosinophil Cell counts (103 /mm?3) 0.06+0.05 0.03+0.02 ns:0.051

Blood cell counts of BALB/c and BALB/c Nude strains from saline-treated control groups. Counts were obtained with Sci Vet
ABC+ and received 103 cells per mm?3 peripheral blood. T-Test was used for statistical analysis; ns is non-significant, and data
show MeanzSD n=7 for CON. and n=8 for DOX groups

There was no difference in total white cell blood count, lymphocyte or eosinophil numbers
between the strains. Interestingly, both monocyte cell (BALB/c: 0.07+0.08, BALB/c Nude: 0.2+0.05, p:
**.0.002)(Figure 3-14C) and granulocyte cell counts (BALB/c: 0.41+0.15, BALB/c Nude: 0.81+0.2, p:
***:0.0009)(Figure 3-14D) were significantly higher in the BALB/c Nude strain, compared to BALB/c

strains (Figure 6.14 and Table 3-6).
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Figure 3-14: Total white blood cell counts in peripheral blood between immunocompetent
and immunocompromised mice.
Comparison of A) total white blood cells, B) lymphocyte cell count, C) monocyte cell count, D) granulocyte cell count and E)
eosinophil cell count of BALB/c and BALB/c Nude strains from saline-treated control groups. Counts were obtained with Sci

Vet ABC+ and used 103 cells per mm? peripheral blood. T-Test was used for statistical analysis; ns is non-significant, and data
show Mean+SD n=7 for CON and n=8 for DOX groups

Taken together, analyses of the myeloid populations in blood and bone marrow showed some
significant differences between the two strains of mice. However, it is essential to note that these
measurements represent a snapshot of the populations at a single time point of cells that have a short
life and rapid turnover in the circulation (for example, granulocyte life span around six hours, and large

numbers are produced every day) (DelLeo & Nauseef, 2015).
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3.5.1 Effect of tumour on immunocompromised mice bone marrow.

The presence of a tumour alters bone and bone marrow in its favour. The xenograft model
used throughout this study was made by injecting a human triple-negative breast cancer cell line
(MDA-MB-231) via the intracardiac route, a model widely used to mimic bone metastasis (Allocca et
al, 2019; Ottewell & Lawson, 2021). This model allows study of osteolytic lesions. Apart from structural
(UCT) or histological analysis, it is hard to obtain data from tumour-bearing bone due to the variability
of tumour burden between animals and the complexity of obtaining reproducible numbers of live cells
or good quality RNA. In this part of the study, data from tumour-bearing hind limb bones (mainly
tibias) and non-tumour-bearing control hind limb bones (from animals culled one week after bone
tumour growth was confirmed by in vivo imaging) were compared. Data from uCT (bone integrity and
structure) and cell populations in the liquid bone marrow (measured by flow cytometry) were

compared.
Bone Structure and Integrity

Once established, osteolytic tumours create a vicious cycle that induces osteoclasts to cause
excessive bone resorption in both trabecular and cortical areas. uCT was used to determine the overall

effect of tumours on bone volume, and the results are presented in Figure 3-15.

Different regions of interest were chosen to determine the effects on the bone. The first
approach (Figure 3-15A) measured the bone volume (mm?3) from the tibiofibular joint to the head of
the bones. Surprisingly, despite tumour growth in these bones being confirmed by VIS, there were no
differences in bone volume between tumour-bearing and non-tumour-bearing bones (CON:5.06+0.21,
TUM:4.96+0.54, p: ns). Next, a more standardised approach was used, setting two reference points,
with bone volumes measured from the tibiofibular joint to the growth plate (Figure 3-15B). Again,
there was no statistical difference between tumour-bearing and non-tumour-bearing bones (CON:
4.2+0.41, TUM: 4.3240.37, p: ns). Regular bone structure and analysis for cortical bone includes the
bone up to2 mm, and 1 mm for trabecular bone. Bone volumes were measured at 2 mm from the
growth plate similar to the standardised methods, but no difference was found between bones (CON:
1.28+0.11, TUM: 1.25+0.14, p: ns:0.7) (Figure 3-15C). The final approach was to limit the region of
interest to the trabecular bone, the area most commonly harbouring tumours and susceptible to
tumour-induced bone loss, which was found to be similar to the tumour-free control (CON: 0.67+0.07,

TUM:0.65+0.09, p: ns)
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Figure 3-15: Tumour effects on overall bone volume in the xenograft model.

Comparison of the effect of the tumour on bone volume with control. Different heights were used to analyse bone volume: A)
data from the tibiofibular joint to the head, B) data from the tibiofibular joint to the growth plate, C) data from the 2 mm
region of interest from the growth plate and C) data from the 1 mm region of interest from the growth plate were obtained.
T-Test was used for statistical analysis, n=6 for control and n=5 for tumour-bearing hind limbs, ns= non-significant.
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Overall, there was no effect of the tumour on bone volume; however, lesions were found on

the bones with tumours that can be seen by 3D reconstruction (Figure 3-16).

CONTROLBONE TUMOUR BEARING BONE

Figure 3-16: 3D reconstruction of bones from tumour-bearing and control mice.

3D reconstruction of the bones from control and tumour bearing immunocompromised mice. Bones with closest to the mean
bone volume value of their group were selected to represent. Distance between each purple bead is 500 um, dimensions of
the tumour lesion was shown on the graph (longest diameter is 1.3 mm, shortest diameter is 0.6mm) and marked with red
circle.”

After no difference was found in bone data despite lesions, trabecular bone analyses were
carried out. A comparison of the trabecular bone density (%) showed no difference between tumour-
bearing and tumour-free bones (CON: 4.73+1.79, TUM: 4.71+0.47, p: ns:0.98) (Figure 3-17A).
Trabecular bone numbers (1/mm) were also similar between groups (CON: 1.14+0.41, TUM:
1.19+0.16, p: ns:0.81) (Figure 3-17B). There was no effect on trabecular thickness (mm) by tumour
(CON: 0.0415+0.0021, TUM: 0.0399+0.0026, p: ns:0.29) (Figure 3-17C). Finally, there were no
differences in trabecular separation (CON: 0.3792+0.0955, TUM: 0.339+0.051, p: ns:0.29) (Figure
3-17D).
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Figure 3-17: Trabecular bone structure and integrity between tumour-bearing and tumour-

free bone.

Comparison of trabecular bone structure parameters between tumour-bearing hind limbs and tumour-free hind limbs of
immunocompromised strain. A) Trabecular Done Density (BV/TV, %), B) Trabecular Number (Tb.N., mm), C) Trabecular
Thickness (Tb.Th., mm) and D) Trabecular Bone Separation (Tb.Sp., mm) was assessed at the end of the experiment. Visual
comparison of 3D reconstructed trabecular bone of E) control bone and F) tumour bearing bone was given from the bones
which are closest to the mean trabecular density result for their groups. Distance between each purple bead is 100 um and
lesion caused by tumour marked with red circle, longest diameter (0.6 mm) and shortest diameter (0.5 mm) was marked on
with red arrows. T-Test was used for statistical analysis; ns is non-significant, data shown as Mean+SD, n=6 for control and
n=>5 for tumour-bearing hind limbs.

Like the total bone volume analysis, no difference was found in trabecular bone structure
between tumour-bearing and tumour-free hind limb bones (Figure 3-17). When the trabecular bones

were 3D reconstructed with CTvox, osteolytic lesions were visible (Figure 3-17).
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To summarise the results, overall, there was no difference in bone structure and integrity between

tumour-bearing bones compared to their control, despite detected lesions from tumours.
Flow cytometry of tumour-bearing bone marrow.

Flow cytometry is a reliable and quick quantification method for cells compared to histology.
However, limitations with flow cytometry begin with the extraction of the bone marrow since it is
always hard to extract whole bone and bone marrow cell content. The presence of tumours in bone
adds an extra challenge to cell isolation and subsequent analyses. Triple-negative breast cancer is a
solid tumour; removing all the tumour cells is impossible as they adhere to each other and the bone
surfaces. In this part of the study, liquid bone marrow was assessed with flow cytometry to determine
any differences in the essential cell populations and to test whether GFP+ MDA-MB-231 cancer cells

could be detected.

Since detecting cancer cells from bone marrow was one of the main aims, more GFP cells were
gated. As can be seen from Figure 3-18, there is a clear significant difference between tumour
percentage compared to the saline control (CON:0.002+0.006, TUM:0.065+0.06, p:**:0.004),
confirming that using the method of flushing with centrifugal spinning, | was able to isolate sufficient

tumour cells from the bone marrow to confirm their presence by flow cytometry.
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Figure 3-18: Flow cytometry of green-fluorescence-protein positive cells.

Comparison of GFP positive cells between tumour-bearing bone and tumour-free controls of immunocompromised strain. T-
Test was used for statistical analyses; data given as Mean+SD, n=10 for control and n=9 for tumour groups.
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As explained earlier, the HSC niche is a possible location for breast cancer dissemination. Flow
cytometry was used to determine if there was a quantifiable difference in the number of LSK and LK
cells in the presence of tumours in the bone. The analysis showed no detectable difference in the
number of either LSK (CON:0.186+0.093, TUM:0.19+0.065, p: ns) (Figure 3-19A) or LK cell populations

in the presence of tumour, compared to the tumour-free controls. (CON:1.27+0.65, TUM:1.92+0.33,

p: ns) (Figure 3-19B).
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Figure 3-19: % of HSCs and progenitor’ in the presence of tumour.

Comparison of A) LSK Cell and B) LK Cell data as % of live cells from tumour-free control bone marrow and tumour-bearing
bone marrow of immunocompromised strain, T-Test was used for statistical analysis, ns is non-significance, data was given
as Mean+SD, n=10 for control and n=9 for tumour.

The immunocompromised mouse strain | have used largely lacks T lymphocytes; however,
some sub-populations are present. In this part of the study, functioning B cells and dysfunctional T
cells were analysed to determine if the presence of a tumour in bone impacts these populations.
Results showed that B cell percentages in the live CD45+ bone marrow cells were similar in the
presence of tumours compared to tumour-free control (CON:24.95+10.44, TUM:19.7+£10.77, p: ns)
(Figure 3-20A). In addition there was no difference in both CD8* T lymphocyte percentages
(CON:0.15+0.15, TUM:0.18+0.15, p: ns) (Figure 3-20B) and the percentage of CD4* T cells in the live
CD45+ bone marrow cells (CON:0.485+0.066, TUM:0.532+0.187, p: ns) (Figure 3-20C) in the presence

of tumour compared to control.
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Figure 3-20: Alteration of the Lymphocyte numbers from the bone marrow in the presence
of the tumour.
Comparison of A) B cells, B) CD8+ T cells, and C) CD4+ T cells numbers as % of live CD45+ cells from tumour-free control bones

and tumour bearing bones’ bone marrow in immunocompromised strain, T-Test was used for statistical analysis, ns is non-
significance, data was given as Mean+SD, n=10 for control and n=9 for tumour.

The final bone marrow population analysed was myeloid cells, where some sub-populations
play a crucial role in cancer progression. Results showed that the % macrophages in the live CD45+
cell population was not altered in the presence of a tumour (Figure 3-21A). There was also no effect
of the tumour on monocyte cells, neutrophils, granulocyte cells and dendritic cells, as seen in Figure

3-21.
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Figure 3-21: Alteration of the myeloid cell numbers from the bone marrow in the presence

of the tumour.

Comparison of A) Macrophages, B) Monocytes, C) Neutrophils, D) Granulocytes, and E) Dendritic Cell numbers as % of live
CD45+ cells from tumour-free control bones and tumour-bearing bones’ bone marrow in immunocompromised strain, T-Test
was used for statistical analysis, ns is non-significance, data is presented as Mean+SD, n=10 for control and n=9 for tumour
groups.

To summarise the results, tumour cells could be detected significantly in the liquid bone
marrow of the tumour-bearing hind limbs. However, no significant difference was found in either cell

percentages or integrity of bone structure despite osteolytic lesions.

White Blood Cells

PB of the tumour-bearing mice was compared to tumour-free animals to determine any
differences between some key cell populations. White blood cell counts were given in the table below
(Figure 3-22). Results have shown that total white blood cell counts were not affected by the presence
of the tumour (CON: 5.45+1.68, TUM: 5.1311.76, p: ns) (Figure 3-22A). Also, there was no detectable

difference in any of the cell types measured, as shown in Figure 3-22.
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Figure 3-22: Total white blood cell counts in peripheral blood compared between tumour-

free and tumour-bearing mice.

Comparison of A) total white blood cells, B) lymphocyte cell count, C) monocyte cell count, D) granulocyte cell count and E)
eosinophil cell count of tumour-free and tumour-bearing immunocompromised mice. Counts were obtained with Sci Vet ABC+
and displayed as 103 cells per mm? peripheral blood. T-Test was used for statistical analysis, ns is non-significant, data show

Mean#SD n=6 for control and n=9 for tumour groups.
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3.6. Discussion

Bone metastases development occurs spontaneously from the primary tumour, and this
complex, multistep process includes many steps such as dissemination, homing to bone, colonisation,
survival and progression (Coleman et al, 2020b). Therefore, generating bone metastases from a
primary tumour is complex in murine models, with syngeneic models that include a primary tumour
often resulting in aggressive lung metastases and/or outgrowth of the primary tumour before bone
metastasis can develop (Ottewell & Lawson, 2021). This is why intracardiac injection of the triple-
negative human MDA-MB-231 cell line is commonly used to generate a bone metastatic xenograft
model resulting in mainly hind limb tumours (Wright et al, 2016; Allocca et al, 2019; Ottewell &
Lawson, 2021). A syngeneic equivalent of this model uses the bone homing variant of the triple-
negative mouse breast carcinoma 4T1 cells, which allows studies of the role of immune populations
(Ottewell & Lawson, 2021). To evaluate the effects of the tumour on the bone, generally in vivo
imaging, in vivo and ex vivo UCT and histological sectioning are used. Since both models use osteolytic
cancer cells and effects on bone destruction are important, osteoclast activity is shown to promote
bone tumour growth in murine models (Hiraga, 2019; Riffel et al, 2022). However, tumour interactions
with other cells in the bone microenvironment may also be meaningful (Wang et al, 2015b). The
experiments in this chapter aimed to determine any differences in the bone microenvironment
between the immunocompetent and immunocompromised mice that have been used in this PhD
project. This analysis will help to understand the murine bone and bone environment, determine the
main differences/similarities between strains and their possible effects on tumour development in
bone. Also, | have tried to answer the question “can tumour effects on the other cell populations in

bone marrow be determined using simple flow cytometry?”.

3.6.1. Differences in the BME between the immunocompetent and

immunocompromised strains

Age and weight-matched animals allow additional bone and bone marrow analyses in murine
models. Using the data from the saline-treated controls of the immunocompetent (BALB/c) and
immunocompromised (BALB/c Nude) strains, differences/similarities between the strains were

studied.

Since the models generated osteolytic bone lesions, bone structure and integrity in (tumour-
free animals) were compared between the groups. Interestingly, the cortical bone volume of the
BALB/c Nude strain was lower than the BALB/c strain, and trabecular bone separation was higher in

the BALB/c Nude strain. | could not find any relevant published studies to allow comparison with the
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bone values obtained in this study. However, Lee et al. carried out a study on wild-type and nude
C57BL/6 animals to test the effects of T lymphocytes with ovariectomy (Lee et al, 2006). A significant
difference was found in the cortical bone area with a larger area in the nude strain. However, they
also saw a reduced bone density, whereas | found no difference between the strains.
Immunocompromised mice lack a thymus that affects functioning T cells, and some studies have
shown that T cells can play a role in bone remodelling (reviewed in Yuan et al., 2010). For example,
some subpopulations of T cells (CD4+,CD25+,Foxp3+ T cells) were found to inhibit monocyte
differentiation to osteoclasts in vitro and suppress M-CSF and RANKL osteoclast formation in vivo
(zaiss et al, 2007). Li et al showed that ovariectomy did not induce bone loss and resorption on the T
cell depleted or CD40L lacking (primarily expressed on activated T cells) mice (Li et al, 2011). Effects
of the T cells should be considered, especially since breast cancer bone metastasis triggers the vicious
cycle of bone destruction that drives tumour progression (Hiraga, 2019). A better understanding of
the underlying mechanisms might reveal the impact of the immune system on the BME (Terashima &

Takayanagi, 2018).

Osteoblasts and osteoclasts are the primary cells responsible for bone remodelling. As there
is a difference in cortical bone volume (lower in BALB/c Nude) and trabecular separation (larger in
BALB/c Nude), osteoblast and osteoclast cells were compared to determine if the differences in bone
structure/volume were reflected by a corresponding difference in bone cell numbers. Overall, there
was no difference in bone remodelling cell numbers between BALB/c and BALB/c Nude, and only
osteoclast perimeter was found to be larger in the BALB/c Nude trabecular region compared to
BALB/c. This finding means osteoclasts covered a larger surface area on the trabecular bone in the
BALB/c Nude strain. My data partially agree with the study by Lee et al.,, who found increased
osteoclasts in the nude mice compared to wild type in ex vivo culture (Lee et al, 2006). If a similar ex
vivo experiment were carried out, more osteoclastic cells could be isolated from the BALB/c Nude in
this experiment compared to the BALB/c. One possible explanation for this increased osteoclast
activity discussed by Gillespie (Gillespie, 2007), is that T cells secrete factors such as OPG that can
inhibit osteoclastic activity, and the lack of T cells in the nude mice may result in increased activity of
osteoclasts in the trabecular bone. Although the increase in the osteoclastic surface areais statistically
significant, it might not be biologically meaningful, and this needs to be established in functional
studies. Also, bone turnover markers from serum should be compared in future studies; since samples
were collected at the end of the experiments it only shows the bone remodelling activity at that time.
To be able to better understand the differences between the two strains, a similar experiment should

be carried out using various time-points to collect serum to assess the bone turnover markers.
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As discussed in previous chapters, the hematopoietic stem cell niche is suggested to be a
homing niche for breast and prostate cancer cells in bone (Shiozawa et al, 2011b; Allocca et al, 2019).
Therefore, LSK and LK cells were compared and were found to have significantly lower percentages in
the BALB/c Nude mice. Similar HSCs reduction (with colony forming unit assay from C57BL/6 Nude
strain) was observed by Pritchard and Micklem (1973) (Pritchard & Micklem, 1973). | could not find
an updated study comparing LSK and LK populations, yet Geerman et al. have found that CD8+ T cells
support the maintenance of HSCs in the bone marrow. These findings might be an explanation for the
lower number in the LSK and LK populations in the nude mice due to a lack of HSC maintenance

(Geerman et al, 2018)

Since we know that despite having non-functioning T cells, BALB/c Nude mice have T cells that
express CD4, and CD8 surface antibodies (Belizario, 2009), therefore, it was not surprising that there
were no significant differences in the numbers of CD8* T cells and CD4* T cells between BALB/c and
BALB/c Nude mice (Belizario, 2009). However, as nude strains have functioning B cells, lowered
maintenance of HSCs might explain the reduced number of B cells | observed in the BALB/c nude mice,

yet this hypothesis must be tested.

Myeloid cells (including granulocytes and monocytes) are produced by common progenitors
derived from HSCs in the bone marrow (Kawamoto & Minato, 2004). They have been linked to
inducing tumour growth with multiple mechanisms, such as differentiation to tumour-associated
macrophages or osteoclasts (Alsamraae & Cook, 2021), yet many studies have been carried out in the
presence of the tumour. In this study, | aimed to determine the bone's myeloid populations without
a tumour. Several myeloid populations were found to be significantly lower in BALB/c nude mice,
except neutrophils which were found to be significantly elevated in BALB/c nude mice. Despite the
controversial role of neutrophils in the presence of solid tumours, murine studies show they might
have immunosuppressive effects in the tumour microenvironment (Li et al, 2020). In this study, | have
found more neutrophils in the BALB/c Nude strain compared to the BALB/c strain. The mechanisms
underlying these differences in myeloid populations are unknown and must be investigated. One
reason might also be the lower HSC population, as CXCR4 plays an important role in the neutrophil
mobilisation to the circulation (Eash et al, 2010). Future studies might include neutrophil counts from

PB for both strains to see whether similar significant differences can be observed.

White blood cell count results were found to be in line with those indicated in the supplier’s
data sheet (Charles River); for example, they have found total white blood counts between 3-13 x103
/ml PB for 8-10 weeks old female BALB/c Nude mice, and | also found 3 x10® /ml PB too. As supplier

also showed the difference between lowest and highest detected white blood cell counts as 100,000
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cells per ml PB, biological variation plays major role in the analyses. According to the results from this
study, there was no difference in total white blood cell counts between strains; however, monocyte
and granulocyte numbers were increased in the BALB/c Nude strain. Since the monocyte and
granulocyte counts from bone marrow were found to be lesser in nude strain, both results might
indicate a higher trafficking rate of monocyte and granulocyte to the PB; however, future studies are

needed to confirm this hypothesis.

Overall, my results show that almost all of the immune and HSCs populations are somewhat
different in the BALB/c Nude and BALB/c strains, which may affect cancer development and
progression. However, it is essential to note that these baseline measurements are insufficient to draw
any conclusions about the potential involvement of the different populations in bone metastasis.
Experiments to determine the underlying mechanisms must consider any alterations that might have
been caused by the lack of non-functioning T cells; however, these two models should have

differences in disease progression.

3.6.2. Detectable effects of hind limb tumours on the bone and bone marrow

MDA-MB-231 is a human triple-negative breast cancer cell line that, when injected through
the intracardiac route, metastases to long bones, the spine and the jaw, resulting in the development
of osteolytic lesions within 2-3 weeks (Ottewell & Lawson, 2021). Downstream analyses of this
model usually involve in vivo imaging of the tumour and/or ex vivo scanning of the structural alteration
of the bones, followed by histological sectioning and bone histomorphometry. Whilst this standard
methodology allows quantification of bone remodelling cells on the bone surface in the presence or
absence of a tumour (Ottewell et al, 2008b; Wang et al, 2014), no direct study has been published to
find alterations in the bone marrow population by the bone tumour. | therefore, wanted to determine
if the fast and reproducible analysis method of flow cytometry can be used to study tumour-bearing

bones and to understand how a tumour's presence modifies the bone marrow's cellular composition.

Before investigating the flow results, the bone structure was compared in animals with a
positive hind limb ex vivo signal (confirming tumour presence). | expected to see a reduction in bone
volume due to the osteolytic lesions and measured total bone volume from different reference points
(Figure 3-15). First, | have measured the bone volume from the tibio-fibular joint to the bone head
and found no statistical difference. Then, to reduce the excess volume | have compared the bone
volumes from tibio-fibular joint to growth plate. As this result also showed no statistical difference,
thus | have narrowed down the region of interest to the area measured for both trabecular and cortical

bone which is 2 mm from growth plate where no statistical difference was also not found. Finally, |
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have decided to measure the only trabecular bone area (1 mm from the growth plate) where mainly
tumour resides whether to determine statistical difference on the bone volume could be detected.
Interestingly, despite the bones having visible lytic lesions, there were no differences in bone structure
and integrity as quantified by UCT. It is possible that the tumour cells had a powerful luciferase signal
despite being relatively small and that lesions were not big enough to be accurately detected. Future
experiments should allow tumours to grow larger before culling, increasing the impact on the bone

microenvironment and integrity.

Patients with bone metastases may experience haematological complications due to cancer-
mediated impairment of the bone marrow (Pasquini et al, 1995). Therefore, | wanted to determine if
it was possible to detect the impact of tumour cells on bone marrow cell populations such as HSCs
and immune cells. Triple negative breast tumours in bone grow as solid tumour masses that adhere
to bone, making isolation of tumours and the cells of the surrounding microenvironment from these
sites difficult. The MDA-MB-231 breast cancer cell line expressing green fluorescence protein (GFP)
allows easy flow cytometry detection. Despite not having high numbers in the collected bone marrow
samples, there were enough GFP-positive cells to confirm that it is possible to detect cancer cells from
the tumour-bearing hind limb bones using this method. Surprisingly, no differences were found in the
numbers of HSCs, lymphocytes, and myeloid cells between the tumour-free and tumour-bearing hind
limb bones. It is possible that the tumour foci were relatively small and hence had not grown to the
size they would start to alter the cellular composition of the surrounding microenvironment

significantly.

Cancer can trigger inflammatory responses; thus, there are clinical studies investigating
whether total white blood cell counts can be used as an indicator of patients’ response to the therapy
and survival rate (Asano et al, 2016; Zhang et al, 2016; Xu et al, 2017b; Graziano et al, 2019). However,
studies investigate the effects of the treatment rather than the effects of the tumours (Stopeck et al,
2010; Garcia et al, 2011; Fujiwara et al, 2013; Chang et al, 2018; Chen et al, 2020a; Maluf et al, 2021).
Therefore, total white blood cells were compared between tumour-bearing and tumour-free animals.

No difference was found between the groups.

Overall, many parameters were not altered despite visible osteolytic lesions. One possible
explanation for this situation might be due to the metastasis being at an early stage. Animals were
culled one week after the hind limb tumour detection, therefore, in future studies end of the
experiment should be at a later time point. However, when combined with other methods such as
histology and in vivo imaging, flow cytometry might be a fast and reliable method to analyse tumour-

bearing bones. However, more studies must be carried out to optimise this methodology.
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3.7. Conclusion

In summary, these data have shown that:

e HSCs, B Cells and myeloid cell populations quantify differently in the nude strain, compared
to its wild type, in addition to the lack of T Lymphocytes.

e Due to these alterations, the bone structure was different in nude cortical bone volume.

e Flow cytometry can be used to determine the cell populations from the tumour-bearing bone
marrow when it is optimised.

e Tumours have to reach a specific size before there is a significant impact on bone marrow

populations
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CHAPTER 4. ALTERATION OF BONE MARROW CELL
POPULATIONS WITH COMMON CHEMOTHERAPEUTIC
AGENT; DOXORUBICIN.

4.1. Summary

Surgery followed by chemotherapy, radiotherapy, and endocrine treatment is the general
approach to treating breast cancer. Choosing the correct chemotherapy agents and schedule is a
complex process mentioned in Chapter 1, Section 2. Treatment can be changed depending on the
patient's disease, including factors such as hormone receptor status, stage, metastatic status and may
include additional endocrine therapies, targeted agents, or supporting drugs such as bisphosphonates.
Patients with a high risk of developing bone metastasis and osteolytic bone damage may receive
doxorubicin, an anthracycline class chemotherapy agent. It is unclear whether doxorubicin may harm

the bone, with some reports of bone damage caused by doxorubicin in murine models.

This part of the study established the impact of doxorubicin on bone structure, cells, and
selected bone marrow cell populations. Effects of two different doses of doxorubicin were
investigated in both immunocompetent and Immunocompromised mice, compared with a saline
control. Results were obtained from uCT data from hind limb bones (bone structure and integrity),
bone histomorphometry of the same bones (quantifying osteoblasts and osteoclasts) and flow
cytometric analysis of bone marrow (lymphocytes, myeloid cells, HSCs and their progenitors), as well

as haematological analysis.

Administration of 4 and 6 mg/kg of doxorubicin (DOX) once a week for four weeks did not
alter body weight; hence both doses were well tolerated in both strains of mice. Initial experiments
showed that the lower but effective dose of doxorubicin from the literature (4 mg/kg) did not affect
bone remodelling cells and HSC progenitors. Despite reducing the trabecular bone number of the
immunocompetent mice, there was no effect in immunocompromised mice. The experiment was
repeated with the higher dose of 6 mg/kg DOX, significantly impacting the bone structure and integrity
by reducing trabecular bone in both strains. The changes in bone structure were not reflected in
altered numbers of osteoclasts/osteoblasts, suggesting that doxorubicin affects the activity of these
bone remodelling cells to cause the observed trabecular bone loss. Effects on the immune populations

were observed following doxorubicin treatment of immunocompetent mice.
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Interestingly, B lymphocytes were significantly reduced in both strains. These results showed that the
destructive effects of doxorubicin on bone structure and bone marrow cells could be observed in
immunocompetent mice at the 4 mg dose, yet the dose must be increased to 6 mg for the
immunocompromised strain to respond. Despite the differences in some cell types, damage caused

by the 6 mg doxorubicin was observed in the bones of both murine strains.
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4.2, Introduction

Doxorubicin (DOX) is an anthracycline-type chemotherapy agent used to treat various cancer
types such as breast, lung, gastric, ovarian and thyroid (Thorn et al, 2011). The primary mechanism of
action of DOX is targeting topoisomerase Il, and alongside DNA helicases and DNA itself, DOX creates
a cleavable complex, thus resulting in DNA double-strand breakage and cell death (Bachur, 2002).
Also, it is found that anthracyclines increase reactive oxygen species that can also destroy DNA and
macromolecules. These create toxicities that lead to damage to bone marrow regeneration, cardiac
tissue damage, and extravasation necrosis (Bachur, 2002; Ozer & Aydiner, 2019). The inflammatory
response is typical in many chemotherapy treatments alongside bone marrow damage since they
mainly target highly proliferative cells. Multiple reactive oxygen species produced by doxorubicin
(such as NADPH, NOXs and NOSs) trigger oxidative stress (such as Nrf2) damage to the subcellular
structures alongside fewer antioxidants produced in cardiac tissue, resulting in apoptosis; these might
be the reasons for cardiac failure (Kong et al, 2022). However, doxorubicin is still an effective
treatment agent for cancer, and its side effects can be reduced with dexrazoxane (cardioprotective

agent that inhibits toxic iron-anthracycline complex) (Ganatra et al, 2019).

Doxorubicin is not tumour cell-specific, and in vivo and in vitro studies showed that
doxorubicin also affects bone and bone cells. Rana et al. treated 5-week-old female BALB/c mice with
a 5 mg/kg DOX dose for three weeks once a week. A similar study was carried out with an orthotopic
bone metastatic breast cancer model (with an injection of bone-tropic 4T1 cells), and results showed
that non-tumour and tumour-bearing mice had significantly lower bone density than their controls.
They also showed increased osteoclasts from ex-vivo spleen and bone marrow samples when treated
with DOX (Rana et al, 2013). Fonseca et al. conducted another study on the Wistar rats that shows
DOX deterioration effects on the bone. They treated 8-week-old male rats with 2 mg/kg DOX for seven
weeks (once a week) with a running wheel in their cage. Their conclusion also showed that DOX
reduces bone structure, and these effects were found to be increased when the activity of the rats

increased (Fonseca et al, 2016). Overall, these studies indicate the damage of DOX on the bone.

Despite some pathways revealed in these studies (Friedlaender et al, 1984; Rana et al, 2013;
Yang et al, 2013; Fonseca et al, 2016), there are still gaps in our knowledge . What are the main
indicators on the bone and bone cells caused by doxorubicin? Are specific bone cell populations
affected more, and what are the possible reasons for this? The following chapter describes the effects
of doxorubicin on bone, bone cells, and some of the critical bone marrow cell populations to answer
some of these questions. The data will help elucidate whether a commonly used chemotherapy agent

may contribute to the weakening of bone associated with breast cancer bone metastases.
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4.3. Aims

The purpose of this investigation has been to examine the effects of a commonly used
chemotherapy agent (doxorubicin) on bone and bone marrow cells. The main goals of the work are

to:

e Determine the half-maximal inhibitory concentration (IC50) of doxorubicin on triple-
negative breast cancer cells (confirm drug activity).

e Establish effects of different doxorubicin doses on bone structure, integrity, and bone
marrow cell populations in vivo

e Compare the effects of doxorubicin on bone in immunocompetent vs

immunocompromised mice
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4.4, Material and Methods

Detailed information can be found in the Material and Methods Chapter 2.
4.4.1. Breast Cancer Cell Lines

The triple negative human MDA-MB-231-IV PX462 cell line was cultured in RPMI 1640 with 10%
FCS at 37°C 5%CO0,.

4.4.2. In vivo Studies

All in vivo studies were carried out according to local guidelines and with Home Office approval
under project licence PPL 70/8964 held by Professor Nicola Brown or P99922A2E held by Dr Penelope
D Ottewell, University of Sheffield, UK. Studies were carried out using BALB/c (immunocompetent)

and BALB/c Nude (immunocompromised) mice.

4.4.2. Half Maximal Inhibitory (IC50) assay with MTT

IC50 dose of doxorubicin for MDA-MB-231-1V PX462 cells was calculated using an MTT assay. PBS
was used as a vehicle in vivo. Concentrations for IC50 were set to media +10% FCS, media + PBS, 107
M, 108 M, 5x10% M, 107 M, 10° M, 10° M, 5x10°> M, and 10** M doxorubicin. Graphpad version 8 was
used for dose-respond analysis. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
dye was used for assessing cell metabolic activity. Seeding density was 10000 cells/cm?in 96 well plate
with 200 ul RPMI + 10% FCS (n=8/group). Cells were treated with the doxorubicin doses for 72 hours.
After 72 hours, all media was removed, and 100 pl MTT solution (1mg/ml media+10%FCS) was added
to all wells. The plate was covered with aluminium foil, and cells were incubated for 4 hours at 37°C.
After four hrs, the MTT solution was removed by carefully inverting the plate to the sterilised tissue
paper. Then, 100 ul DMSO was added to the wells, and the plate was re-covered with aluminium foil.
The plate was placed on the plate shaker for 15 minutes at 170 rpm to dissolve all formazan crystals.

Multi-well plate reader read absorbance results at 570nm wavelength.

4.4.3. Effect of 4 and 6 mg/kg doxorubicin doses on bone and bone marrow in
BALB/c and BALB/c nude mice strains.
To compare the effects of doxorubicin on bone and bone marrow, 7-week-old BALB/c and

BALB/c Nude mice (n=8 per group) were treated weekly with saline control or doxorubicin (4 mg/kg)

for four weeks. The dose of DOX was chosen based on previous studies carried out by Ottewell
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(Ottewell et al, 2008b) who showed that 4 mg/kg DOX weekly for 6 weeks was required to inhibit
subcutaneous breast tumour growth in vivo. Importantly this study also showed that a dose of 8 mg/kg

DOX weekly for 6 weeks dis not induce toxicity.

500 =
—&— Saline .
400 4 - 2mg/kg dox _
—k— 4mg/kg dox -

3009 —=— 8mg/kg dox

200 =

100 =

Tumor volume (mm?3)

0 20 40 60
Time after tumor inoculation (days)

Figure 4-1: Dose-response curve for doxorubicin in a mouse model of breast cancer.

Doxorubicin (2, 4, or 8 mg/kg body weight) and saline (control: 100 ul) were administered once per week for 6 weeks to
female MF1 nu/nu mice bearing subcutaneous human MDA-G8 breast tumour cell-derived tumours by Ottewell et al. Tumour
volumes were measured with calliper every 3-4 days. Data are shown as mean tumour volume (mm?3) (n=8 /group). *P= 0.054
for 8 mg/kg DOX vs control and **P=0.038 for 4mg/kg DOX vs control. One-way nonparametric Kruskal-Wallis test followed
by Dunn’s multiple comparisons tests was used for statistical analysis. Reused by the permission of (Ottewell et al, 2008b).

Guided by these studies, the dose of 4mg/kg DOX administered weekly for 4 weeks was
chosen as a starting point for my studies. The dose was subsequently increased to 6mg/kg to explore
the impact of higher doses of DOX, as the Ottewell study had indicated that this was a safe dose to
use. The group size (n=8) was based on these previous studies by Ottewell, showing that this was
sufficient to detect the effects of DOX on tumour growth. In addition, studies from our group have
demonstrated that group sizes of n=4-7 was sufficient to detect drug-induced changes on the BMEV
in tumour free mice (Haider et al, 2014, 2015). Animals were culled two days after the last treatment,
and peripheral blood (PB) and bone marrow were collected for colony formation assay. Hind limb
bones were collected for ex vivo analysis (Figure 4-2, A). A similar experiment was carried out for 6
mg/kg doxorubicin, and PB was collected for haematopoietic cell analysis. Bone marrow was collected

for flow cytometry, and hind limb bones were collected for ex vivo analysis (Figure 4-2, B).
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Figure 4-2: Experimental outline - effects of doxorubicin on bone and bone marrow cells.

Experimental design for 4 mg/kg doxorubicin dose (A) and 6 mg/kg doxorubicin dose (B) on both BALB/c (n=8/group) and
BALB/c Nude (n=8/group) mice. Mice were treated with doxorubicin or saline once a week for four weeks and were culled
two days after the last treatment. Peripheral blood, bone marrow and hind limb bones were collected for ex-vivo analyses.

4.4.3. Ex Vivo analyses

4.4.3.1. Collection and preparation of the bones for microcomputed tomography (uCT) and

histology.

Hind limbs were removed from the carcass, all soft tissue removed, and tibias separated from
the femurs. Bones were placed in 4% PFA overnight and then washed and stored in PBS at 4°C.
Random tumour-free tibias were selected for uCT, and the same bone was decalcified after the scan
for 14 days. Decalcified bones were processed and embedded with wax, then sectioned into 3um

slides. Slides were either stained with TRAP or H&E for bone remodelling cell analyses.
4.4.3.2. Collection of bone marrow.

After separation of the femurs from the carcass, they were dipped into 100% EtOH for surface
disinfection. Under the sterile hood, the femoral head was removed and placed into 0.2 ml PCR tubes
with a hole pierced in the bottom. Tubes were placed into 1.5 ml Eppendorf containing 200 ml PBS
and bone marrow spun out at 3000 g for 5 min. After collection of bone marrow, it was washed with

PBS containing 10% FCS and processed with colony formation assays or stained for flow cytometry.
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4.4.3.3. Collection and preparation of peripheral blood for colony forming unit assays and

blood count.

Before culling the animals, peripheral blood (PB) was collected via terminal cardiac puncture.
0.5-1 ml PB was taken from each animal into the syringe, and 100 pl of PB was transferred into 1.5 ml
Eppendorf containing 50 pl EDTA (anticoagulant) for blood analyses and 0.5 ml of PB was transferred

into 1.5 ml Eppendorf containing 50 pl EDTA (anticoagulant) for colony-forming assays.
4.4.3.4. Colony Forming Unit analyses.

As detailed in section 2.2.3.9, 1x10* cells/well from both PB (after red blood cells were lysed)
and BM were seeded in a 6-well plate with 1.1 ml MethoCult GFM3434 (StemCell Technologies, UK) +
10% IMDM (2% FCS+%1 P/S/A), samples were seeded in triplicate. Samples were checked once every

two days to detect colony formation for 14 days.
4.4.3.5. Flow Cytometry

Flow cytometry analysis was conducted using the LSRII. Fluorescent activated cell sorting was
conducted on the FACSMelody. Data analysis was conducted on FlowJo software. Lymphocyte,

myeloid and haematopoietic stem cell populations were analysed (Table 4-1).
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Table 4-1: Cell populations and flow cytometry markers

Lymphocytes

T Cells CD45*, CD3*, CD1Y

CD4+ T Cells CD45*%, CD3*, CD19, CD4*, CD8"
CD8+ T Cells CD45*, CD3*, CD19, CD8*, CD4

B Cells CD45*, CD3, CD19*

Natural Killer (NK) Cells CD45*, CD3, CD19, NK1.1*

Myeloid Cells

Dendritic Cells CD45*, CD11b*, CD11c*, MHCII*
Neutrophils CD45*, CD11b", Ly6G*

Macrophages CD45*, CD11b*, Ly6G", Ly6C"°, F4/80"
Monocytes CD45%, CD11b*, Ly6G", Ly6C", F4/80"
Granulocytes CD45%, CD11b", Ly6G"

HSCs and progenitors

LSK Cells Lin,, Sca-1*, cKit*

LK Cells Lin,, Sca-1,, cKit*

Analysed cell populations from bone marrow and their markers.

Gating Strategies for flow cytometric analyses

Gating around the cell populations with common characteristics, using forward/side scatters
and marker expression level, allows quantification of populations of interest. The following figures
show the gating strategies for haematopoietic populations (Figure 4-3Figure 2-15), lymphocytes
(Figure 4-4) and myeloid populations (Figure 4-5) using side scatter area (SSC-A), forward scatter area
(FSC-A) and height (FSC-H) and the markers listed in Table 4-1. All positive or negative gating was

determined using fluorescence minus one (FMO) and a single stain for the marker.
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Figure 4-3: Gating strategy for haematopoietic populations.

Gating strategy of HSCs and progenitors: LK Cells (common progenitors) and LSK Cells (HSCs and their multipotent

progenitors) were gated under the lineage negative live bone marrow cells.

CD45+ cD19-CcD3+ | -

SSC-A

CD19-CD3- B Cells : .CD4+ T Cells

CD45 CD19 CD4

SSC-A

NK1.1

Figure 4-4: Gating strategy for lymphocyte populations.

Gating strategy of Lymphocyte cell populations: B Lymphocytes were gated under the live CD45 positive bone marrow cells,
CD19 negative and CD3 positive compartment giving rise to the T Lymphocytes and both CD19, CD3 negative compartment
giving rise to the NK Cells.
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Figure 4-5: Gating strategy for myeloid populations.

Gating strategy for myeloid populations: Granulocytes arise from live CD45 positive bone marrow cells, Neutrophils were
gated under the CD11b positive cell populations, and Ly6G hostile population gave rise to monocytes and macrophages.
Denderitic cells were given arise from the CD11c positive population from CD11b positive cells.
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4.5, Results

The bone microenvironment plays an essential part in tumour development and response to
treatment ((Mdller et al, 2001; Karnoub et al, 2007; Ghajar et al, 2013; Morris & Edwards, 2016;
Maroni, 2019; Clézardin et al, 2020)). However, anti-cancer agent studies focus on the outcome of the
tumour, not the impact on the bone cells. Chemotherapy agents can be used to modify the BME,
which already targets metastatic disease. Previous studies show that 4 and 8 mg /kg doses of
doxorubicin can successfully reduce the size of the metastatic breast cancer tumours in bone without
the effects on the bone in model systems (Ottewell et al, 2008b); thus, | investigated the effects of
DOX on the cells of bone marrow and bone integrity in both immunocompetent and compromised

mice (Ottewell et al, 2008a).

4.5.1. Half Maximal Inhibitory (1C50) of doxorubicin on MDA-MB-231-I1V PX462

cells.

The IC50 level (the half maximal inhibitory concentration) was determined by a dose-response
curve generated with an MTT assay to establish that the drug effectively inhibited tumour cell growth.
MDA-MB-321-1V PX462 human breast cancer cells were treated by a series of dilutions for 72 hours,
resulting in a final DOX concentration of 1 nM- 100 uM. The effects of DOX were compared to the
vehicle, which was the same volume as the PBS control. After the MTT assay, absorbances were

measured using a plate reader at 570 nm.

Absorbance values of control (Media Only: 2.53+0.72) and vehicle control (PBS: 2.48+0.28) are not
significantly different (p=ns:072). The lowest concentration of DOX (10° M: 2.240+0.31) is not
significantly different from the control. 10 M DOX concentration (108 M: 1.86+50.4) is significantly
different (p=0.0018) than control. When the concentrations were increased to 5x10® M (1.19+0.13),
107M (1.13£0.08), 10° M (0.20+0.02), 10° M (0.18+0.01), 5x10°>M (0.1+0.01) and 10* M (0.01+0.01),

individual absorbance values were significantly different (p < 0.0001) when compared to the control.

The sum of absorbance values of blank wells was extracted from all values. Then, all values
were normalised to the maximum absorbance values of the control group, which were set to 100%
(Normalised Value: Absorbance/Maximum Absorbance x 100). Molarity values were turned to Log[X]
values to fit the curve. Then, the IC50 was calculated with GraphPad version 8 using these values

(Figure 4-6).
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Figure 4-6: Effect of increasing DOX concentration on MDA-MB-231-1V PX462 cells survival

Seeded cells were treated with different concentrations of DOX for 72 hours, and a MTT assay was used to determine cell
density. The cell survival rate was compared with increasing doxorubicin concentration. Data are shown as Mean+SEM. n=8.

These results demonstrate that DOX is active and causes a dose-dependent reduction in MDA-

MB-231-1V PX462 cell viability with an IC50 of 0.049 uM.

4.5.2. Effects of 4 mg/kg doxorubicin on bone, bone cells and bone marrow

cells.

As explained in the introduction, DOX is an anthracycline that targets the DNA, which is why it
targets fast multiplying cancer cells more than the other cells. However, this is not the only
mechanism; it also creates reactive oxygen species that trigger oxidative stress and apoptosis. This
oxidative stress may explain the cardiotoxicity. Immunocompetent and immunocompromised mice
were treated with a low but effective 4mg/kg dose used in a previous murine study to determine the

deteriorated effects on bone structure, bone and bone marrow cells (Ottewell et al, 2008a).
General Toxicity Effect of 4 mg/kg doxorubicin on mice

Tracking body weight is an easy and practical analysis to determine mouse health, with weight
loss being one of the indicators of toxicity. From the graphs in the figure below, no weight loss in
animals treated with 4 mg/kg DOX indicated toxicity in either immunocompetent (Figure 4-7A) or

immunocompromised mice (Figure 4-7B).
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Figure 4-7: Effect of 4 mg/kg DOX on mouse body weight.

Body weight of A) immunocompetent and B) immunocompromised mice treated with either saline (control) or 4 mg/kg DOX
weekly for four weeks. 2-Way ANOVA test was used for statistical analysis, and no significant difference was found in multiple
comparisons, n=8/group for both graphs and data showed as mean +/- SEM.

4.5.2.1. Immunocompetent mice

The effect of DOX on bone inimmunocompetent mice was established by treating 7-week-old
female BALB/c mice (n=8/group) with a single dose of DOX (4mg/kg, i.v.) or sterile PBS control once a
week for four weeks. Animals were culled 48h after the last drug injection, and bones were collected

for downstream analysis.
Bone Structure and Integrity

Previous studies using murine models showed bone loss due to the cytotoxicity caused by
DOX [6], and uCT was used to establish if bone structure and integrity were affected. As seen in Figure
4-8, this DOX regime significantly reduced trabecular bone density (CON: 11.35+1.42, DOX: 6.09+1.89)
(Figure 4-8A) and trabecular number (CON: 2.68+0.31, DOX: 1.43+0.46)(Figure 4-8B), when compared
to control. This reduction of the trabecular bone was also observed as an increase in trabecular
separation (gap in between the trabecular bones) in the treated group (CON: 0.18+0.02, DOX:
0.23+0.03) (Figure 4-8D). There were no significant differences found in trabecular thickness (CON:
0.04+0.002, DOX: 0.04+0.002)(Figure 4-8C) and cortical bone volume (CON: 0.83+0.07, DOX:

0.83+0.05)(Figure 4-8E) in between control and treatment groups.
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Trabecular Number (Th.N., mm) 2.68+0.31 | 1.43+0.46 | ****:<0.0001
Trabecular Thickness (Th.Th., mm) 0.04+0.002 | 0.04+0.002 | ns:0.9
Trabecular Separation (Tb.Sp., mm) | 0.18+0.02 | 0.23+0.03 | **:0.0048
Cortical Bone Volume (BV, mm3) 0.83+0.07 | 0.831#0.05 | ns:0.92

Figure 4-8: 4 mg/kg DOX reduces trabecular bone features in immunocompetent mice.

7-week-old female BALB/c mice received a dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control for four weeks once
a week. (A) Effects on trabecular bone density (%), (B) Trabecular Thickness (mm-1), (C) Trabecular Bone Thickness (mm),
(D)Trabecular Bone Separation (mm), (E) Cortical Bone Volume (mm3), T-Test was used for statistical analysis; ns is non-
significant, ** js <0.01, *** js <0.001, **** js <0.0001 data show MeanSD n=8 for CON. and DOX.

Overall, weekly administration of 4 mg/kg DOX for four weeks significantly reduced trabecular

bones in immunocompetent mice compared to control (Figure 4-8).
Bone Remodelling Cells

Bone histomorphometry was performed to determine if DOX altered osteoblasts or
osteoclasts in both endocortical and trabecular bone regions. 3um thick sections from hind limb bones
were stained for TRAP to determine the doxorubicin effect on osteoblasts and osteoclasts. Stained
sections were quantified by their numbers and active surface length under the light microscope.
Results were obtained from endocortical (active osteoblast zone) and trabecular (osteoclast active
zone) bone regions. In both regions, active osteoblasts and osteoclasts and their perimeter per mm

bone were measured. Active osteoclasts are the osteoclasts on the bone surface with TRAP activity,
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and active osteoblasts are the osteoblasts on the bone surface with a rectangular shape (Figure 4-9).

Osteomeasure was used to quantify those parameters.
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Figure 4-9: Representative image of the active osteoblasts, osteoclasts, and their
depositing/resorbing surface.

Image from the region of trabecular bone that is stained for TRAP. An active osteoblast and active osteoclast were quantified
and shown in the image. The bone depositing surface of osteoblasts is shown with a green marker, and the bone-resorbing

surface of osteoclasts is shown with a red marker. Similar parameters were measured in both mm trabecular and endocortical
bones.

Endocortical bone

Results from the endocortical bone region stained for TRAP indicated that there was no
significant difference in osteoblast number per mm endocortical bone surface (EBS) (CON: 9.04+5.02,
DOX: 8.32+4.21)(Figure 4-10A) and osteoclast number per mm EBS (CON: 0.84+1.02, DOX:
0.12+0.15)(Figure 4-10B). Also, the osteoblast depositing surface, which is the overall cell surface (um)
per osteoblast in mm EBS (CON: 2.17+0.24, DOX: 2.47+0.45) (Figure 4-10C) or osteoclast resorbing
surface (overall cell surface (um) per osteoclast mm EBS) (CON: 3.14+1.42, DOX: 0.96+1.22) (Figure
4-10D) were similar in both control and treatment group. In healthy bone, osteoblasts deposit bone
when osteoclasts resorb it. Therefore, the ratio between these cell types reveals whether the bone
remodelling favours bone production or reduction. The osteoblast/osteoclast ratio in the endocortical

region was unchanged by DOX treatment (CON: 43.22+54.91, DOX: 56.93+38.57) (Figure 4-10E).
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Figure 4-10: 4 mg/kg DOX does not alter endocortical bone remodelling cells in

immunocompetent mice.

7-week-old female BALB/c mice received a dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control for four weeks once
a week. (A) Effects on osteoblast number (Ob.N.) per mm endocortical bone surface (EBS), (B) effects on osteoclast number
(Oc.N.) per endocortical bone surface (EBS), (C) overall of per osteoblast bone depositing surface per mm EBS, (D) overall of
per osteoclast bone resorbing surface per mm EBS (E) Osteoblast and Osteoclast ratio, T-Test was used for statistical analysis;

ns is non-significant, data show Mean+SD n=4 for CON. and DOX.
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As shown in Figure 4-10, histology results from endocortical bone indicate that 4
mg/kg/week DOX treatment for four weeks does not alter bone remodelling cells in
immunocompetent mice (

Figure 4-14, E).
Trabecular Bone

Osteoclasts are most active in trabecular bone areas, and changes in bone caused by drugs or
tumours are therefore most prominent in these. As shown in Figure 4-11, B, osteoclast numbers
(Oc.N./mm Trabecular Bone Surface (TBS)) were increased in the doxorubicin treated group compared
to the control (CON: 4.09+0.71, DOX: 6.49+1.08, p: 0.0099). On the other hand, there was no difference
in the osteoblast number (CON.: 4.57+0.92, DOX: 6.66+3.54) (Figure 4-11A), overall bone depositing
surface (CON: 3.08+1.64, DOX: 5.86+2.07) (Figure 4-11C) or overall bone resorbing surface (CON:
5.542.99, DOX: 10.1+2.32) (Figure 4-11D). The osteoblast/osteoclast ratio was unchanged by DOX
treatment compared to control (CON: 1.15+0.31, DOX: 1.0310.56) (Figure 4-11E).
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Figure 4-11: 4 mg/kg DOX only increases osteoclast number in trabecular bone in

immunocompetent mice.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm trabecular bone surface (TBS), (B) effects on osteoclast
number (Oc.N.) per mm TBS, (C) overall of per osteoblast bone depositing surface per mm TBS, (D) overall of per osteoclast
bone resorbing surface per mm TBS (E) Osteoblast and Osteoclast ratio, T-Test was used for statistical analysis; ns is non-

significant, ** is <0.01, data show Mean+SD n=4 for CON. and DOX.

145



Overall, histology scores from the trabecular bone region showed that a regime of 4
mg/kg/week DOX treatment significantly increased osteoclast numbers with a trend toward increased

osteoclast resorbing ratio (Figure 4-11).
HSCs

Establishing the effects of doxorubicin on HSCs is important since it was suggested that HSCs
share their niche with breast cancer cells in bone (Allocca et al, 2019). To determine whether weekly
4 mg/kg DOX treatment altered the HSCs, liquid bone marrow was collected at the end of the
experiment and cultured in semi-solid media specific for HSCs and HSC progenitors (as described in
section 2.2.3.9). Counting of colony forming units showed that similar colony numbers were generated
from HSCs in DOX-treated mice compared to the control group (DOX:30.33+9.62, CON: 25.78+4.44).
This result concludes that weekly 4 mg/kg DOX treatment did not alter the HSCs and HSC progenitors

from liquid bone marrow in the immunocompetent strain (Figure 4-12).
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Figure 4-12: Effect of 4mg/kg DOX on bone marrow HSCs and their progenitors in
immunocompetent mice.
The dose of 4mg/kg mouse DOX treatment affects on HSCs and its progenitors' colony counts from immunocompetent mice's

liquid bone marrow. T-Test was used for statistical analysis; ns is non-significant, and data show Mean#SD n=3 (3 replicates)
for CON. and DOX.

146



4.5.2.1. Immunocompromised mice

The effect of DOX on bone in immunocompromised mice was established by treating 7-week-
old female BALB/c nude mice (n=8/group) with a single weekly dose of DOX (4mg/kg, i.v.) or sterile
PBS control once a week for four weeks. Animals were culled 48h after the last drug injection, and

bones were collected for downstream analysis as described in the following sections.
Bone Structure and Integrity

UCT was used to assess the effects of DOX on bone structure and volume by comparing
trabecular thickness, trabecular number and separation, and volume of trabecular and cortical bone

from the region of interest (ROI) to control.

As shown in Figure 4-13, there was no difference in any of the bone parameters measured
between the control and DOX treated group, indicating that treatment for four weeks, once a week,

with 4mg/kg DOX had no adverse effects on bone volume or structure in immunocompromised mice.
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Cortical Bone Volume (BV, mm3) 0.67+0.06 | 0.65%+0.08 | ns:0.6

Figure 4-13: 4 mg/kg DOX does not alter the bone structure and integrity in

immunocompromised mice.

7-week-old female BALB/c nude mice received a single dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control once a
week for four weeks. (A) Effects on trabecular bone density (%), (B) Trabecular Thickness (mm-1), (C) Trabecular Bone
Thickness (mm), (D)Trabecular Bone Separation (mm), (E) Cortical Bone Volume (mm3), T-Test was used for statistical

analysis, ns is non-significant, data show Mean+SD n=8 for CON. and DOX.
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Bone Remodelling Cells

To compare the bone remodelling cells, osteoclast and osteoblast, bone was stained for TRAP
(Tartrate-resistant Acid Phosphatase) to allow identification of osteoclast and osteoblast numbers

under the light microscope.

Endocortical bone

As expected from the UCT results described above, the bone histomorphometry results
showed that there was no significant difference between control and DOX treated groups in
osteoblast number per mm endocortical bone surface (EBS) (CON: 7.49 + 1.51, DOX: 11.8 + 3.37, p=
ns)(

Figure 4-14A) and osteoclast number per mm EBS (CON: 0.38 £ 0.22, DOX: 0.9 £ 0.8, p= ns)(

Figure 4-14B). In addition, there was no difference in either the osteoblast depositing
surface which is overall cell surface (um) per osteoblast in mm EBS (CON: 2.27 + 0.25, DOX:2.1 +
0.24, p=ns) (

Figure 4-14C) or the osteoclast resorbing surface (overall cell surface (um) per osteoclast
mm EBS) (CON:2.45 + 2.02, DOX:2.28 + 1.98, p=ns)(

Figure 4-14D) between the control and DOX treatment group. Bone remodelling is
associated with osteoblast and osteoclast ratio. Therefore, | compared the osteoblast/osteoclast
ratio of control (CON: 23.23 + 26.92) and DOX treated (DOX:28.79 + 26.22) groups and found no
significant difference (p=ns) between the groups (

Figure 4-14E).

There was high variability in the measurements from individual animals in control, and DOX
treated groups, with no osteoclasts detected in some samples in the DOX treated group. Also, the
sample size was n=4 for the control and n=3 for the DOX-treated group; therefore, the standard
deviation was higher in the group. These might be the reason for no difference between the groups.

The sample size must be increased in future studies to obtain more accurate results.
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Osteoblast/Osteoclast Ratio (Ob.N./Oc.N.) 24.63+11.62 | 9.71+0.86 | ns:0.08

Figure 4-14: 4 mg/kg DOX does not alter the bone remodelling cells in the endocortical

bone of immunocompromised mice.

7-week-old female BALB/c nude mice received a single dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control once a
week for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm endocortical bone surface (EBS), (B) effects on
osteoclast number (Oc.N.) per endocortical bone surface (EBS), (C) overall of per osteoblast bone depositing surface per mm
EBS, (D) overall of per osteoclast bone resorbing surface per mm EBS (E) Osteoblast and Osteoclast ratio, T-Test was used for
statistical analysis, ns is non-significant, data show Mean+SD n=4 for CON. and n=3 for DOX.
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As shown in

Figure 4-14, these results demonstrated that 4 mg/kg/week of DOX treatment for four
weeks has no significant effect on bone remodelling cells in endocortical bone (

Figure 4-14E).
Trabecular Bone

As expected from the uCT results, bone histomorphometry analysis of the trabecular bone
area showed that there was no significant difference in any of the measured parameters
(osteoblast/osteoclast number, deposition/resorption surface, osteoblast: osteoclast ratio) between

the control and the DOX treated group (Figure 4-15).

151



A) Osteoblast Number B) Osteoclast Number

10~ ns 8 ns
* 8 ] 74
il )
£ E¢]
=z =z
8 4 E._ 8 5
2 o
o—TT— 37
CON. DOX CON. DOX
C) Osteoblast depositing surface D) Osteoclast resorbing surface
ns
6 . 15—
(7)) - g ns
m ——
E 44 E104
z 1 Z
£ 1 s -
0ot—7 o—T—T—
CON. DOX CON. DOX
E) Osteoblast/Osteoclast Ratio
ns
1.5
Z404 =
[*]
o
S 0.5
0 0—7— 17—
CON. DOX
Control DOX P
Osteoblast Number (Ob.N./mm TBS) 3.24+0.7 5.18+2.37 | ns:0.17
Osteoclast Number (Oc.N./mm TBS) 4.21+0.19 5.7611.58 | ns:0.1
Osteoblast depositing surface ((um/Ob.N.)/ mm TBS) | 2.27+0.25 2.98+1.57 | ns:0.76
Osteoclast resorbing surface ((um/Oc.N.)/ mm TBS) | 6.83+2.95 5.8+2.44 | ns:0.65
Osteoblast/Osteoclast Ratio (Ob.N./Oc.N.) 0.77+0.19 0.91+0.41 | ns:0.56

Figure 4-15: 4 mg/kg DOX does not alter the bone remodelling cells in

immunocompromised mice's trabecular bone.

7-week-old female BALB/c nude mice received a single dose of doxorubicin (DOX, 4mg/kg, i.p.) or sterile PBS control once a
week for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm trabecular bone surface (TBS), (B) effects on osteoclast
number (Oc.N.) per mm TBS, (C) overall of per osteoblast bone depositing surface per mm TBS, (D) overall of per osteoclast
bone resorbing surface per mm TBS (E) Osteoblast and Osteoclast ratio, T-Test was used for statistical analysis; ns is non-
significant, data show Mean+SD n=4 for CON. and n=3 for DOX.
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HSCs

As previously mentioned, the HSC niche in bone overlaps with the bone metastasis niche
(discussed in chapter 5), and both the HSC and the niche may be affected by DOX. Therefore, the
effects of DOX on HSCs and progenitors in the liquid bone marrow were determined by the colony

forming unit assay.

Bone marrow from 2 mice/group was seeded using three replicates. Results from the CFU assay
showed that haematopoietic stem cell colony numbers in DOX-treated mice (DOX:84.5+49.5) were
similar (p=ns:0.09) to that of the control group (CON: 123.8+14). However, there was considerable
variability between the samples and a trend toward reduced HSCs can be seen when mice were

treated with 4 mg/kg DOX (Figure 4-16).
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Figure 4-16: 4mg/kg DOX treatment effect on HSCs and their progenitors from

immunocompromised mice's bone marrow.

4mg/kg DOX effect on HSCs and their progenitors measured as colony counts from the liquid bone marrow of
immunocompromised mice. T-Test was used for statistical analysis, and ns is non-significant. Data show Mean+SD n=2 (3
replicates) for CON and DOX.

4.5.3. Effect of 6 mg/kg doxorubicin on bone, bone cells and bone marrow
cells.
It is possible that the initial dose of 4mg/kg of DOX was too low to cause significant changes

to the bone microenvironment. | therefore decided to determine the effects of the increased dose of

6 mg/kg DOX on bone, bone cells and bone marrow cells in both immunocompetent and
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immunocompromised mice. Bones were analysed with uCT to determine whether there was
structural damage. Bones were embedded in wax for sectioning, bone histomorphometry was
performed on TRAP-stained sections to quantify the bone cells and their active bone surface length.
Liquid bone marrow was collected and analysed with flow cytometry to quantify a selection of the

immune and HSC populations.
General Toxicity Effect of 6 mg/kg doxorubicin on mice

No indication of toxicity was identified by weekly administration of 6 mg/kg DOX for four weeks

in either immunocompetent (Figure 4-17A) or immunocompromised mice (Figure 4-17B).
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Figure 4-17: 6 mg/kg DOX effect on mouse weight.

Change of weight by day for A) immunocompetent and B) immunocompromised strains were treated with either saline
(control) or 6 mg/kg DOX. 2-Way ANOVA test was used for statistical analysis, and no significant difference was found in
multiple comparisons, n=8/group for both graphs and data showed as mean + error.

4.5.3.1. Effects of 6mg/kg DOX in immunocompetent mice

The effect of DOX on bone in immunocompetent mice was established by treating 7-week-old
female BALB/c mice (n=8/group) with a single dose of DOX (6 mg/kg, i.v.) or sterile PBS control once
a week for four weeks. Animals were culled 48h after the last drug injection, and bones were collected

for downstream analysis.
Bone Structure and Integrity

The uCT results showed that overall trabecular bone density (BV/TV, %) was significantly
reduced in the 6 mg/kg DOX treated group compared to the saline control (CON: 11.37+1.51, DOX:
4.39+0.48, p:****<0.0001) (Figure 4-18A). In addition, the number of trabecular bones were
significantly lowered in the DOX-treated group (CON: 2.54+0.24, DOX: 0.99+0.16, p:
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**%%<0.0001)(Figure 4-18B), but trabecular thickness was unaffected by DOX treatment (CON:
0.04+0.002, DOX: 0.04+0.003, p: 0.98)(Figure 4-18C). On the other hand, trabecular separation (the
space between the trabecular bones) was significantly lower in the DOX-treated group compared to
the saline control (CON: 0.8+0.025, DOX: 0.7940.046, p: **<0.0051) (Figure 4-18D). Endocortical bone
volume of both DOX and saline-treated groups was similar in the two groups (CON: 0.234+0.02, DOX:
0.387+0.08, p:0.73) (Figure 4-18E). Taken together, four weeks of weekly 6 mg/ kg DOX treatment

significantly reduced the trabecular bone content without affecting the cortical bone volume and

density or trabecular bone thickness.
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Figure 4-18: 6 mg/kg DOX reduces trabecular bone number in immunocompetent mice.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 6 mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on trabecular bone density (%), (B) Trabecular Thickness (mm-1), (C) Trabecular Bone Thickness
(mm), (D)Trabecular Bone Separation (mm), (E) Cortical Bone Volume (mm3) was compared using T-Test statistical analysis
between DOX and saline-treated groups, and ns is non-significant, ** is <0.01, *** js <0.001, **** js <0.0001 data show

Mean+SD n=5 for CON. And n= 4 for DOX.
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Bone Remodelling Cells

To determine the effects of 6 mg/kg DOX on osteoblasts and osteoclasts, bones (n=5 for
saline-treated, n=4 for DOX treated) were cut and stained for TRAP (a marker for osteoclastic activity).
In both endocortical and trabecular bone regions, osteoblast numbers per mm bone, osteoclast
numbers per mm bone, osteoblast depositing surface (average um of active osteoblast depositing
surface in per mm bone) and osteoclast resorbing surface (average um of active osteoclast resorbing
surface in per mm bone) were scored. Student T-Test was used to statistically compare the groups to

check if there was a meaningful difference.
Endocortical Bone

The endocortical bone region was the area of 1.8 mm bone from the reference point (300 um
from chondrocytes) on both sides of the sectioned bones where the majority of osteoblasts exist;

therefore, the main effects on osteoblasts can be observed if they exist.

As seen from the results, osteoblast (CON: 9.45+3.82, DOX: 11.46+3.98, p: ns) and osteoclast
numbers (CON: 0.17+0.19, DOX: 0.07+0.14, p: ns) per mm endocortical bone were similar between
saline control and DOX treated groups (Figure 4-19A, B). In addition, there was no significant
difference in the osteoblast depositing surface (CON: 4.77+0.84, DOX: 5.13+1.55, p: ns) and osteoclast
resorbing surface (CON: 7.04+7.22, DOX: 10.07+20.13, p: ns) between the groups (Figure 4-19C, D).
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Figure 4-19: 6 mg/kg doxorubicin effect on bone remodelling cellsin endocortical bone in

immunocompetent mice.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 6mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm endocortical bone surface (EBS), (B) effects on osteoclast
number (Oc.N.) per mm EBS, (C) overall of each osteoblast bone depositing surface per mm EBS, (D) overall of each osteoclast
bone resorbing surface per mm EBS were compared between DOX and saline-treated groups, T-Test was used for statistical

analysis, ns is non-significant, data show Mean+SD n=5 for CON. and n=4 for DOX.
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Similar to data found for the 4mg/kg dose of DOX, no effect on bone remodelling cells in the
endocortical bone region of BALB/c female mice was observed following weekly administration of

6mg/kg dose of DOX for four weeks (Figure 4-19).

Trabecular Bone

As seen in Figure 4-20, no difference was found in the bone structure in the trabecular bone
of the immunocompetent mice with a 6 mg dose of DOX. Interestingly, a previous increase in the
osteoclast number with 4 mg DOX was not observed with 6 mg DOX. However, there was considerable
variability in the measured parameters, and some samples had zero osteoblast or osteoclast numbers,

probably caused by the low sample size.
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Figure 4-20: 6 mg/kg doxorubicin effect on bone remodelling cells in immunocompetent
mouse trabecular bone.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 6mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm trabecular bone surface (TBS), (B) effects on osteoclast
number (Oc.N.) per mm TBS, (C) overall of each osteoblast bone depositing surface per mm TBS, (D) overall of per osteoclast

bone resorbing surface per mm TBS were compared between DOX and saline-treated groups, T-Test was used for statistical
analysis, ns is non-significant, data show Mean+SD n=5 for CON. and n=4 for DOX.

HSCs

HSCs and progenitors are suggested to play a crucial role in cancer metastasis (Shiozawa et al,
2011a; Allocca et al, 2019), and | decided to use flow cytometry to determine whether DOX altered
HSCs and progenitors counts. In the mouse, LSK cells (Lineage(-), Sca-1(+), C-Kit(+)) are defined as HSCs
and progenitors in general, and LK cells (Lineage(-), Sca-1(-), C-Kit(+)) are the common myeloid

populations, granulocyte-macrophage progenitors, and megakaryocytes-erythrocyte progenitors.
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Flow cytometry results showed that the LSK cell population was similar in the saline control and DOX
treated groups (CON: 0.54+0.13, DOX:0.5440.09, p: ns,0.93, % of the Live Cells) (Figure 4-21A). On the
other hand, the proportion of LK cells was found to be significantly higher in the DOX-treated group
compared to the saline control (CON: 2.97+0.62, DOX:7.35+1.48, p: ****,<0.0001, % of the Live Cells)

(Figure 4-21B).
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Figure 4-21: Effect of 6 mg/kg DOX on haematopoietic stem cells and progenitors in

immunocompetent mice.

Comparison of A) LSK Cells and B) LK Cells from BALB/c mice bone marrow, both saline control and DOX treated groups, shown
as % of Live Cells from flow cytometry. T-Test was used for statistical analysis, and ns is non-significant, **** is <0.000 data
show Mean+SD n=8 for CON. and n=7 for DOX.

Since the 4mg/kg DOX effects on HSCs were assessed with the semi-solid medium colony
formation assay (Figure 4-12), LSK cells were sorted with Melody FACS sorter and 250 cells/well
seeded onto a 6-well-plate to observe whether DOX affects their function (colony formation ability).
Due to the rarity of the HSC populations in the liquid bone marrow, 10% of the bone marrow collected
from each mouse was pooled as the control and DOX treated groups as three replicates. As seen in
Figure 4-21, seeding the same number of LSK cells from control and DOX-treated mice resulted in

forming a similar number of colonies in a semi-solid medium (CON:30.33+1.53, DOX:35+1, p: ns, 0.19).
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Figure 4-22: Functionality of LSK cells from saline or 6mg/kg DOX treated

immunocompetent mice.

Colony count comparison of the sorted LSK cells from saline and 6 mg DOX treated animals’ bone marrow. T-Test was used
for statistical analysis, and ns is non-significant. Data show Mean+SD n=3 for pooled CON and DOX groups.

In summary, these data demonstrate that 6mg/kg DOX did not affect the number and function
of HSCs and their progenitors in the bone marrow, whereas the LK cell populations were significantly

increased in response to the treatment (Figure 4-21).
Lymphocytes

Essential components of the immune system, B/T lymphocytes, are produced in the bone
marrow. B Cells mature in the bone marrow, whereas T Cells mature in the thymus, from where they
can return to the bone marrow. Moreover, another crucial innate lymphocyte are NK cells, which
initiate from bone marrow and mature in the tissues. The significant roles of these cells are antibody
production, direct killing of virus-infected and cancer cells, and regulation of the immune system
(Larosa & Orange, 2008). Chemotherapy is known to induce an inflammatory response by damaging
the healthy dividing cells, yet whether there is an observable effect on the lymphocyte population in
the liquid bone marrow following DOX treatment is not certain. To determine the effects of DOX on B
Lymphocytes, CD8+ T Lymphocytes, CD4+ T Lymphocytes and NK Cells, flow cytometry was used to

assess liquid bone marrow obtained from both saline and DOX-treated mice.

| found that weekly treatment of immunocompetent mice with 6 mg/kg DOX for four weeks
significantly reduced B cell numbers (CON: 40.99+7.16, DOX:12.36+3.51, p: **** <0.0001, % of the
Live CD45(+) Cells)(Figure 4-23A). Also, CD8+ T cell numbers were significantly lowered in DOX treated
group compared to saline control (CON: 0.1+0.06, DOX:0.05+0.01, p: *,0.02, % of the Live CD45(+)
Cells)( Figure 4-23B). On the other hand, CD4+ T cells were significantly higher in DOX treated group
compared to control (CON: 0.13+0.07, DOX:0.2+0.04, p: *,0.01, % of the Live CD45(+) Cells)( Figure
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4-23C). As the antibody used to determine NK Cells in this panel (NK1.1) did not work in this

experiment, no NK Cells data were obtained.
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Figure 4-23: 6 mg/kg DOX effect on lymphocytes in immunocompetent strain.

Comparison of A) B Cells, B) CD8+ T Cells, and C) CD4+ T Cells saline control and DOX treated groups of BALB/c mice as % of
Live CD45 (+) Cells from flow cytometry. Data show Mean+SD n=8 for both CON. and DOX. T-Test was used for statistical
analysis, and ns is non-significant, ns is non-significant, * is <0.05,** is <0.01, *** js <0.001, **** js <0.000.

My data show that exposure to 6 mg/kg DOX for four weeks significantly impacts B and some

T cell populations in the bone marrow (Figure 4-23).
Myeloid Cells

Another immune population, myeloid cells, play essential roles in protective immunity
(Stegelmeier et al, 2019). To determine the effects of DOX on myeloid cells, flow cytometry was used
with liquid bone marrow from both saline and DOX-treated populations. Table 4-1 shows that
macrophages, monocytes, neutrophils, granulocytes, and dendritic cells were detected with flow

cytometry using specific antibodies.

Results showed that macrophages significantly increased with 6 mg/kg DOX treatment
compared to the saline control (CON: 1.45+0.14, DOX:2.53+0.41, p:<0.0001, % of the Live CD45(+)
Cells) (Figure 4-24A). In contrast, monocyte numbers were significantly lower in the DOX treated group
compared to control (CON: 0.91+0.18, DOX:7.15+0.98, p: <0.0001, % of the Live CD45(+) Cells) (Figure
4-24B). Further statistical tests revealed that the number of neutrophils was significantly increased in
the DOX-treated group (CON: 23.21+3.1, DOX:43.53%3.71, p: <0.0001, % of the Live CD45(+) Cells)
(Figure 4-24C). On average, granulocyte numbers were notably increased in DOX treated group when
compared to the saline control (CON: 12.51+2.64, DOX:27.39+4.15, p: <0.0001, % of the Live CD45(+)
Cells) (Figure 4-24D). The antibody to determine dendritic cell populations (MHCII) did not tag

efficiently; therefore, the population could not be determined.
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Figure 4-24: 6 mg/kg DOX effect on myeloid cells in immunocompetent strain.

Comparison of A) Macrophages, B) Monocytes, C) Neutrophils, and D) Granulocytes saline control and DOX treated groups of
BALB/c mice’s bone marrow as % of Live CD45 (+) Cells from flow cytometry. T-Test was used for statistical analysis, ****,
<0.0001, data show Mean+SD n=8 for both CON. and DOX.

Flow cytometry quantification of myeloid populations showed that their numbers increased
in the bone marrow following a weekly 6 mg/kg dose of DOX for four weeks (Figure 4-24). These data

suggest that DOX induces an inflammatory response in the bone marrow.
Haematology Analysis

Haematology analysis provides valuable information on markers for disease in both humans
and mice. Despite the differences between mice and humans, such as lower neutrophils in peripheral
blood or higher bone marrow and peripheral blood percentages in mice, they still can give information
about the changes in the general immune cell populations in the peripheral blood (O’Connell et al,

2015).

Blood cells were quantified with Sci Vet ABC plus (Figure 4-25). Results indicated an increase
in white blood cell counts in DOX treated group; however, this increase was not significant (CON:
2.3440.88, DOX: 2.97+0.9. p: ns) (Figure 4-25A). Also, lymphocyte counts were similar between
control, and DOX treated groups (CON: 1.86+0.71, DOX: 1.76%0.5. p: ns) (Figure 4-25B). On the other
hand, monocytes were significantly increased with DOX treatment (CON: 0.07+0.08, DOX: 0.19+0.07.
p: **) (Figure 4-25C). Similarly, granulocyte cell counts were increased in the DOX group compared to
the control (CON: 0.41+0.15, DOX: 1.03£0.51. p: **) (Figure 4-25D). No significant eosinophil cell
counts were found between saline control, and the DOX treated group (CON: 0.06+0.05, DOX:
0.04+0.02. p: ns) (Figure 4-25E).
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Control DOX P
White Blood Cells (103/mm3) 2.34+0.88 | 2.97+0.9 ns:0.14
Lymphocyte Cell Counts (103/mm3) | 1.86+0.71 | 1.76+0.5 ns:0.86
Monocyte Cell Counts (103/mm?3) 0.07+0.08 | 0.19+0.07 | **:0.006
Granulocyte Cell Counts (103/mm3) | 0.41+0.15 | 1.03+0.51 | **:0.005
Eosinophil Cell counts (103/mm3) 0.06+0.05 | 0.04+0.02 | ns:0.11

Figure 4-25: Effects of 6 mg/kg DOX treatment on blood cell counts in immunocompetent
mice

A) White Blood Cells, B) Lymphocyte Cell Counts, C) Monocyte Cell Counts, D) Granulocyte Cell Counts, and E) Eosinophils from
peripheral blood of saline-treated control group and DOX treated group from BALB/c strain that was obtained with Sci Vet

ABC+ was given as 103 cells per mm3 peripheral blood. T-Test was used for statistical analysis, and ns is non-significant, ** is
<0.01, and data show Mean=SD n=7 for CON. And n=8 for DOX.

Overall, granulocytes and monocytes were increased due to DOX treatment, yet the lymphocyte with

the highest cell count in the total white blood cell count was not affected (Figure 4-25).

4.5.3.1. Immunocompromised mice

The study was repeated in immunocompromised mice by treating 7-week-old female BALB/c
Nude mice (n=8/group) with a single dose of DOX (6 mg/kg, i.v.) or sterile PBS control given once a
week for four weeks. Animals were culled 48h after the last drug injection, and bones were collected

for downstream analysis.
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Bone Structure and Integrity

As Figure 4-26 shows, trabecular bone density (ratio of the trabecular bone volume to tissue
volume)(CON: 11.24+2.09, DOX: 6.02+0.66, p:***,0.0007)(Figure 4-26A) and trabecular number (CON:
2.65+0.4, DOX: 1.37+0.4, p:***,0.0002)(Figure 4-26B) was significantly reduced with DOX treatment
compared to control. However, the trabecular bone thickness was similar in the saline control, and
DOX treated groups (CON: 0.04+0.002, DOX: 0.04+0.002, p: ns) (Figure 4-26C). Trabecular bone was
increased in DOX-treated mice compared to the saline-treated controls (CON: 0.24+0.018, DOX:
0.35+0.05, p: **,0.0016) (Figure 4-26D). On the other hand, there was no significant difference in
cortical bone volume between the control and DOX treated groups (CON: 11.24+2.09, DOX: 6.0210.66,
p: *** ,0.0007) (Figure 4-26E).

165



A) Trabecular Bone Density

D) Trabecular Bone Separation

B) Trabecular Bone Number

o Kokk -
® 4

> 15— *Kokok

£ o

=3

— 3_

2 0 % T %

© 10

E 4

£ 54 & = i
3 1

S

[

§ 0-—T—1— o—T—
o CON. DOX. CON. DOX.

C) Trabecular Bone Thickness

0.050

0.048

0.046

0.044

Tb.Th (mm)

0.042 %

0040 —— 1+
CON. DOX.

E) Cortical Bone Volume

0.5 %%k 0.85 —
0.4+ ‘ i T 0804 .
- o
£ 03- % 2 .
= ,}'J_ " 50754
E 0.2 %
0.1 s 0707 e
0.0 -—yr— 0.65———7——7——
CON. DOX. CON= S DOX
Control DOX P
Trabecular Bone Density (BV/TV, %) | 11.24+2.09 | 6.02+0.66 | ***:0.0007
Trabecular Number (Tb.N., mm) 2.6510.4 1.37+£0.14 | ***:0.0002
Trabecular Thickness (Tb.Th., mm) | 0.04+0.002 | 0.04+0.002 | ns:0.17
Trabecular Separation (Tb.Sp., mm) | 0.24+0.018 | 0.35+0.05 | **:0.0016
Cortical Bone Volume (BV, mm?3) 0.71+0.034 | 0.75£0.055 | ns:0.17

Figure 4-26: 6 mg/kg DOX reduces trabecular bone number in immunocompromised mice.

7-week-old female BALB/c Nude mice received a single dose of doxorubicin (DOX, 6 mg/kg, i.p.) or sterile PBS control once a
week for four weeks. (A) Effects on trabecular bone density (%), (B) Trabecular Thickness (mm-), (C) Trabecular Bone
Thickness (mm), (D)Trabecular Bone Separation (mm), (E) Cortical Bone Volume (mm3), T-Test was used for statistical
analysis, and ns is non-significant, ** is <0.01, *** is <0.001, **** js <0.0001 data show Mean+SD n=5 for CON. and DOX.

Overall, administration of 6 mg/kg DOX (weekly for four weeks) to immunocompromised mice

reduced the number of trabecular bones whilst not affecting cortical bone (Figure 4-26).

Bone Remodelling Cells

To determine the effects of 6 mg/kg DOX on osteoblasts and osteoclasts, bones from BALB/c
Nude mice (n=4 for saline-treated, n=3 for DOX treated) were cut and stained for TRAP (a marker for

osteoclastic activity) at the end of the experiment. Bone cells in the endocortical and trabecular bone

regions were scored as previously described.
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Endocortical Bone

Osteoblasts are found close to the endocortical bone surface, but this does not mean they are
active. Therefore, active bone depositing osteoblasts (that are lined on the bone surface with a
rectangular shape) and active bone-resorbing osteoclasts were quantified to determine whether their

numbers were affected by DOX treatment.

From the data shown in Figure 4-27, osteoblast (CON: 16.47+3.96, DOX: 18.32+8.4, p: ns)
(Figure 4-27A) and osteoclast numbers (CON: 0.13£0.15, DOX: 0.79+1.24, p: ns) (Figure 4-27B) were
not significantly different between saline and DOX treated groups. Also, no significant difference was
found in the average of osteoblast's bone depositing surface (CON: 4.61+0.5, DOX: 4.41+0.41, p: ns)
(Figure 4-27C) and the average of osteoclast's bone resorbing surface (CON: 0.89+1.05, DOX:
2.1142.02, p: ns) (Figure 4-27D) between saline control and DOX groups.
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Figure 4-27: Effects of 6 mg/kg doxorubicin on endocortical bone remodelling cells of
immunocompromised mice.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 6mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm endocortical bone surface (EBS), (B) effects on osteoclast
number (Oc.N.) per mm EBS, (C) overall of per osteoblast bone depositing surface per mm EBS, (D) overall of per osteoclast

bone resorbing surface per mm EBS were compared between DOX and saline-treated groups, T-Test was used for statistical
analysis, ns is non-significant, data show Mean+SD n=4 for CON. and n=3 for DOX.

Overall, no significant effect was found in immunocompromised mice's bone remodelling cells

in endocortical bone after treatment with 6mg/kg DOX (Figure 4-27).
Trabecular Bone

As can be seen from Figure 4-27, no significant differences were found between control and
DOX groups in their osteoblast (CON: 1.9+0.64, DOX: 5.23+3.27, p: ns)(Figure 4-28A) and osteoclast
(CON: 4.39+2.22, DOX: 4.37+1.17, p: ns)(Figure 4-28B) numbers per mm trabecular bone. Student T-

Test did not show any significant chance of osteoblast depositing surface (CON: 3.99+2.63, DOX:
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10.01+5.43, p: ns)(Figure 4-28C) and osteoclast resorbing surface (CON: 11+4.12, DOX: 10.4613.12, p:

ns)(Figure 4-28D) per mm trabecular bone between control and DOX groups.
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Figure 4-28: 6 mg/kg doxorubicin effect on bone remodelling cells in immunocompromised

mouse trabecular bone.

7-week-old female BALB/c mice received a single dose of doxorubicin (DOX, 6mg/kg, i.p.) or sterile PBS control once a week
for four weeks. (A) Effects on osteoblast number (Ob.N.) per mm trabecular bone surface (TBS), (B) effects on osteoclast
number (Oc.N.) per mm TBS, (C) overall of per osteoblast bone depositing surface per mm TBS, (D) overall of per osteoclast
bone resorbing surface per mm TBS were compared between DOX and saline-treated groups. T-test was used for statistical
analysis, and ns is non-significant. Data show Mean+SD n=4 for CON. and n=3 for DOX.

To summarise, a weekly, single dose of 6 mg/kg DOX administration to immunocompromised

mice had no significant effect on the bone remodelling cells in the trabecular bone region (Figure

4-28).
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HSCs

| also determined the effects of DOX on LSK cells (Lineage(-), Sca-1(+), C-Kit(+)) (defined as
HSCs and progenitors) and LK cells (Lineage(-), Sca-1(-), C-Kit(+)) (common myeloid populations,
granulocyte-macrophage progenitors and megakaryocytes-erythrocyte progenitors) in the bone

marrow by flow cytometry.

As shown in Figure 4-28, as a % of live cells, LSK cells were found to be significantly increased
in the DOX treated group compared to saline control (CON: 0.19+0.05, DOX:0.34+0.09, p: ***,0.0009)
(Figure 4-29A). Alongside LSK cells, LK cells were found to be significantly higher in the DOX-treated
group compared to the control (CON: 1.86+0.35, DOX:2.27+0.35, p: *,0.0352) (Figure 4-29B).
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Figure 4-29: Effects of 6 mg/kg DOX on haematopoietic stem cells and progenitors in

immunocompromised mice.

Comparison of A) LSK Cells and B) LK Cells from BALB/c Nude strain's saline control and DOX treated groups as % of Live Cells
from flow cytometry. T-Test was used for statistical analysis ns is non-significant, * is <0.05, *** js <0.001, data show
Mean+SD n=8 for both CON. and DOX.

Overall, HSCs, their progenitors and LK cell populations were increased in
immunocompromised mice in response to weekly administration of 6 mg/kg DOX for four weeks

(Figure 4-29).
Lymphocytes

As previously mentioned, the BALB/c Nude strain is immunodeficient, lacking mature
T cells; however, they have mature B cells and NK cells. Therefore, flow cytometry was used to assess
liguid bone marrow from both saline and DOX-treated mice to observe DOX's effects on

immunodeficient mice lymphocytes.
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Results showed that B cells were significantly lower in DOX treated group than in the saline
control (CON: 17.4246.58, DOX:5.86+3.98, p: ***,0.0008) (Figure 4-30A). However, there were no
significant change in CD8+ T Cells (CON: 0.1+0.07, DOX:0.15+0.14, p:0.37)(Figure 4-30B), CD4+ T Cells
(CON: 0.1640.06, DOX:0.13+0.02, p:0.16)(Figure 4-30C) or NK Cells (CON: 0.33+0.34, DOX:0.6510.3,
p:0.065)(Figure 4-30D).
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Figure 4-30: 6 mg/kg DOX effect on lymphocytes in immunocompromised strain.

Comparison of A) B Cells, B) CD8+ T Cells, C) CD4+ T Cells and D) NK Cells of BALB/c Nude strain's both saline control and DOX
treated groups as % of Live CD45 (+) Cells from flow cytometry. T-Test was used for statistical analysis ns is non-significant,
*¥* js <0.001, data show Mean+SD n=8 for both CON. and DOX.

In summary, only B cells were affected inimmunocompromised mice, and their percentage decreased

with DOX treatment (Figure 4-30).
Myeloid Cells

Despite lacking a functional thymus, mice of the BALB/c Nude strain have a myeloid cell
population. Flow cytometry was used to analyse the liquid bone marrow isolated from both saline and
DOX treated mice to determine the effects of DOX on myeloid cells in immunocompromised mice. As
shown in Figure 4-31, there were no significant differences found in macrophages (CON: 1.66+1.7,
DOX: 1%1.1, p: ns)(Figure 4-31A) and monocytes (CON: 0.01+0.02, DOX: 0.01+0.01, p: ns)(Figure 4-31B)
between control and DOX treated groups. On the other hand, neutrophils (CON: 0.01+0.02, DOX:
0.01+0.01, p:**,0.0085)(Figure 4-31C), granulocytes (CON: 4.72+1.08, DOX: 6.58+1.82,
p:*,0.014)(Figure 4-31D) and dendritic cells (CON: 0.55+0.21, DOX: 0.83+0.24, p:*,0.019)(Figure 4-31E)

were all significantly increased with DOX treatment compared to saline control.
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Figure 4-31: Effects of 6 mg/kg DOX on myeloid cells in immunocompromised mice.

Comparison of A) Macrophages, B) Monocytes, C) Neutrophils, D) Granulocytes and E) Dendritic Cells of BALB/c Nude strain's
both saline control and DOX treated groups as % of Live CD45 (+) Cells from flow cytometry. T-Test was used for statistical
analysis; ns is non-significant, * is <0.05,** js <0.01, and data show Mean+SD n=8 for both CON. and DOX.

Neutrophils are the predominant cells in the acute inflammatory responses to eliminate the
foreign material, and then macrophages are recruited to the area to clean the residues (Medzhitov,
2008). My results support that DOX may have induced an inflammatory response in the bone marrow

of the immunocompromised mice, associated with an increase in the neutrophil population (Figure
4-31).

Haematology Results

To determine whether there was a measurable effect of 6 mg/kg DOX treatment on

hematopoietic cells in the circulation of immunocompromised mice, total blood count was analysed

with Sci Vet ABC plus

As can be seen in
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Figure 4-32, there were no significant differences between the control and the DOX treated group in
any of the measured cell populations, except for increased granulocytes in the DOX treated group
(CON:0.81+0.2, DOX: 1.44+0.6, ps:*,0.015)(

Figure 4-32D).
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Figure 4-32: Effects of 6 mg/kg DOX treatment on blood cell counts in
immunocompromised mice
Total White Blood Cell counts from peripheral blood of saline-treated control group, and DOX treated group from BALB/c

Nude strain's peripheral blood. T-Test was used for statistical analysis; ns is non-significant, * is <0.05, and data show
Mean+SD n=8 for CON. and n=7 for DOX.
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As shown in Table 4-2, the 4 mg dose of doxorubicin reduced trabecular bone numbers in the
immunocompetent strain, which did not alter the bone structure in the immunocompromised strain,
whereas the 6 mg dose reduced trabecular bones for both strains. Also, the only difference found in
the bone remodelling cells in immunocompetent mice was an increase in osteoclast numbers of the
im trabecular bone when treated with the 4 mg dose of doxorubicin. Lastly, all immune cell
populations in the immunocompetent stain were affected by 6 mg DOX treatment; however, HSCs
cells and progenitors (LSK Cells) were not affected. Interestingly, LSK Cells were affected by DOX in
immunocompromised strain. Despite some similar trends observed in immunocompromised strain,

the differences in myeloid cells were not as pronounced as in the immunocompetent strain.
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Table 4-2: Summary of all results

Summary table of all data obtained from this chapter for both 4 mg and 6 mg dose of doxorubicin effect on both immunocompetent and immunocompromised strains.

4 mg/kg DOXORUBICIN

6 mg/kg DOXORUBICIN

Immunocompetent Immunocompromised Immunocompetent Immunocompromised
Control | DOX P Control | pbox [ P Control | DOX | P Control [ DOX | P
Bone Structure and Integrity
Trabecular Bone Density (BV/TV, %) 11.35+£1.42 6.09+1.89 **%%<0.0001 9+2 7.36£2.58 | ns:0.18 | 11.37+1.51 4.39+0.48 **%¥%<0.0001 | 11.2442.09 | 6.0210.66 ***:0.0007
Trabecular Number (Tb.N., mm) 2.68+0.31 1.43+0.46 *¥*%¥%<0.0001 2.15+0.47 1.78+0.58 | ns:0.19 2.5410.24 0.9910.16 **%%<0.0001 2.65+0.4 1.37+0.14 **%*:0.0002
Trabecular Thickness (Tb.Th., mm) 0.04+0.002 0.04+0.002 ns:0.9 0.04+0.002 | 0.04+0.002 | ns:0.46 | 0.04+0.002 0.04+0.003 ns:0.98 0.041+0.002 | 0.04+0.002 ns:0.17
Trabecular Separation (Tb.Sp., mm) 0.18+0.02 0.23+0.03 **:0.0048 0.2610.03 0.284+0.04 | ns:0.49 | 0.234+0.02 0.387+0.08 **<0.0051 0.24+0.018 | 0.35+0.05 *#*:0.0016
Cortical Bone Volume (BV, mm?) 0.83+0.07 0.83+0.05 ns:0.92 0.67+0.06 0.65+0.08 ns:0.6 0.8+0.025 0.79+0.046 ns:0.73 0.7140.034 | 0.75+0.055 ns:0.17
Bone Remodelling Cells
Osteoblast Number (Ob.N./mm EBS) 9.04+5.02 8.32+4.21 ns:0.83 7.49+1.51 11.843.37 | ns:0.07 9.45+3.82 11.46+3.98 ns:0.47 16.47+3.96 18.3218.4 ns:0.7
Osteoclast Number (Oc.N./mm EBS) 0.84+1.02 0.1210.15 ns:0.21 0.381+0.218 0.9+0.8 ns:0.25 0.17+0.19 0.07+0.14 ns:0.41 0.13+0.15 0.79+1.24 ns:0.33
Osteoblast depositing suface (um/0bN/mm [ 3 1740.24 | 2.4740.45 ns:0.29 2.27£0.25 | 2.1#0.24 | ns:i0.25 | 4.77¢0.84 | 5.131.55 ns:0.67 4.6110.5 | 4.41%0.41 ns:0.6
Osteodastresorbing surface (um/0cN)/mme8S) | 3.1441.42 | 0.96%1.22 ns:0.06 2.45$2.02 | 2.28+1.98 | ns:0.92 | 7.04+7.22 | 10.074#20.13 |  ns:0.76 0.89+1.05 | 2.11#2.02 | ns:0.34
Osteoblast/Osteoclast Ratio (Ob.N./OcN.) | 43 2745491 | 56.93+38.57 ns:0.68 24.63+11.62 | 9.71#0.86 | ns:0.08 No Data was obtained
Osteoblast Number (Ob.N./mm TBS) 4.57+0.92 6.66+3.54 ns:0.3 3.24+0.7 5.18+2.37 | ns:0.17 1.73+1.35 0.84+1.69 ns:0.41 1.9+0.64 5.23+3.27 ns:0.1
Osteoclast Number (Oc.N./mm TBS) 4.0940.71 6.49+1.08 **:0.0099 4.21+0.19 5.76+1.58 ns:0.1 5.44+1.6 3.4+4.68 ns:0.39 4.3942.22 4.37+1.17 ns:0.99
°"e°"""5'“"""“““g;;;“e ({um/0b.N.)/ mm 3.08+1.64 5.86+2.07 ns:0.08 2.2740.25 2.98+1.57 | ns:0.76 2.17+1.40 5.16+10.33 ns:0.54 3.99+2.63 | 10.01%5.43 ns:0.1
Osteoclast resorbing surface ((um/Oc.N.)/ mm TES) 5.5+2.99 10.1+2.32 ns:0.051 6.83+2.95 5.812.44 ns:0.65 | 40.99+79.93 | 32.25+57.69 ns:0.86 11+4.12 10.46+3.12 ns:0.86
Osteoblast/Osteoclast Ratio (0b.N./OCN.) | 1 15+0.31 1.0340.56 ns:0.71 0.7740.19 | 0.91#0.41 | ns:0.56 No Data was obtained
Bone Marrow Cell Populations
LSK Cells (% of Live) No Flow Cytometry was done for this experiment 0.54+0.13 0.54+0.09 ns:0.93 0.19+0.05 | 0.34+0.09 | ***:0.0009
LK Cells (% of Live) No Flow Cytometry was done for this experiment 2.97+0.62 7.35+1.48 | ****<0.0001 | 1.860.35 | 2.2740.35 *:0.0352
B Lymphocytes (% of Live CD45+) No Flow Cytometry was done for this experiment 40.99+7.16 | 12.36+3.51 | ****<0.0001 | 17.42+6.58 | 5.86+3.98 | ***:0.0008
CD8+ Lymphocytes (% of Live CD45+) No Flow Cytometry was done for this experiment 0.1+0.06 0.05+0.01 *:0.02 0.1+0.07 0.15+0.14 ns:0.37
CD4+ Lymphocytes (% of Live CD45+) No Flow Cytometry was done for this experiment 0.13+0.07 0.2+0.04 *:0.01 0.16+0.06 0.13+0.02 ns:0.16
NK Cells (% of Live CD45+) No Flow Cytometry was done for this experiment No Data was obtained 0.33+0.34 0.65+0.3 ns:0.065
Macrophages (% of Live CD45+) No Flow Cytometry was done for this experiment 1.45+0.14 2.53+0.41 **%%<0.0001 1.66+1.7 1.25+1.24 ns:0.58
Monocytes (% of Live CDA45+) No Flow Cytometry was done for this experiment 0.91+0.18 7.15+0.98 | ****<0.0001 | 0.01+0.02 | 0.01+0.02 ns:0.69
Neutrophils (% of Live CD45+) No Flow Cytometry was done for this experiment 23.21#3.1 43.53#3.71 | ****<0.0001 | 42.84#5.92 | 54.98+9.58 | **:0.0085
Granulocytes (% of Live CD45+) No Flow Cytometry was done for this experiment 12.51+2.64 27.39+4.15 | ****<0.0001 | 4.72+1.08 6.83+1.82 *.0.014
Dendritic Cells (% of Live CD45+) No Flow Cytometry was done for this experiment No Data was obtained 0.55+0.21 0.84+0.23 *.0.019
Haematology Analysis
White Blood Cells (103/mm?3) No Haematology Analysis was done for this experiment 2.34+0.88 2.97+0.9 ns:0.14 2.55+0.65 3.07+1.28 ns:0.33
Lymphocyte Cell Counts (103/mm?3) No Haematology Analysis was done for this experiment 1.86+0.71 1.76+0.5 ns:0.86 1.5440.46 1.3740.62 ns:0.56
Monocyte Cell Counts (10°/mm?) No Haematology Analysis was done for this experiment 0.07+0.08 0.1940.07 **:0.006 0.2+0.05 0.26%0.13 ns:0.27
Granulocyte Cell Counts (103/mm?) No Haematology Analysis was done for this experiment 0.41+0.15 1.03+0.51 **:0.005 0.81+0.2 1.44+0.6 *:0.015
Eosinophil Cell counts (103/mm?) No Haematology Analysis was done for this experiment 0.06+0.05 0.04+0.02 ns:0.11 0.03+0.02 0.06+0.05 ns:0.1




4.6. Discussion

The experiments described in this chapter aimed to investigate how the administration of a clinically
used chemotherapy agent (doxorubicin) affects vital components of the bone microenvironment in
vivo. Bone and bone marrow are under constant regeneration, with bone remodelling cells
continuously destroying and rebuilding new bone at different rates, depending on age. We know that
in young mice, bone development continues, whereas, in mature mice (age 10 weeks +), bone
remodelling is slower (Jilka, 2013), and this, in turn, modifies tumour growth in bone (Haley et al,
2018). Because of this, metastatic outgrow models are designed with young mice; since metastatic
outgrowing is rare with adult mice, they are more suitable for dormancy models (Ottewell & Lawson,
2021). The impact of anti-cancer agents on the BME has not been extensively studied but may affect
tumour development and progression. The bone marrow is the source of red blood and immune cells
and is a highly proliferative environment. Since constant cell production and maintenance occurs, it is

essential to understand the effects of chemotherapy, mainly targeting the fast-dividing cells.

In treating breast cancer, DOX is mainly used in the adjuvant setting, starting after surgical
removal of the primary breast tumour (Ozer & Aydiner, 2019). At this point, there is no evidence of
tumour spread to the bone; hence, the vast majority of cells exposed to adjuvant DOX will be normal
healthy cells. It is known that a cumulative dose of DOX can cause cardiotoxicity, either by producing
iron-related free radicals or by causing damage to the cell mitochondria (Thorn et al, 2011). Less is
known about the potentially detrimental effects of DOX on bone; however, there are murine studies
that report DOX-induced bone loss (Rana et al, 2013; Fan et al, 2017). This bone loss effect of DOX is
an important factor, especially for osteolytic bone metastasis, where bone structure and integrity are

also reduced by the tumour (Riffel et al, 2022).

Side effects of DOX like cardiotoxicity and bone marrow aplasia are common, and another side
effect is myeloid suppression (Carvalho et al, 2009). Yang et al. studied the effects of doxorubicin on
ex vivo rat bone marrow mesenchymal cells (MSCs) and determined that it induces cell apoptosis by
detecting p38, JINK and p53 pathway apoptosis markers (Yang et al, 2013). Another study by Oliveira
et al. showed the toxic effects of DOX using an in vivo rat model. In their study, 6-8 week old male rats
were treated with weekly 5 mg DOX for four weeks. They showed that MSCs had reduced alkaline
phosphate and ex vivo proliferation in response to DOX (Oliveira et al, 2014). Spallarossa et al. tested
DOX toxicity in vitro on endothelial cell progenitors and similar to the report by Yang et al., found that
p38 INK and MAPK pathways were activated in the DOX treated group compared to

control(Spallarossa et al, 2010). Fan et al. tested combination therapy of 4 cycles of 2 mg DOX/ 20 mg
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cyclophosphamide in a female rat model and showed reduced trabecular bone volume and serum
alkaline phosphates (Fan et al, 2017). Bone marrow cellularity was drastically reduced alongside
increased bone marrow adiposity following DOX treatment and also found reduced trabecular bone
volume. Also, the current study observed (by eye) an increased fat content in DOX-treated bone
marrow in the immunocompetent strain, yet this must be confirmed with proper analyses with an
increased sample size (Figure 4-33). Since Fan et al. found chemotherapy (cyclophosphamide,
epirubicin and 5-fluorouracil) resulted in bone marrow adiposity in rats (Fan et al, 2016) a similar effect
with DOX can be observed. All these studies are evidence that normal cells are affected by DOX
treatment. In this chapter, | have used tumour-free mouse models to mimic the adjuvant use of DOX

for four weeks.

A) Control

Figure 4-33: Increased fat adipocytes observed with the DOX treated samples’ slides

stained for TRAP.

Example images of slides stained for TRAP from A) control and B) DOX-treated groups. Space occurred in the control group
caused by the fixation artefact, yet a spherical pattern was seen in DOX-treated samples.
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The environment in which a tumour develops also influences the chemotherapy-mediated
effects. Crenn et al. created multiple osteosarcoma models with different tumour sites and tested
different chemotherapy agents, including the 4 mg DOX dose administered once when tumour size
reached 100 mm3. They showed that an intra-osseous tumour model had an increased tumour
necrosis area than an intra-muscular tumour following 4 mg DOX treatment which shows the
importance of the environment in the response to treatment (Crenn et al, 2017). This chapter presents
the data from my experiments modifying the bone and bone marrow with different doses of DOX to
establish any alterations in bone structure and integrity, bone remodelling cells and in the significant

cell populations such as HSCs and immune cells in clinically relevant mouse models.
Inhibitory effect of DOX on triple-negative breast cancer cell line

One of the early studies to test the effects of DOX on bone was designed with rats, given a dose
of DOX of 1 mg/kg for five days, which reduced the trabecular bone volume (Friedlaender et al, 1984).
Ottewell et al. tested different doses of doxorubicin on subcutaneous triple-negative breast cancer
tumours and found that both 4 and 8 mg /kg DOX doses weekly for six weeks effectively reduced the
tumour size (Ottewell et al, 2008b). However, their study did not show effects on the bone with DOX.
No toxicity was reported, showing that a dose 50% higher than the highest dose | used in my study
can safely be used. A recent review summarises the general toxicity effects of DOX and shows how
doses of DOX vary between animals and experiments (1-25 mg/kg, for a single dose ) (Pugazhendhi et
al, 2018). Therefore, | decided to start with the lowest effective dose (4 mg/kg DOX) from Ottewell's
study (Ottewell et al, 2008b) and to ensure that the batch of DOX was working as expected by testing
it on the MDA-MB-231 breast cancer cell line to generate an IC50. | found that a dose of 0.049 uM of
DOX is required to inhibit growth of half of the cells in vitro. Published studies have reported different
IC50 of DOX, with Lovitt et al. finding an in vitro 1IC50 dose of DOX with MDA-MB-231 of 0.087 uM
(Lovitt et al, 2018), whereas Wen et al. reported a much higher DOX IC50 of 3.16 uM on MDA-MB-231
cells (Wen et al, 2018). One possible way to explain this difference in IC50 is seeding density. Sullivan
and Graham investigated the effect of confluence-dependent resistance (Fang et al, 2007), which
means that when cancer cells are grown in a dense monolayer, they develop more resistance to the
anti-cancer agents, probably due to their lack of cycling or as suggested due to variation in HIF-1
activity (Fang et al, 2007). However, when we compare the studies described above, Wen et al. seeded
2,632 cells/cm? of a 12-well-plate and incubated for 16h, then treated with DOX for 48 hours, and
Lovitt et al. seeded 10,714 cells/cm? of a 384-well CellCarrier microplate and incubated for 24 hours
then applied DOX for six days. | used 10,000 cell/cm? per well in a 96-well-plate and seeded overnight.

Cells were treated for 72 hours with different doses of DOX. Therefore, these protocols differ, and
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initial seeding density and pre-incubation time might explain the difference between the IC50 values,
or the MDA-MB-231 cell line may differ between laboratories. However, | could show that the batch
of DOX | was going to use for my in vivo studies had anti-cancer activity in vitro, as expected. IC50 in
vitro cytotoxicity test helps determine chemicals' relative toxicity in specific cases (toxicity on skin or
specific tissue etc.). However, the LD50 (lethal dose that requires killing 50% of the animals tested)
does not correlate with the IC50 due to drug pharmacokinetics and administration route,

biodistribution etc (Garle et al, 1994).
DOX effect on bone structure and integrity

Doxorubicin is an anthracycline that targets DNA and interrupts cell division, causing cell
death. As bone and bone marrow have cell populations that are constantly produced, it is possible
DOX can cause harm to those cells. Since doxorubicin is used in both early and late-stage metastatic
breast cancer treatment, it might add to the problem of osteolytic bone metastasis. A review
describing children with leukaemia who had been treated with different doses and various lengths of
time (accumulative dose of DOX between 45-550 mg/m?) summarised the follow-up findings, showing
that patients suffer from increased fracture risk and reduced height in adulthood despite the increased
survival percentage after the treatment (Shusterman & Meadows, 2000). Another clinical study
showed that pre-menopausal women with breast cancer (without metastatic or osteoporosis-related
disease) treated with DOX/cyclophosphamide had lower bone mineral density and significant bone
loss in their spine and hip compared to healthy controls (Hadji et al, 2009). In my studies, two different
doses of DOX (4 and 6 mg/kg) were used; the 4 mg/kg DOX dose was the lowest effective dose shown
to reduce tumour growth in a xenograft model (Ottewell et al, 2008b). . | found that the 4 mg/kg DOX
dose reduced the number of trabecular bones and reduced bone density in immunocompetent mice;
however, this was not seen in the immunocompromised mice. There are multiple potential reasons
including differences in drug uptake, pharmacodynamics and kinetics between strains, differences in
bone turnover, and no thymus in immunocompromised mice. If there is one, future studies must

investigate the primary mechanism behind this difference.

The next step was to increase the dose in two strains to see if that would alter the bone
structure. Again, there was a significant decrease in trabecular bone density and numbers in
immunocompetent mice; however, 6 mg/kg DOX also reduced the trabecular bone density and
number in the immunocompromised strain. These results support the previous evidence of DOX
damaging bone marrow, but the exact molecular pathways involved must be investigated to reveal

the mechanisms behind these observations. Rana et al. investigated DOX-mediated bone loss in mice
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(weekly 5mg DOX for three weeks) and found that the circulation of TGFB levels increased. They
treated mice with anti-TGFB (10 mg/kg 3 days per week) after DOX treatment and showed that the
osteolytic lesions caused by DOX treatment could be reduced by using anti-TGFf, and recommended
clinical use of anti-TGFpB alongside DOX treatment (Rana et al, 2013). Another known effect of DOX is
the production of reactive oxygen species, and it was suggested that ROS could cause bone damage
and bone loss (Domazetovic et al, 2017). Although this mechanism might be involved, it does not
explain why different effects were seen when 4mg/kg DOX was used in different mouse strains. A
recent review by Zhang et al. summarises the interactions between T lymphocytes and bone
remodelling. It discusses an interesting relationship between T cells and bone remodellings, such as
Th17 cells supporting resorption and Treg cells suppressing the resorption, thus suggesting their
potential target on bone diseases (Zhang et al, 2020). This might explain why | did not see any bone
damage with the lower dose of DOX in immunocompromised mice and increasing the dose might
increase the overall effects such as causing more cell damage, increasing ROS, and overall effects can
cause reduction of bone. Beak et al. investigated the relationship between ROS and bone turnover
markers in healthy postmenopausal woman (aged 60-78) and found a relationship between the levels
of oxidative stress and bone turnover markers (Baek et al/, 2010). They also observed increased TRAP
activity following H,0, treatment of human bone marrow cells in vitro (Baek et al, 2010). The link
between ROS and bone remodelling has been reviewed in multiple papers. A straightforward
explanation is that ROS causes a reduction in osteoblast activity, thus directly or indirectly resulting in
RANKL production that induces HSCs to osteoclasts differentiation and osteoclastic activity (Wauquier
et al, 2009; Domazetovic et al, 2017). A recent review of tumour treatment by ROS and its effect on
bone marrow haematopoiesis summarises the possible mechanisms involved and points out how
increased ROS levels can harm bone marrow cells by damaging the HSCs (Chen et al, 2020b). Reviews
of chemotherapy-induced bone loss in breast cancer patients tend to focus on damage during
treatment and long-term effects; with their focus on clinically relevant endocrine effects since the
other cellular effects cannot be observed with human trials. However, they also underline the
importance of understanding the non-endocrine effects, as some murine studies show that oestrogen
is not the key factor for bone loss during the treatment and suggest a nonendocrine mechanism could

be a better explanation for postmenopausal patients (Fan et al, 2016, 2017; Rayner-Myers et al, 2022).

DOX effect on the bone microenvironment

This chapter has shown that DOX caused damage to the bone structure and integrity,
measured at the end of a 4-week treatment period. The effect of DOX on the significant cells in the

bone microenvironment was investigated to determine whether there was a quantifiable difference
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between control and DOX-treated animals of different strains. Since the initial focus was on the
damage to the bone cells, osteoblasts and osteoclasts were compared in two different bone regions
(endocortical and trabecular). A previous study on twelve week old female rats by Fan et al. showed
bone damage with DOX and combination chemotherapy treatments (weekly 2 mg DOX and 20 mg
cyclophosphamide for four weeks) but did not show any difference in osteoblast and osteoclast
numbers (Fan et al, 2016, 2017). My findings agree with these studies, as the 4 and 6 mg DOX doses
did not alter bone remodelling cells or their active surfaces. Bone cell numbers may be unaffected by
DOX, whereas their activity (and therefore effect on bone volume) is changed. Cell activity is not
captured by bone histomorphometry at the endpoint, so to measure bone turnover, serum bone
turnover markers (like ALP and OPG) should be tracked over time (Shetty et al, 2016). Measurement
of serum/urine bone turnover markers is commonly used in clinical studies; however, in murine
studies, this process requires repeated bleeds which can cause stress-related problems in the mice. In
this study, markers could have been detected at the end of the experiment, yet the results would have
represented values at the endpoint of the study. Therefore, it might not truly represent DOX effects

on bone remodelling over time.

Interestingly, ex-vivo experiments from Rana et al. indicate osteoblast-suppressing and
osteoclast-inducing effects of DOX, where they observed increased osteoclasts from murine bone
marrow and spleen mononuclear cells when treated with osteoclast differentiation media containing
DOX compared to its control (Rana et al, 2013). However, these results do not correlate with in vivo
cell numbers and result from other studies, with DOX treatment showing alterations in the bone
turnover markers such as ALP (Fan et al, 2016, 2017). Therefore, there is an indication of a functional
effect of DOX on bone remodelling cells; however, further analysis must be done to reveal the exact

mechanisms.

Other important bone cell populations that may be affected by DOX are the HSCs; chapter 5
describes the importance of the HSC niche in tumour cell homing to the bone. Anthracyclines are
reported to be toxic to the bone marrow; Sundman-Engberg et al. collected bone marrow from 36
different donors and treated them with different anthracycline agents (including DOX) for possible
toxic doses for one hour, three hours or continuously for 10-12 days. Their colony-forming unit assay
results showed that all of the anthracyclines have toxicity to the bone marrow at different doses
(DOX’s most significant toxicity effect was achieved after 3 hours of incubation with 0.2uM) (Sundman-
Engberg et al, 1998). Aramvash et al. treated ex-vivo mouse bone marrow cells with different doses of
daunomycin (similar to DOX) for four hours and showed the toxicity on HSCs even with lower doses

(Aramvash et al, 2012). However, another study by Aramvash et al. investigated DOX’s and
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daunorubicin’s effects on ex vivo mice HSCs from bone marrow. They observed the apoptosis effects
of these anthracyclines by morphological changes, DNA fragmentation and PARP cleavage; thus, they
showed that anthracyclines are toxic to HSCs by inducing apoptosis (Aramvash et al, 2017). Using the
colony forming unit assay to determine the number of functional HSCs isolated from the bone marrow,

| found that the 4 mg/kg dose of DOX did not alter functional HSCs in either strain.

Early research by Huybrechts et al. investigated the effects of a single dose of DOX and daunorubicin
(another anthracycline) between 5-20 mg/kg for both drugs on pluripotent stem cells. 24h after the
injection, mice were culled (10-14 weeks old female C57BL/6j), and bone marrow pooled for CFU
assay. Their results suggested that at the earliest point (1-2 days after drug injection), damage to the
bone marrow cells was observed (as reduced bone marrow cell counts); however, they suggested that
bone marrow cells recovered after 4-5 days. The suggested day for the most significant damage by
DOX on pluripotent stem cells was observed on day 2. In agreement with my studies, they did not see
an effect of a 5 mg/kg dose, and only a 20mg/kg single dose of DOX induced the changes in the bone
marrow cells (Huybrechts et al, 1979). In my studies using 6 mg/kg DOX, flow cytometry was used to
separate the LSK and LK cell populations as this allowed sorting of the same number of cells from each
population of animals in the different treatment groups to compare their ability to form colonies. In
immunocompetent mice, LSK cells were unaffected, yet LK cells significantly increased with DOX
treatment. In immunocompromised mice, both the LSK and LK cells were significantly increased by
DOX. These surprising results suggest that DOX stimulates HSCs in the bone marrow, potentially as
part of a mechanism to try and compensate for the cytotoxic effects; however, this would need further
investigation. One study has found that DOX induces a DNA damage response in, in vitro human
mesenchymal stem cells (Cruet-Hennequart et al, 2012). As mentioned in the review by Want et al.,
chemotherapy and radiotherapy leave long-term damage to bone marrow and HSCs were suggested
to be another target (Wang et al, 2006). However, HSCs mostly stay quiescent in the bone marrow;
therefore, drugs that target proliferation should not affect HSCs. A possible explanation for this can
be the awakening of dormant HSCs as a response to the ROS produced by DOX, and when they have
started to compensate for the damage, they might then become targets of DOX. Nevertheless, this
and other explanations should be investigated since this might reveal potential pathways which could

be protected to prevent long-term chemotherapy effects.

The immune cell composition is the main difference between the two strains used in the
current study; thus, | wanted to elaborate the effects of DOX on different immune populations (mainly
lymphocytes and myeloid cells) using flow cytometry. In immunocompetent mice, | observed a

decrease in B Lymphocytes and CD8+ T Lymphocytes, while CD4+ T cells and all the myeloid cells were
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increased. In immunocompromised mice, depletion of B cells was detected; however, there were no
differences in the T Lymphocytes and NK cells. Despite macrophages, monocytes and the remaining
myeloid cells being significantly increased by DOX treatment, the difference was not as marked as in
immunocompetent mice. Also, total white blood cell counts from PB were similar between saline and
treated groups for both strains. Only monocytes and granulocytes were increased following DOX
treatment in the circulation of immunocompetent mice, and granulocytes were increased in
immunocompromised mice. Overall, my data demonstrate that DOX treatment does affect the bone
microenvironment, that this effect is dose-dependent and that there are differences in DOX response
between immunocompetent and compromised mouse strains. Due to time constraints, | could not
determine which of the changes | observed were most important for subsequent tumour progression

in bone.
4.7. Summary

In summary, these data:

e Show that doxorubicin causes damage to the bone.
e Suggest that T Lymphocytes are a possible target to investigate bone damage induced by

doxorubicin.
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CHAPTER 5. EFFECTS OF HSC NICHE MODULATION
ON TUMOUR DEVELOPMENT IN BONE.

5.1. Summary

Hematopoietic stem cells give rise to many different cell types in the bone marrow and are
capable of self-renewal. Despite their rarity (around 0.01% of the bone marrow population), HSCs
interact with numerous other bone and bone marrow cell types and may therefore be involved in
processes like bone metastasis. HSCs mainly reside in a specialised supportive environment (the HSC
niche), which includes elements of both the endosteal and perivascular niches. There are no distinct
borders between these overlapping niches, so that HSCs can be found in all three areas. Studies using
murine models have shown that when breast cancer cells are disseminated in the bone, they
potentially reside in the HSC niche. Previous experiments carried out in our group showed that when
HSCs were mobilised from bone niches with AMD3100 (a CXCR4 antagonist), increased numbers of
disseminated cancer cells were found in the metastatic bone niche (Allocca et al, 2019). However,

whether this results in increased tumour development in bone is still unknown.

The experiments in this chapter aimed to establish protocols to modify the HSC niche in vivo,
assess differences between mouse strains in response to HSC mobilisation, and investigate the effects
of HSC modification on tumour development. Effects of different drugs (AMD3100 and G-CSF) that
mobilise HSCs in the bone marrow were compared in different mouse strains, allowing the comparison
of immunocompetent and immunocompromised animals. After determination of the drug and strain
match for efficient modification, breast cancer metastasis models were created, and effects on
tumour development were monitored over subsequent weeks. Bones without tumours were used for
UCT and stained for TRAP to compare the effects of HSC mobilising agents on bone structure, integrity,
and remodelling cells, thereby indirectly affecting tumour cells through alterations of the metastatic

bone niche.

AMD3100 and G-CSF caused a significant increase in HSC numbers in the circulation in BALB/c
and C57BL/6j compared to the control. Treatment of BALB/c Nude mice with AMD3100 resulted in
increased and earlier emergence of hind limb tumours with no detrimental effects on bone structure
and/or remodelling cells. AMD3100 and G-CSF were tested in BALB/c and C57BL/6j strains to confirm
efficient HSC mobilisation. G-CSF treatment caused a higher level of HSC mobilisation in C57BL/6j

compared to BALB/c mice, whereas AMD3100 increased HSCs in the BALB/c strain compared to the
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C57BL/6j strain. Modifying the HSC niche in BALB/c mice with G-CSF resulted in earlier tumour
development in the hind limbs (at day 7, ~50% tumour positive animals in control vs ~90% in the G-
CSF treated group). However, the tumour burden at the study endpoint was not increased by either
agent compared to the control. My findings support the proposed role of the HSC niche in the early
stages of tumour development in bone, with further studies required to establish the cellular and

molecular mechanisms involved.

5.2. Introduction

The skeleton is the most common site for metastasis in advanced breast cancer, and primary
cancer cells secretes factors that supports the pre-metastatic niche in the bone before
dissemination(Mundy, 2002). Research using breast and prostate cancer models has shown that
cancer cells reside in nutrient-rich areas where HSC and mesenchymal stem cells are commonly found.
The precise location of this metastatic niche is still unclear, yet it is suggested that it covers the bone
area where the HSC niche, endosteal niche and perivascular niche overlap (Haider et al, 2020; Méndez-
Ferrer et al, 2020). Interactions between tumour cells and cells in the different niches play a crucial
role in bone metastasis, and a common approach is to treat effects caused by disease, such as cancer-
induced bone resorption, to improve patients' quality of life (Clézardin et al, 2000; Coleman et al,
2010; Coleman, 2016). To develop better treatment for patients with bone metastases, interactions
between the tumour and the cells/molecules of the bone environment must be better understood,
including the location and regulation of the cellular and molecular interactions in the metastatic bone
niche. The lack of access to patient-derived material with tumour cells present in bone, limits our
opportunity to investigate the human metastatic niche (Cawthorn et al, 2009); most of our
understanding is from studies using murine models. In vivo model studies using prostate and breast
cancer cells have shown that they locate within the HSC niche (Ren et al, 2015). Shiozawa et al. showed
that removing the HSCs from bone marrow to the bloodstream with the mobilising agents AMD3100
and G-CSF resulted in increased prostate cancer cell seeding in the niche and Allocca et al. observed
similar results with breast cancer cells following pretreatment of animals with AMD3100 (Shiozawa et
al, 2011b; Allocca et al, 2019). However, whether this modification can alter subsequent tumour
development or whether a similar mechanism would mobilise the disseminated cancer cells from the

niche back into the circulation remains to be determined.

HSCs mobilisation agents such as granulocyte colony-stimulating factors (G-CSF, filgrastim) are
commonly used to increase platelets and white blood cells to reduce the risk of infections in patients

who receives high dose chemotherapy (Sheridan et al, 1992). Different agents are used to mobilise
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HSCs, including AMD3100 (plerixafor) (Porfyriou et al, 2021). Filgrastim is one of the G-CSFs, which
induces HSC mobilisation in multiple ways. It downregulates osteoblast production of CXCL12, induces
immune cells to produce proteases to cleave adhesion molecules such as CXCR4, and induces HSCs
proliferation and growth (Greenbaum & Link, 2011). AMD3100 (plerixafor) is a CXCR4 antagonist; it
binds to CXCR4 on the HSCs blocking binding to CXCL12, thus mobilising HSCs (Rosenkilde et al, 2004).
CXCR4/CXCL12 (aka SDF-1) binding is a known anchoring mechanism for HSCs; thus, one of the aims
of mobilisation is to block this interaction. G-CSF and AM3100 reduce HSC counts in the bone marrow;
thus, the primary purpose of clinical use of these drugs is to enhance HSCs in the peripheral blood

(Sudrez-Alvarez et al, 2012).

The CXCR4/CXCL12 axis is proposed to be one of the essential pathways for breast or prostate
cancer cell homing to bone marrow (Miiller et al, 2001; Taichman et al, 2002; Chinni et al, 2006). In
addition, CXCL12 is a known element for HSCs to self-renewal alongside mobilisation homing, and
thus it is involved in HSC maintenance and quiescence (Ara et al, 2003; Ceradini et al, 2004). These
factors indicate a possible competition between HSCs and cancer cells for space in the niche; however,
not all cancer cells express CXCR4; hence additional mechanisms for tumour cell homing to bone must
exist. Many questions regarding this possibility remain to be answered: can you alter cancer cell
seeding via the CXCR4/CXCL12 pathway? Would this modification affect dormant cancer cells? Would
removing HSCs (or modification of the niche before seeding) alter tumour development? In this
chapter, | have investigated how altering the HSC niche by mobilising HSCs into the circulation before

cancer cell seeding affects the bone microenvironment and subsequent tumour development in bone.

5.3. Aims

The work presented in this chapter aims to understand the effects of HSC niche alteration on

breast cancer bone metastasis. The main goals of the work are:

e To assess the effects of different HSC mobilising agents in immunocompromised and
immunocompetent murine models

e To establish the effects of HSC mobilisation on the bone microenvironment in the different
models

e To determine the effects of HSC modification on breast tumour development in bone in both

immunocompromised and immunocompetent mice
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5.4. Materials and Methods

Detailed information can be found in the main Material and Methods Chapter 2.
5.4.1. Breast Cancer Cell Lines

The triple negative human MDA-MB-231-IV PX462 cell line was cultured in RPMI 1640 with 10%
FCS while murine 4T1 LUC BONE cells were cultured in DMEM -pyruvate medium with 10% FCS at 37°C
5%CO..

5.4.2. In vivo Studies

All in vivo studies were carried out according to local guidelines and with Home Office approval
under project licence PPL 70/8964 held by Professor Nicola Brown or P99922A2E held by Dr Penelope
D Ottewell, University of Sheffield, UK. Studies were carried out using female BALB/c and C57BL/6j

(immunocompetent) and BALB/c Nude (immunocompromised) mice.

HSC mobilisation was achieved using AMD3100 (a CXCR4 Antagonist) (5 mg/ kg, i.p., daily for 5
days) and filgrastim (G-CSF) (123 pg/ kg, i.p., daily for 5 days).

5.4.2.1. Effect of haematopoietic stem cell mobilising agents in immunocompetent mouse

strains

To compare the effects of different mobilising agents on HSCs, 8-10 weeks old female BALB/c
and C57BL/6j were treated with either AMD3100 (5 mg/kg, i.p.) or Filgrastim (G-CSF; 123 pg/kg, i.p.)
or saline for five days. Animals that received AMD3100 were culled 2 hours after the last injection.
Saline control and G-CSF treated groups were culled 6 hours after the last injection, which is their
efficient mobilisation time. Peripheral blood (PB) was collected with a cardiac puncture for colony
formation assays and haematopoietic cell analyses. Bone marrow was collected for colony formation

assays (Figure 5-1).
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Days: 1 2 3 4 Cull Day: 5

} | |

A ( (? Saline (i.p., daily)
AMD3100 (5 mg/ kg, i.p. daily) —  Culled 2 hours after lasti.p.
Female BALB/c G-CSF (123 pg/ kg, i.p. daily) —  Culled 6 hours after last i.p.
8-10 weeks old
n=5/group.
Days: 1 2 3 4  CullDay:5
@ saline (i.p., daily)
AMD3100 (5 mg/ kg, i.p. daily) —  Culled 2 hours after last i.p.
Female C57BL/6] G-CSF (123 ug/ kg, i.p. daily) — Culled 6 hours after lasti.p.
8-10 weeks old
n=5/group.

Figure 5-1: Outline of different mobilising agents using immunocompetent strains.

Experimental design A) 8-10 week old female BALB/c (n=5/per group) were injected either with saline control or 123 ug/kg
G-CSF or 5 mg/kg AMD3100 for five days, i.p. 2 hours after the last AMD3100 and 6 hours after the last G-CSF injection, PB
was collected with a cardiac puncture for colony formation assay and haematopoietic cell analyse. B) 8-10 week old female
C57BL/6J (n=5/per group) were be injected either with saline control or 123 ug/kg G-CSF or 5 mg/kg AMD3100 for five days,
ip.

5.4.2.2. Effects of AMD3100 on tumour development in immunocompromised mice.

To determine changes in tumour growth by stimulation of HSC mobilisation with AMD3100,
mature (10-week-old) female BALB/c Nude mice (n=8/group) were treated with either AMD3100
(5mg/kg, i.p.) or saline control daily for five days. 3-4 hours after the last drug injection, animals were
injected with 1x10° Luc2+ve MDA-MB-231 cell via intra-cardiac injection (in 100 pl saline). Tumour
development was monitored 1-2 times/week by in vivo imaging. When 70% of the animals had
detectable hind limb tumours (=50 days), animals were culled, and hind limbs were collected for ex
vivo analysis (Figure 5-2). The dose of AMD3100 (5mg/kg, daily for 5 days) was chosen to allow
comparison to the studies published by Allocca et al and Shiozawa et al (Shiozawa et al, 2011a; Allocca
et al, 2019). The Allocca study showed that this AMD3100 dosing schedule successfully mobilised HSCs

into the circulation.
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Days: 1 2 3 4 5 Cull Day: 28-50

R R |
- Saline (i.p., daily)
@ AMD3100 (5 m/ ke, .p.daily) | |V 10 (1-2x per week)

Female BALB/c Nude
10-weeks old i.c. injection of 1 x 10°
n=8/group. Luc2+ ve MDA-MB-231
cells 3-4 hours after
last treatment.

Figure 5-2: Experimental outline of AMD3100 effect on tumour development.

Experimental outline: 10-week-old female BALB/c Nude mice were injected with 5mg/Kg AMD3100 (i.p) for five days. 3-4
hours following the last AMD3100 injection, mice were injected with 1x105 Luc2+ve MDA-MB-231 cells. Tumour growth was
observed once or twice a week with in vivo imaging, and the study terminated when 70% of animals had developed hind limb
tumours.

5.4.2.3. Effects of G-CSF on tumour development in immunocompetent mice.

To determine changes in tumour growth by stimulation of HSC mobilisation with filgrastim (G-CSF),
mature (8-week-old) female BALB/c mice (n=10/group) were treated with either filgrastim (G-CSF; 123
ug/kg, i.p.) or saline control daily for five days. 6 hours after the last drug treatment, animals were
injected with 3x10* 4T1 LUC BONE cell via the intra-cardiac route (in 100 pl saline). Tumour
development was monitored by in vivo imaging under isoflurane anaesthesia (1-2x/week). Animals
were culled one week after confirmed hind limb tumour development (=30 days) or when tumour
sizes would cause distress, and hind limbs were collected for ex vivo analysis (Figure 5-3). In the
literature, there is no given dose for G-CSF that mobilises HSCs in mice; however, patients undergoing
autologous peripheral blood progenitor cell collection and therapy receive 10 pg/kg/day G-CSF. It is
recommended to use it four days before leukapheresis (collection of white blood cells) and continues
until the last leukapheresis (Hopman & DiPersio, 2014). To achieve mobilisation in mice, the 10
ug/kg/day human dose was converted to the equivalent mouse dose which was given daily for five
days. The following equation was used to calculate the mouse dose, based on body surface area (Nair

& Jacob, 2016).

, . mg mg .
Animal Equivalent Dose (AED) <E) = Human dose <E) xK,, ratio

The reference Km ratio for humans (60 kg) is 37, and for mice (0.02 kg) is 3, which means that to
calculate AED, the human dose should be multiplied by 12.3 or divided by 0.081. According to this

calculation, 123 ug/kg filgrastim (G-CSF) mouse/day used.
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Days: 1 2 3 4 5 Cull Day: 25-30

SR SR SR | |
_ Saline (i.p., daily)
@ G-CSF 123 (ug/ kg, i.p. daily) IVIS (1-2x per week)

8 Week Old Female BALB/c

n=10/group. i.c. injection of 3 x 10*
(20 total) 4T1 LUC BONE cells 6
hours after last
treatment.

Figure 5-3: Outline of filgrastim treatment effect on tumour development.

Experimental outline: 8-Week-Old female BALB/c mice were treated with either G-CSF or saline control daily for five days
(i.p.). A syngeneic model was created 6 hours after the last drug injections with 3x10* 4T1 LUC BONE cells administered via
i.c. route. Tumour growth was monitored by in vivo imaging, and animals culled one week after hind limb tumour
development or had tumour size that would cause distress. Hind limb bones were collected for ex vivo analysis.

5.4.3. In Vivo imaging of tumour development

Mice were put under anaesthesia with 2.5% isoflurane, then injected with 100 pl 30 mg/mm
Luciferin subcutaneously. After 5 minutes, animals were placed in the imaging chamber, and non-
invasive in-vivo imaging was performed. The bioluminescent signal was visualised in animals at
different time intervals to compare tumour development. First, images were normalised by setting
thresholds that depend on the image that has the lowest detectable tumour (Figure 5-4,i), each circled
area was counted as a separate tumour, and images in Figure 5-4,ii represent different signals from
tumours in the skull (A), spine (B), hind limbs (C) and jaw (D). Depending on the model, some animals
had chest signals caused by tumour cells in the sternum or the lungs. After the collection of hind limb
bones, ex vivo images were captured to detect the numbers/location of tumours inside the bones (
Figure 5-4, iii); the total count of the signal was divided by 4 to calculate the overall tumour
number/per mouse hind limb bone (example calculation for the image in Figure 5-4,ii: 4 bones had

signals which are 4 / 4 = 1 tumour per bone).
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Figure 5-4: Calculating in vivo and ex vivo bone tumour numbers.

Example images to illustrate tumour number calculations. i) Example threshold to normalise the tumour signals for that
specific experiment, given threshold was used in these example images. ii) In Vivo imaging of a mouse that has a signal in the
skull (A), spine (B), hind limbs (C) and jaw (D), each spherical signal counts as one tumour. iii) Ex Vivo image of hind limb
bones, where each signal count as a different tumour.

5.4.4. Ex Vivo analyses of tumour growth in bone

5.4.3.1. Collection and preparation of the bones for microcomputed tomography (1CT)

and histology.

Hind limbs were removed from the carcass, all soft tissue removed, and tibias separated from
the femurs. Bones were placed in 4% PFA overnight and then washed and stored in PBS at 4°C. Random
tumour-free tibias (n=3-4) were selected for uCT and then decalcified, processed, embedded in wax
and sectioned to 3 um slides. Slides were either stained with TRAP or H&E for bone remodelling cell

analyses.
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5.4.3.2. Collection of bone marrow.

After separation of the femurs from the carcass, they were dipped in 100% EtOH for surface
disinfection. Under the sterile hood, the femoral head was removed, and the bone was placed into
0.2 ml PCR tubes with a hole pierced in the bottom. Tubes were placed into 1.5 ml Eppendorf
containing 200 ml PBS and bone marrow spun out with 3000 g for 5 min. After collection of bone
marrow, it was washed with PBS containing 10% FCS and processed with colony formation assays or

stained for flow cytometry.

5.4.3.3. Collection and preparation of peripheral blood of colony forming unit and blood

count.

Peripheral blood (PB) was collected via terminal cardiac puncture. 0.5-1 ml PB was taken from
each animal to the syringe, and 100 pl of PB was transferred into 1.5 ml Eppendorf containing 50 pl

EDTA (anticoagulant) for blood analyses and 0.5 ml for colony-forming assays.

5.4.3.5. Colony Forming Unit analyses.

As described in detail in section 2.2.3.9, 1x10* cells/well from both PB (after red blood cells
were lysed) and BM were seeded at a 6-well plate with 1.1 ml MethoCult GFM3434 (StemCell
Technologies, UK) + 10% IMDM (2% FCS+%1 P/S/A), samples were seeded in triplicate. Samples were

checked once every two days to detect colony formation for 14 days.
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5.5. Results

Homing to bone is necessary, yet it is not sufficient to develop overt breast cancer metastasis in
the bone. BC cells require a fertile environment to support their growth, and many disseminated
tumour cells remain dormant under the control of the surrounding microenvironment (Croucher et al,
2016). A previous study carried out by our group showed that BC locates in the HSC niche in an
immunocompromised murine model. After mobilisation of HSCs, increased numbers of disseminated
BC cells were found in the niche. (Allocca et al, 2019). However, whether this modification influences
tumour development and modification of niche with multiple agents in multiple strains were not
determined. |, therefore, investigated the impact of HSC mobilisation on tumour outgrowth and

development in different murine models using two agents with different mechanisms of action.
5.5.1. Modification of HSC niche in immunocompetent mice.

| first carried out an experiment to determine the effects of HSC mobilisation agents
(AMD3100 and G-CSF) in 2 different immunocompetent mouse strains, BALB/c and C57BL/6j (see the
outline in Figure 5-1). PB and BM were collected, and the number of mature HSCs and their progenitors
were compared between G-CSF and saline control to determine the effects of the agents. The tibias
of the mice were analysed by uCT and stained with H&E and TRAP to determine the effects of agents

on bone integrity and bone remodelling cells.
Both mobilising agents increased HSC counts in PB in both mouse strains.

As described in detail in the introduction section, both agents' mechanism of action results in
an increased number of HSCs in PB. Therefore, PB was collected after mice were treated with
mobilising agents to determine whether this effect varied between different mouse strains, similarly
to the clinical applications. The recommended dosage in patients with cancer receiving
myelosuppressive chemotherapy or induction and/or consolidation chemotherapy for acute myeloid
leukaemia is five pg filgrastim/kg/day (FDA, 2015). The dose used in patients undergoing autologous
peripheral blood progenitor cell collection and therapy is ten pug/kg/day. It is recommended to use it
four days before leukapheresis (collection of white blood cells) and continues until the last

leukapheresis (Hopman & DiPersio, 2014).

In order to achieve mobilisation, a 10 pg/kg/day dose will be used for five days. To calculate
the animal dose, simple animal dose conversion based on body surface area is used (Nair & Jacob,

2016).
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. . mg myg .
Animal Equivalent Dose (AED) (E) = Human dose (E) xK,, ratio

The reference Km ratio for humans (60 kg) is 37, and for mice (0.02 kg) is 3, which means that to
calculate AED, the human dose should be multiplied by 12.3 or divided by 0.081. According to this

calculation, 123 pg/kg filgrastim (G-CSF) mouse/day should be used.

As used in the study by Allocca et al., a 5mg/kg dose of AMD3100 was used to treat both
BALB/c and C57BL/6j mice (Allocca et al, 2019).
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Figure 5-5: Colony forming unit counts of haematopoietic stem cells from peripheral blood
in BALB/c and C57BL/6j mice
Colony Forming Unit (CFU) counts for HSCs and their progenitors from A) BALB/c and B) C57BL/6j strains and comparison of

C) G-CSF agent effects on CFU counts between BALB/c and G-CSF. Data are shown as Mean+SD; T-Test was used for statistical
analysis, n = 5/group for all except n= 6 for AMD3100 group in C57BL/6j strain, ns: non-significant and * is P<0.05.

To assess the mobilisation effect of both agents, HSC and progenitor colony forming unit (CFU)
counts from PB were compared following 11 days of cultivation in semi-solid media (Methocult GF
M3434) (Figure 5-5). As explained, only functional HSCs will produce countable colonies with this
analysis. Both AMD3100 (11.03+4.74, Pamd/con=0.0026) and G-CSF (33.73%16.96, pg-cst/con=0.0029)
significantly increased HSCs CFU counts in samples from BALB/c mice, compared to control (1.7+0.97).
Despite some variability, G-CSF caused a greater increase in HSC counts compared to AMD3100 in the
BALB/c strain (AMD3100: 11.03+4.74, G-CSF: 33.73%£16.96, p:0.02) (Figure 5-5, A). If we now turn to
effects on C57BL/6j, again both drugs (AMD3100:11.94+5.9, Pamd/con=0.002)(G-CSF:14.1+3.52, p,.

esf/con=<0.0001) increased the CFU counts compared to control (0.47+0.38), however there was no
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difference in counts in between AMD3100 and G-CSF treated animals (AMD3100: 11.94+5.9, G-CSF:
14.1+3.52, p:0.49)(Figure 5-5,B). Comparing the results, it can be seen that G-CSF mobilised more HSCs
to the PB in the BALB/c strain when compared to C57BL/6j strain (p:0.035) (Figure 5-5, C).

HSC counts from bone marrow in BALB/c and C57BL/6j mice.

Next, | asked whether a mobilisation effect could be observed in the bone marrow by comparing
CFU counts following five days of AMD3100 or G-CSF treatment. Like HSC CFU counts from PB, the
semi-solid medium was used to culture HSCs from the liquid bone marrow. Mobilising the HSCs to PB
might reduce the CFU counts from BM; however, spinning out of the bone marrow may not capture

all of the HSCs, especially those closer to the growth plate or firmly embedded in their niches.
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Figure 5-6: Colony forming unit counts of haematopoietic stem cells in bone marrow from
BALB/c and C57BL/6j mice.
Colony Forming Unit (CFU) counts for HSCs and their progenitors from A) BALB/c and B) C57BL/6j strains' BM C) G-CSF agent

effect on CFU counts' percentage change in BALB/c and C57BL/6j. Data show Mean+SD, and T-Test was used for statistical
analysis, n = 4/group for AMD3100 treatment and G-CSF on BALB/c, n= 5 for the rest, ns: non-significant and ** is P<0.01.

As shown in Figure 5-6, neither mobilisation agent significantly altered the numbers of colonies
generated from HSCs in the liquid bone marrow. Since the initial HSC counts in liquid BM were
different in each strain, the percentage change was used to compare to monitor any difference
between strains. As shown in Figure 5-6, C, G-CSF increased overall HSCs counts in BALB/c by 88.17+70
%, reducing overall HSCs counts in C57BL/6j by 34.85+22.84 % (p:0.0075).
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Haematology analysis

A complete blood count is a commonly used clinical assay providing information about different
disorders such as anaemia, infection and leukaemia. | wanted to establish whether HSC mobilising
agents affected white blood cell counts since this is the effect of G-CSF in clinical use and would also
be expected to alter the blood cell populations in mice. To determine whether there is a measurable
effect of both mobilising agents on both strains, total blood count was analysed with Sci Vet ABC plus

(Table 5-1 and Figure 5-7).
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Table 5-1: Haematology data from AMD3100 and G-CSF treated BALB/c and C57BL/6j
mice.

White Blood Cell Counts (103 /mm?3)

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
2.32+1.31 4.16%1.49 5.814.2 0.81£0.36 9.73£4.15 4.67+1.42
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.07:ns 0.115:ns 0.43:ns 0.02:* 0.01:* 0.11:ns
Lymphocyte Cell Counts (103/mm?3)

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
1.98+1.05 3.3£1.04 2.76x1 0.671£0.31 5.83+1.94 2.6£0.69
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.08:ns 0.26:ns 0.42:ns 0.01:* 0.01:* 0.05:ns
Monocyte Cell Counts (103/mm?3)

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
0.04+0.09 0.2+0.1 0.3410.21 0+0 0.61£0.26 0.2+£0.1
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.029:* 0.018:* 0.21:ns 0.017:* 0.026:* 0.07:ns
Granulocyte Cell Counts (103/mm?)

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
0.3+0.19 0.66+0.36 2.7+£3.23 0.131£0.06 3.3£2.12 1.87+0.75
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.08:ns 0.13:ns 0.2:ns 0.06:ns 0.016:* 0.33:ns
Eosinophil Cell Counts (103/mm?3)

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
0.05+0.03 0.12+0.08 0.11+0.07 0.051£0.04 0.15+0.02 0.08+0.01
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.09:ns 0.13:ns 0.7:ns 0.02:* 0.39:ns 0.0018:**
Platelet to Lymphocyte Ratio

BALB/c C57BL/6j

CONTROL AMD3100 G-CSF CONTROL AMD3100 G-CSF
414.93+117.98 | 150.94+31.04 | 119.96+41.36 | 460.81+247.5 | 109.01+65.67 | 143.91+88.15
p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF) | p(CON/AMD) | p(CON/GCSF) | p(AMD/GCSF)
0.0018:** 0.0097:** 0.27:ns 0.015:* 0.046:* 0.51:ns

Blood cell counts from Sci Vet ABC+ were 103 cells per mm?3 peripheral blood. Data are shown as mean+STD, n=3 for C57BL/6j
and n=5 for BALB/c, T-Test was used for statistical analysis, AMD3100 and G-CSF treated groups compared to each other and
to saline control, *=<0.05, **=<0.01.
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Figure 5-7: Haematology results from AMD3100 and G-CSF treated BALB/c and C57BL/6j
mice.
Blood cell counts from Sci Vet ABC+ were given as 103 cells per mm? peripheral blood collected 4 hours after the final

treatment. Data are shown as mean+STD, n=3 for C57BL/6j and n=5 for BALB/c, T-Test was used for statistical analysis,
AMD3100 and G-CSF treated groups compared to each other and to saline control, *= <0.05, **=<0.01.

As seen in Table 5-1 and Figure 5-7, there was considerable variability in the measurements
of the different cell populations between the animals, reflecting the small sample number used for
this analysis. Cell counts from BALB/c mice indicate that the drugs do not affect total white blood cells
(Figure 5-7A). However, monocyte counts significantly increased in the presence of both drugs (Figure

5-7C), whereas other cells were not altered (Figure 5-7). AMD3100 and G-CSF significantly increased
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total white blood cell counts in C57BL/6j mice (Figure 5-7A), and AMD3100 increased all cell numbers
more than G-CSF (Figure 5-7B-E).

5.5.2. Earlier tumour development when HSC niche modified with

AMD3100 in immunocompromised mice.

As described in the previous sections, the HSC niche can be modified by mobilisation of HSC.
Initial studies were designed to determine if this mobilisation influences tumour development in bone,
followed by a slightly revised repeat experiment. Both individual results and, in some cases
combination of data from the two experiments will be described in section 5.5.1.3. As shown in Figure
5-2, female BALB/c Nude mice were injected with a triple-negative breast cancer cell line (1x10°
Luc2+ve MDA-MB-231) via the intracardiac route to create the bone metastasis model after treatment

with the HSC mobiliser AMD3100.

To test the hypothesis that HSC mobilisation alters tumour progression in bone, a slow progression
model was chosen, using 10-week-old (mature) female BALB/c Nude mice. The initial endpoint was to
achieve hind limb signals from 80-90% of the mice in the treatment group. As shown in Figure 5-14A,
the initial experiment indicated that more hind limb tumours emerged earlier in the AMD3100 treated
group than in the control group. This experiment was repeated to increase the power (number of
animals/tumours available for analysis), and although the tumour cells and mouse strain/age were
identical, tumour development was quicker in the second experiment; thus, this was terminated at

day 30.

The following sections describe the analyses of bone parameters from the tumour growth

experiments, followed by the tumour growth data.
Bone integrity and structure

As described above, the metastatic bone niche overlaps with multiple niches, including the HSC
and endosteal niche. Therefore, changing the cellular composition of one niche may also impact other
niches. Measurement of bone integrity with structure, alongside numbers of bone remodelling cells,
gives information about the changes in the endosteal niche. To determine if modification of the HSC
niche had any effect on bone integrity and structure, | used UCT; please see chapter 2, sections 2.3.6

and 2.3.8 for detailed information about the methodology.

The uCT results (Table 5-2) showed that trabecular bone density (BV/TV, %) was 13.32+1.91
for saline-treated and 13.89+3.63 for the AMD3100 treated group (Figure 5-8, A). Trabecular bone
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numbers (Th.N., mm™) were 2.84+0.31 for saline control and 2.97+0.74 for the treated group (Figure
5-8, B). Trabecular thickness (Tb.Th., mm) was 0.05+0 for both groups (Figure 5-8, C). Trabecular
Separation (Th.Sp., mm) was similar for both groups (CON: 0.21+0.02, AMD: 0.19+0.05, p:0.54, ns)
(Figure 5-8, D). Cortical bone volume (BV, mm?3) was 0.75+0.05 for the saline-treated group and
0.79%0.05 for the AMD3100-treated group (Figure 5-8, E). Overall, no difference was found at the end
of the experiment (day 30) in these parameters, demonstrating that five days of AMD3100 does not

alter bone integrity and structure that remains detectable 25 days after the end of the treatment.

Table 5-2: Summary of uCT analysis data

Control AMD3100 p
Trabecular Bone Density (BV/TV, %) | 13.32+1.91 | 13.89+3.63 | 0.79: ns
Trabecular Number (Tb.N., mm™) 2.84+0.31 2.97+0.74 0.76: ns
Trabecular Thickness (Th.Th., mm) 0.05+0 0.05+0 0.96: ns
Trabecular Separation (Tb.Sp., mm) | 0.21+0.02 0.19+0.05 0.54: ns
Cortical Bone Volume (BV, mm3) 0.75+0.05 0.79+0.05 0.35: ns

Trabecular bone density (BV/TV, %), Trabecular Number (Tb.N., mm), Trabecular Thickness (Tb.Th., mm), Trabecular
Separation (Tb.Sp., mm) and Cortical Bone Volume (BV, mm3) from the female BALB/c Nude was assessed at the end of the
experiment. T-Test was used for statistical analysis, and ns is non-significant; data show Mean+STD, n=4 for Control and

AMD3100 treated group.
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Figure 5-8: AMD3100 does not modify bone structure and integrity in

immunocompromised mice.

Bones without tumours (n=4) from BALB/c Nude mice were analysed to compare differences in bone integrity between
AMD3100 treated and control (saline treated) groupsat the end of the experiment. Effects on (A) trabecular bone density
(BV/TV, %), (B) trabecular bone number (Th.N., mm-1), (C)trabecular thickness (Tb.Th., mm), (D) trabecular bone separation
(Tb.Sp., mm) and (E) cortical bone volume (BV, mm?3) were shown as mean+STD, n=4/group for Control and AMD3100, T-Test
was used for statistical analysis.

Bone remodelling cells

Differences in the physical bone structure assessed by uCT are informative for bone health;
however, it does not allow assessment of how treatments impact bone remodelling cells. To evaluate
if mobilisation of HSCs had any effects on osteoblasts and osteoclasts, tumour-free bones (n=3 for
AMD 3100 treated group for both experiments, n=4 for control in the first experiment, n=5 for control
in the second experiment) were cut and stained for TRAP (osteoclast marker). Numbers of osteoblasts,
osteoclasts (per mm endocortical bone or mm trabecular bone) and perimeters of osteoblast
(osteoblast bone depositing surface per mm endocortical bone or mm trabecular bone) and osteoclast
(osteoclast bone resorbing surface per mm endocortical bone or trabecular bone) were scored. Since

the numbers of osteoblasts and osteoclasts differ in different bone regions (more osteoblasts are
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found in endocortical bone whereas more osteoclasts are found in trabecular bone), depending on
the effect on different bone cells, would be significantly meaningful in different regions if identified.

Please see section 2.2.3.8 for detailed information.
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Figure 5-9: Bone remodelling cells in endocortical bone after AMD3100 treatment.

AMD3100 treatment effect on the female BALB/c Nude mice’s bone remodelling cells in endocortical bone was given as
numbers and their perimeter (osteoblast: depositing surface per mm bone, osteoclast: resorption surface per mm bone).
Three levels from each bone were scored, and (A) osteoblast number and (B) perimeter, (C) osteoclast number and (D)
perimeter were shown on graphs for individual experiments and both data combined. Data show Mean+SD, n=3 for AMD
treated group for both experiments, n=4 for control in the first experiment, and n=5 for control in the second experiment. T-
Test was used for statistical analysis, *: p<0.05.

There was considerable variability between the samples; however, | found no evidence that
AMD3100 had an influence on endocortical bone cell parameters except osteoblast number (p:0.03)
in samples from the first experiment; however, the sample size for AMD3100 was only three due to

loosing some of the samples while cutting the bone (Figure 5-9, Table 5-3).
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Table 5-3: Bone remodelling cells in endocortical bone.

Experiment 1 Experiment 2 Both Experiments
CONTROL | AMD3100 | CONTROL | AMD3100 CONTROL | AMD3100
Osteoblast Perimeter
0.058+0.042 \ 0.152+0.06 | 0.08+0.03 \ 0.08+0.05 0.07£0.03 \ 0.1+0.05
p:0.05, ns p:0.95, ns p:0.1, ns

Osteoclast Perimeter
0.039+0.03 \ 0.008+0.005 | 0.014+0.01 \ 0.0035+0.005 | 0.02+0.025 \ 0.006+0.007

p:0.19, ns p:0.34, ns p:0.11, ns

Osteoblast Number

6.5¢4.22 | 15.55+3.63 | 9.08+4.18 | 8.976.12 8.37+4.17 | 11.9+4.77
p:0.03, * p:0.97, ns p:0.09, ns

Osteoclast Number

1.841.6 | 0.51+0.33 | 0.69+0.69 | 0.29+0.39 1+1.13 | 0.46+0.52
p:0.23, ns p:0.4, ns p:0.19, ns

Summary data for osteoblast perimeter, osteoclast perimeter, osteoblast number and osteoclast number for both
experiments and their combination result. Data show Mean+STD, and T-Test was used for statistical analysis, ns= no
significance, * is < 0.05, n=4 for Control and n=3 for AMD treated for experiment 1, n=5 for Control and n=3 for AMD treated
for experiment 2.
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Figure 5-10: Effect of AMD3100 treatment on bone remodelling cells in trabecular bone.

AMD3100 treatment effect on the female BALB/c Nude mice’s bone remodelling cells in trabecular bone were given as
numbers and their perimeter (osteoblast: depositing surface per mm bone, osteoclast: resorption surface per mm bone). 3
Layers from each bone were scored, and (A) osteoblast number and (B) its perimeter, (C) osteoclast number and (D) its
perimeter were shown on graphs for individual experiments and both data combined. Data show Mean+STD, n=3 for the
AMD3100 treated group for both experiments, n=4 for control in the first experiment, and n=5 for control in the second
experiment. T-Test was used for statistical analysis.

There were no significant differences in mean scores on the trabecular bone remodelling cells
number and their perimeters between control, and AMD3100 treated animals (Figure 5-10, Table 5-4).
Overall, the bone histomorphometric analyses demonstrated that the agents used to mobilise HSCs
did not have a significant impact on bone remodelling cells, supporting that the main effect of 5 days
of treatment with AMD3100 is to modify the HSC niche (by mobilising HCS and altering its
composition), without impacting osteoblasts/osteoclasts. Any changes in tumour development would
therefore be caused by modification of the HSC niche, not by altering bone, as is explored in the

following section.
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Table 5-4: Bone remodelling cells in trabecular bone.

Experiment 1 Experiment 2 Both Experiments
CONTROL | AMD3100 | CONTROL | AMD3100 | CONTROL | AMD3100
Osteoblast Perimeter
0.038+0.02 | 0.05+0.02 [ 0.02+0.01 | 0.014+0.008 | 0.02+0.01 | 0.03£0.02
p:0.51, ns p:0.54, ns p:0.6, ns

Osteoclast Perimeter
0.1+0.015 | 0.09+0.02 | 0.11+0.02 |0.12+0.02 | 0.09+0.04 | 0.1+0.025

p:0.2, ns p:0.69, ns p:0.62, ns

Osteoblast Number

4.7+2.47 | 5.88+2.4 |2.23+1.33 | 1.72+0.9 33542 | 3.88+2.36
p:0.55, ns p:0.58, ns p:0.58, ns

Osteoclast Number
5.96+1.16 | 4.51#0.32 | 6.28+0.89 | 6.43+0.69 |5.64+1.5 | 5211
p:0.09, ns p:0.81, ns p:0.47, ns

Summary data for osteoblast perimeter, osteoclast perimeter, osteoblast number and osteoclast number for both
experiments and their combination result. Data show Mean+STD, and T-Test was used for statistical analysis, n=4 for Control
and n=3 for AMD treated for experiment 1, n=5 for Control and n=3 for AMD treated for experiment 2.

Effect of HSC mobilisation on tumour development and burden

To determine whether HSC mobilisation with AMD3100 affects tumour development, 10-
week-old (mature) female nude mice were injected with a human triple-negative breast cancer cell
line as described above. Tumour development and the burden were compared by in vivo imaging, and

tumours were visualised with H&E; please see above and chapter 2 for detailed information.

Despite using identical designs, cell lines and animal age, the progression of tumour development
was very different in the two experiments. In the first experiment, no difference was found in ex-vivo
hind limb bone tumour counts per mouse between control (0.14+0.38), and AMD3100 treated
(0.38+0.51) animals at the endpoint. In addition, the total tumour number count per mouse in any
areas detected in control (2.5 + 1.69) was not significantly different compared to the AMD3100 treated
group (2.13 + 1.25) (Figure 5-11). These data were gathered at the end of the experiment (day 55).
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Figure 5-11: Tumour number at the end of the first experiment (day 55).

Detected tumour numbers in the female BALB/c Nude mice at the end of experiment 1, day 55 by in vivo imaging. A) Ex-vivo
hind limb bone tumour count per mouse and B) In Vivo tumour counts detected in any area of the mice per mouse. T-Test was
used for statistical analysis, n=8/ group. Data is represented as mean+/- SD.

In the second experiment, similar results were observed, with no significant difference found in
ex-vivo hind limb bone tumour counts (CON:2+1.77 AMD:2.5+1.3, p:0.53) or in total tumour number
per mouse (CON:5.13+2.8 AMD:4.25+2.5, p:0.51) between control and the AMD3100 treated group

at the end of the experiment (Figure 5-12).
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Figure 5-12: Tumour number at the end of the second experiment.

Tumour numbers in the female BALB/c Nude mice at the end of experiment 2, day 30, as detected by in vivo imaging. A) Ex-
vivo hind limb bone tumour count per mouse and B) In-vivo tumour counts detected in any area of the mice per mouse. T-Test
was used for statistical analysis, n=8/ group except 7 for AMD group in B. Data is represented as mean+/- SD

| next investigated tumour development in more detail to determine if there was any effect
of AMD3100 treatment on the time the tumours first emerged as detected via IVIS and compared with
Mantel-Cox analyses. In this analysis, animals who developed signal in any skeletal area marked on

the calculation, however, all animals were culled at the end of the experiment where ex-vivo analyses
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carried on the end tumour burden. First, any detectable tumour development in any skeletal site was

compared and there was no significant difference between the AMD3100 treated and control groups

(Figure 5-13A, %2 =0.087,df =1, P =ns, 0.77, Figure 5-13B, x2 = 0.3346, df = 1, P = ns, 0.56).

100

A) Experiment 1

90—
80—
70—
60—
50—
40—
30—
20—
10—

0

l

—— AMD3100
—— CONTROL

-

Tumour Free Animals (%)

DAYS

r 1 11T 11 1T 11
0 5 10 15 20 25 30 35 40 45 50 55

100

B) Experiment 2

90—
80—
70—
60—
50—
40—
30—
20—
10—

o

L

—

—_

AMD3100
CONTROL

Tumour Free Animals (%)

o

Figure 5-13: Tumour signal in any skeletal site.
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Detection of tumour in any skeletal area of the female BALB/c Nude mice by day, tumour signal in any skeletal area is
recorded. (A) tumour-free animal ratio per day from experiment 1, up until the end of the experiment (day 55), and (B) tumour-
free animal ratio per day from experiment 2 Mantel-Cox analyses were used for statistical analysis, and data show n=8/group.

Similar Mantel-Cox analysis was also used to determine any tumour development in the hind

limbs, where there is a high proportion of haematopoietic bone marrow and where the majority of

tumours develop following i.c injection of tumour cells. Dates of the animals that developed hind limb

signal was marked and statistical analyses carried according to the emergence of hind limb tumours.

Then, all animals were culled at the end of the experiment which allowed to carry on ex-vivo analysis

on the end tumour burden.
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Figure 5-14: Analysis of experiments by detectable tumour signal in the hind limbs.

Ratio (as %) of mice without any in vivo imaging hind limb signal in the female BALB/c Nude mice. Mantel-Cox analysis is
carried out when the tumour signal in hind limbs is detected. All results are given as animals percentage without hind limb
tumour signal. Graph (A) shows mice percentage without signal increase in the first experiment until the end of the
experiment (Day 55), and graph (B) shows mice percentage without signal increase in the second experiment until the end of
the experiment (Day 30). Mantel-Cox analyses were used for statistical analysis, and ns is non-significant, * is P<0.05, and
data show n=8/group for A and B.

The results from the first experiment showed earlier emergence and more hind limb tumours
developing in the AMD3100 treated compared to the control group (Figure Figure 5-14A, x2 = 4.393,
df =1, P =*, 0.036), with a similar, non-significant, trend observed in the second experiment (Figure

Figure 5-14Bx2 = 1.178,df = 1, P = ns, 0.28).

Disease progression in the two experiments was different; in the first experiment, 7/8
AMD3100 treated animals had detectable tumours (any site) at day 39 (Figure 5-13A). In contrast, in
experiment number 2, all of the mice in the AMD3100 treated group (8/8) had detectable tumours by
day 14 (Figure 5-13B). In experiment 1, 5/8 mice in the AMD3100 treatment group developed hind
limb tumours by day 39, compared to only 1/8 mice in the control group. In the second experiment,
7/8 mice in the AMD3100 treatment group had developed hind limb tumours on day 14 compared to

only 3/8 mice in the control group.

The alteration of the HSC niche indicates earlier and more overt metastases, but further
studies are required to support this hypothesis due to the difference in tumour progression between

the two experiments | carried out.
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5.5.3. The effect of HSCs niche modification on tumour development in

immunocompetent mice

As | had established that G-CSF mobilises HSCs in tumour-free, immunocompetent mice, |
investigated whether HSC mobilisation with G-CSF could affect tumour development and progression

in BALB/c mice.
Tumour Development and Burden

As described earlier (Figure 5-3), 8-week-old female BALB/c mice (n=10/group) were
treated either with saline (100 pl) or G-CSF (123 pg/kg) for five days before a bone metastasis model
was created using intracardiac injection of the triple-negative mouse mammary carcinoma cell line
(3x10%4T1 LUC BONE) 6 hours after the last drug treatment. This model is aggressive, with tumours
developing faster than the xenograft model using the BALB/c Nude strain (Canuas-Landero et al,
2021). In vivo imaging was used to compare both in vivo tumour development and to calculate average

radiance for ex vivo tumour burden comparison.

Tumour development, burden and white blood cell counts were compared between G-CSF
treated and control animals as described in previous sections. Since this is an aggressive model,
insufficient numbers of tumour-free bones were available for use as bone analysis controls. In the G-
CSF treated group, 8/10 animals had tumours in all four hind limb bones, compared to only 3/10 of

the control mice.
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Figure 5-15: Hind limb tumour development in immunocompetent mice with/out G-CSF
treatment.
In_vivo imaging was used to determine tumour development in the female BALB/c mice for both in-vivo and ex-vivo
comparisons. A) Mantel-Cox analysis was used to determine whether tumour development was affected by treatment. B)
Violin plot of average luciferase radiance was used to compare ex vivo tumour burden in hind limbs, t-test was used for
statistical analysis, n=10/ groups.

As mentioned before, hind limb tumours were first detected on day 7 in the syngeneic model

(Figure 5-15A), whereas no signal was found in the faster xenograft model until day 14 (Figure 5-14B),

demonstrating the faster disease progression in the BALB/c strain.

There was a non-significant, trend to more tumour emergence in the G-CSF pre-treated group
compared to the control group (Figure 5-15A, x2 = 3.402, df = 1, P = ns, 0.065). On day 7, 9/10 mice
had developed hind limb tumours in the G-CSF treated group, compared to 5/10 animals in the control
group. As shown in Figure 5-15B, final tumour burden, measured by average radiance values (the sum
of the radiance from each pixel inside the ROI/number of pixels or super pixels: photons/sec/cm?/sr)
from ex vivo hind limb bone tumours was not significantly different between the groups (Control:
3.7x10°+6x10°, G-CSF: 6.3x10°+1x10°, p=0.47, ns) which indicates that final tumour development was

not affected. Only the time point at which tumours first emerge might be affected by treatment.

White Blood Cell Counts

White blood cell counts are clinically used as an indication of infections, and some publications
indicate that a chronic inflammatory response might indicate some cancer development and can be

used to observe disease progression (Park et al, 2019; Singh et al, 2019).

As we can see from Table 5-1, the white blood cell count from the non-tumour bearing BALB/c

was 2.32+1.31, whereas this was 20.68+8.37 for the tumour bearing BALB/c mice. There is at least ten
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times increase in total white blood cell counts, and there is a general increase in all individual types of

white blood cells (control groups from Figure 5-7 and Figure 5-16).

A)White Blood Cell Counts B)Lymphocyte Cell Counts
100 * ?
T £ -
a n E 15 £ 3
< 804 i
= 60 o 10-
o g
2 40 e E .
(&) o 5 ¥
@ 204 st z %
= - g :
> °
o—TT § 0
S £
S S CON. G-CSF

C)Monocyte Cell Counts D)Granulocyte Cell Counts

2 *k < *

€ 5+ £ 80+ |
E . b -
2’ 4 - [ ] =

o T 60

= o0

o 3- o

o E 404 |

E UL -~

Z 2 ee 2

2 o 204

o 1- := ° - 3 $%e°

A~ (<]

> ] -

8 2 0———
£ 0 T T g CON. G-CSF
= CON. G-CSF o

E)Eosinophil Cell Counts

:

R s
CON. G-CSF

Eosinophil no / ml PB (10A3/mm*3)

Figure 5-16: White blood cells count results from the immunocompetent mouse model

Total cell number per ml peripheral blood from the female BALB/c mice was compared between saline control, and G-CSF
treated groups. A) Total white blood cell counts, B) Lymphocyte cell counts, C) Monocyte cell counts, D) Granulocyte cell
counts and E) Eosinophil cell counts were analysed with GraphPad using t-test, n=10/group, ns is not significant, * is 0<0.05,
**js <.0.01, and data is shown as Mean * SD.

Total white blood cell counts per mm peripheral blood significantly increased in the treated

group (CON: 20.68+8.37, G-CSF: 38.15+20.26, p:0.02 *<0.05) (Figure 5-16A). As expected, all of the
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individual white blood cell types analysed were significantly increased in the G-CSF treated group
compared to the control (Table 5-5). Also, the response to the tumour's increase in blood cell counts
can be observed when comparing tumour-bearing BALB/c (Figure 5-7) with non-tumour bearing
BALB/c mice (Figure 5-17), when both were treated with saline control only. Overall, the data show

that the presence of tumours in bone induces changes in blood cells indicative of an inflammatory

response.

Table 5-5: White blood cell count per mm peripheral blood for immunocompetent mouse

model.

. Control G-CSF p

White Blood Cell Count (103/mm3) 20.68+8.37 | 38.15+20.26 | 0.02: *
Lymphocyte Cell Count (103/mm3) 4.66%1.39 7.37+3.14 0.02: *
Monocyte Cell Count (103/mm3) 1.37+0.47 2.56+1.17 0.008: **
Granulocyte Cell Count (103/mm?3) 14.65+7.67 | 28.22+18.25 | 0.04: *
Eosinophil Cell Count (103/mm3) 0.69+0.78 2.78+2.86 0.04: *

Blood cell counts from Sci Vet ABC+ were 103 cells per mm?3 peripheral blood. Data are shown as mean+STD, n=10 for both

groups; the T-Test was used for statistical analysis. *= <0.05, **=<0.01
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5.6. Discussion

The experiment in this chapter aimed to investigate how modification of the HSC niche affects
metastatic breast cancer tumour development in bone. The HSC niche consists of many different cell
types, is influenced by a range of chemokines, growth factors etc. and has been proposed to be part
of the bone metastatic niche due to their multiple, close interactions. In addition, some studies have
shown that there might be competition for the niche between HSCs and disseminated cancer cells
(Shiozawa et al, 2011a; Forest et al, 2013; Jung et al, 2015; Decker et al, 2016; Allocca et al, 2019) and
underlined the similar pathways that might be used for homing, quiescence and survival within the
niche. Whereas a few studies have investigated whether disseminated cancer cells are home to the
HSC niche, there are no studies that directly investigated if HSC niche alterations affect tumour
development in bone. This chapter presents the data from my experiments modifying the niche by
only altering the HSCs in different mouse models, providing new information about the effects on

metastatic breast cancer development in bone.

In murine models of bone metastasis from breast and prostate cancer, tumours most
commonly develop in areas of the long bones that are also responsible for supporting haematopoiesis
termed 'the hematopoietic stem cell niche (HSC). After Schofield proposed a specialised bone niche
for HSC maintenance and multipotency (Schofield, 1978), many studies have contributed to the
identification of its location and cellular components (reviewed in (Ren et al, 2015)). This niche consists
of different cells that support HSC properties with cell-cell contacts, extracellular matrix molecules,
growth factors and chemokines (Chatterjee et al, 2021). In the murine bone marrow, HSCs are located
close to the vascular niche and have close contact with cells like MSCs, endothelial cells, bone cells
and immune cells (macrophages, megakaryocytes etc.) (Broudy, 1997; Calvi et al, 2003; Boulais &
Frenette, 2015; Haider et al, 2020). To maintain their HSC population, cells enter a quiescent state
(Cheng et al, 2000). It was shown that these quiescent HSC populations are found close to the
endosteum, where it interfaces with bone marrow located close to the trabecular bone area (Morrison
& Scadden, 2014). Calvi et al. (2003) showed increased HSCs linked with trabecular bone growth and
osteoblastic cell numbers, which supports the interaction between HSCs and bone cells in this region.
As described in the introduction, HSCs cycle between dormancy and proliferation and many
chemokines secreted by cells in the niche support HSCs maintenance (Li et al, 2012). One of the best-
described interactions is the CXCL12/CXCR4 pathway (Sugiyama et al, 2006; Singh & Pelus, 2020)
which also plays a crucial role in bone remodelling (Semerad et al, 2005; Xu et al, 2017a) and tumour

development in bone (Teicher & Fricker, 2010; Wang et al, 2014; Nguyen et al, 2020). Deletion of
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CXCR4 caused a reduction in HSC numbers (Sugiyama & Nagasawa, 2012), and one of the CXCL12
sources is osteoblasts (Barker, 1997). Therefore all of these findings put the HSCs niche under the
spotlight for investigation; thus, the current study focused on the bone area where possible HSC
interactions occur in the bone as suggested by Boulais and Frenette (2015) and Haider et al. (2020)

(Figure 5-17).

Figure 5-17: Haematopoietic Stem Cell Niche Location in Mouse Bone

Histological staining of mouse femur for TRAP where the (A) endosteal niche is shown in the blue bracket for HSC niche as
reviewed in Boulais and Frenette (2015) and (B) suggested bone metastatic niche by Haider et al. (2020) showed in the orange
bracket. (C) The area shown with the yellow bracket is the targeted area for HSC niche alteration where possible interactions
might have occurred with bone cells and is a potential location for cancer cell dissemination.

Studies using advanced imaging to track individual tumour cells in bone have shown that they
are primarily located in the sinusoidal area, thereby broadly overlapping with the location of the HSC
niche (Shiozawa et al, 2011a; T. et al, 2016; Allocca et al, 2019). Although widely accepted as a target
site for colonising DTCs, direct evidence that tumour cells 'parasitise' the HSC niche is surprisingly

limited. Shiozawa et al. were the first to demonstrate that prostate cancer cells (PCCs) metastasise to
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the HSC niche and compete with HSCs for the niche in a mouse model (2011a). They created primary
prostate tumour models (SCID and NOD/SCID) by implanting scaffolds with PCCs either
subcutaneously or orthotopically (prostate) and removed primary tumours after three weeks. PCCs
were detected by real-time PCR for human-specific ALU sequences and expressed luciferase. At
different time points, animals were culled, DNA extracted from different tissues, metastatic lesions
were observed with bioluminescent imaging, and HSC engraftment was analysed with FACS. Their
results showed that HSC engraftment is reduced in tumour-bearing mice, indicating tumour cell
occupation of the HSC niche. To confirm that this reduction was caused by PCC/HSC competition, they
used a competitive engraftment assay, transplanting lethally irradiated animals with BM cells, PCC or
prostate epithelial cells. Histological scoring of the bone marrow showed that the group receiving PCC
had a significant delay in HSC engraftment compared to the control groups, demonstrating
competition between HSCs and PCCs. Detection of prelabelled HSCs and PCCs by confocal microscopy
showed that they home within a few microns of each other in the bone marrow. Finally, they showed
increased HSCs in PB in patients with bone metastatic prostate disease compared to their age-
matched controls, further supporting the PCC-driven mobilisation of HSCs. Like prostate cancer, breast
cancer commonly spreads to the skeleton, potentially by tumour cell homing to the HSC niche. This
was investigated by Allocca et al. (2019), who used a BALB/c Nude mouse model to show increased
breast cancer dissemination in bone when luciferase labelled MDA-MB-231 triple-negative breast
cancer cells were injected following HSC mobilisation with AMD3100. They showed that independent
of the age of the mice, breast cancer cells preferably homed to the trabecular region adjacent to
components of the perivascular niche and close to the bone surface. These studies identified the HSC
niche as a possible metastasis location, yet they did not assess whether subsequent tumour growth is

influenced by pre-treatment with HSC mobilising agents.

Annexin 2 (a cell attachment factor) in the osteoblastic niche (Jung et al/, 2007) may also play
a role in anchoring the cells, and Jung et al. (2015) showed that Annexin 2 promotes prostate cancer
recruitment to the niche (alongside CXL12) and protects cancer cells from chemotherapy-induced
apoptosis. The HSC niche could therefore be a potential target to limit disease progression. On the
other hand, disseminated tumour cells (DTCs) can enter a quiescent stage that will protect them from
the elimination by the immune system (Townson & Chambers, 2006). As described in the introduction,
this quiescent stage involves multiple interactions with the surrounding microenvironment, and DTCs
can stay dormant for many years. As we currently know, not all DTCs go on to form tumours in patients
(Aguirre-Ghiso, 2007; Farmen et al, 2008; Tjensvoll et al, 2012). Under normal conditions, HSCs in the

bone marrow sometimes enter the circulation and differentiate into progenitor cells. Evidence shows
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that DTCs could increase this mobilisation to PB without inducing HCS apoptosis and that HSCs are
chemotactic to PCCs (similar attraction was not found from PCC towards to HSCs) (Shiozawa et al,

2011a). However, whether these HSCs mobilised by DTCs remain functional is still unknown.

After studies from in vivo models suggested the HSC niche as a homing area for DTCs this
raised the possibility that similar mechanisms may regulate them as HSCs, and modification of the HSC
niche was tested to determine the effect on homing of circulating tumour cells (CTCs) (Shiozawa et al,
2011a; Allocca et al, 2019). As described previously, the CXCR4/CXCL12 (SDF-1) axis plays a crucial role
in both HSCs mobilisation, cancer cell homing, and tumour progression through a vicious cycle. Kollet
et al. blocked CXCR4 with antibodies and found reduced skeletal metastases of PCC (Kollet et al, 2001).
Thus, blocking this pathway could mobilise the HSCs and might have possible benefits. AMD3100 is a
CXCR4 antagonist that inhibits CXCL12 binding and function with high affinity and potency (Rosenkilde
et al, 2004). Shiozawa et al. showed increased PCCs in blood in AMD3100 treated mice compared to
vehicle control (Shiozawa et al, 2011a), suggesting a clinical benefit by reducing tumour cell homing.
G-CSF induces different mobilisation mechanisms, and it acts directly on HSCs (without needing of G-
CSF receptor) (Liu et al, 2000), induces the production of proteases that cleave surface adhesion
proteins (c-kit (Lévesque et al, 2003), VCAM-1 (Lévesque et al, 2001), and reduces the production of
CXCL12 in the bone environment following a single single injection at 24 hours (Petit et al, 2002). Since
both drugs are used clinically to mobilise stem cells, e.g., G-CSF to replenish white blood cells after
chemotherapy, | aimed to determine their effects in different murine models to confirm that these
agents mobilise HSCs from their niche. Although xenograft models allow us to determine effects on
human cancer cells, effects on the adaptive immune system cannot be ignored. That is why, to
understand whether the HSC niche alteration effects may differ, | also used a syngeneic
immunocompetent model. Alteration of the BALB/c nude HSC niche by mobilising HSCs to peripheral
blood was shown by Allocca et al. (2019), using the CXCR4 antagonist AMD3100. To test whether
similar mobilisation can be achieved in immunocompetent strains (BALB/c and C67BL/6j), mice were
treated with AMD3100 or G-CSF for five days PB and BM were collected to carry out colony forming
unit assays. As expected, both drugs resulted in increased colonies from peripheral blood compared
to saline control, confirming successful HSC mobilisation from BM. These results were similar to
previous studies reported in the literature (lwasaki et al, 2005; Broxmeyer, 2008; Dar et al, 2011; Lee
et al, 2014a; Chen et al, 2021). My data indicate that after this treatment regime, G-CSF increased the
number of colonies when compared to AMD3100 in the BALB/c strain. Lee et al. (2014a) performed
similar mobilisation experiments with AMD3100 and G-CSF in both BALB/c C57BL/6j mice. In their

study, they used 5mg/kg AMD3100 for six days, whereas | used the same dose for five days, and G-
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CSF was used as 250g/kg, whereas | used 123 pg/kg. Despite the higher dose of G-CSF and longer
AMD3100 treatment, their findings are comparable to mine; they also showed that G-CSF-mediated
HSC mobilisation is more efficient than AMD3100 in the BALB/c strain.

Another question was to determine whether this HSCs mobilisation effect can also be
detected in bone marrow, reducing the number of HSCs in the BM niche. To investigate this, liquid
bone marrow was collected, and a similar colony-forming assay was used. | did not detect any
significant change in HSC CFU counts from either strain of bone marrow with AMD3100 or G-CSF
treatment compared to saline controls. However, in C57BL/6j, there was a trend toward reduced HSCs
colonies after G-CSF treatment, which might reflect different bone marrow compositions between
strains. Lee et al. (2014a) showed that BALB/c mice have fewer stem and progenitor cells responsive
to CXCL12 and S1P in bone marrow compared to C57BL/6j mice, which they suggested could be a
reason for reduced HSC mobilisation by AMD3100. This might also be why WBC counts were not
affected in BALB/c mice following treatment with either mobilising agent and only increased in
C57BL/6j mice with both drugs in this study. However, the method | used to quantify HSCs produced
variable results and may not have captured HSCs in a reproducible manner. Alternative methods like
confocal imaging can be better for quantifying and observing locations. Nombela-Arrieta et al.
investigated location and hypoxia in HSCs; they used confocal and multiphoton imaging and detected
HSCs' location close to the endosteal niche (Nombela-Arrieta et al, 2013). Allocca et al. also used two-
photon microscopy to quantify the disseminated cancer cells when altering the niche (Allocca et al,
2019). The current protocol published by Sagma et al. shows how useful can be 3D imaging with

confocal microscopy to study stem cells in tissue and organs (Sagma et al, 2022).

The only difference between the studies relates to the blood count effects of G-CSF on BALB/c
mice. Lee et al. showed increased WBC counts, whereas, in my study, there was a trend towards an
increase that did not reach statistical significance. This might be because of biological variables
between strains since their control groups had 5-8 x10° WBC cells per ml PB, whereas, in my studies,
this number was 0-3 x 10®* WBC cells per ml PB. However, these data also suggest that despite
biological variations, mobilisation can be achieved with both AMD3100 and G-CSF, paving the way for
studies to determine whether such treatments would impact tumour development and progression

in bone.

As | wanted to ensure that HSC mobilisation did not significantly impact the endosteal niche,
| performed a detailed uCT analysis of the bone structure and bone histomorphometric analysis of

bone remodelling cells throughout. Published studies have not included this, and it is possible that
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altering the cellular content of one niche may have an impact on the overlapping ones. The results
confirmed that the limited treatment period (5 days) was sufficient to modify HSCs but did not cause
significant changes to the BME, with the exception of osteoblast number in endosteal bone from the
first experiment. However, this trend was not observed in the repeated experiment, which might be

related to the biological variation or limitations of the sample size.

It is suggested that the HSC niche might be involved in breast cancer tumour development in
the skeleton, and Allocca et al. (2019), showed increased cancer cell dissemination to the HSC niche
after mobilisation of HSCs from the niche. Whether this would result in increased tumour
development was not investigated, with studies of DTCs being terminated five days after tumour cell
injection. To determine whether HSC mobilisation would increase bone tumour growth, a bone
metastasis model was created with an injection of triple-negative breast cancer cells (MDA-MB-231)
via the intracardiac route after treating BALB/c Nude mice with AMD3100 and tumour development
was monitored with IVIS over the next 3-4 weeks. In our model the main site of the HSC niche is in
hind limb bones; thus, in vivo observation of hind limb tumour development was carried out to
determine the effects of mobilisation. | hypothesised that mobilisation of HSCs will open space for
cancer cells to disseminate and that increased cancer cell dissemination could result in earlier and/or
increased development of overt metastasis compared to the control group. Therefore, IVIS analysis
was carried out twice a week to detect overt metastasis and allow a comparison of the timing of
metastatic development between control and AMD3100 treated animals. My results showed that
more tumours emerged earlier in the treated group than in the control group, with approximately
90% of the animals in the control group not developing hind limb tumours by the end of the
experiment (Day 54). In comparison, only 25% of the animals in the treated group did not develop

hind limb tumours. This experiment was repeated with the second batch of animals.

Similar, to what was observed in the first experiment, more mice in the AMD3100 treated
group developed hind limb tumours at earlier time points than in the control group, but disease
progression was faster. The experiment was concluded on day 27 compared to day 54 in the first
experiment, precluding pooling of the results in a single analysis. This is probably due to the biological
variations (potential batch differences between animals) and other factors, such as disease
progression speed, affecting breast cancer bone metastases. White blood cell counts can be given as
an example about variability between animals, difference of the lowest and highest white blood cell
counts detected by the supplier was 100,000 cells per ml PB. From the point at which most animals in

the AMD3100 treated group displayed overt metastases, it took two weeks to conclude the
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experiment. When these time intervals were taken together, reduced surviving rates of treated

animals became more significant.

The xenograft model was an example of a human triple-negative breast cancer model in
immunocompromised mice, which has relatively slow tumour progression compared to the mouse
triple-negative mammary carcinoma model in immunocompetent mice. To observe the effects of
immune cell populations in a similar experiment, immunocompetent mice were injected with triple-
negative mouse mammary carcinoma to create a syngeneic model. BALB/c mice were treated with G-
CSF to mobilise HSCs from the niche. After treatment, triple negative mouse bone metastatic
mammary carcinoma cells (4T1 LUC BONE) were injected via the intracardiac route, and hind limb
tumour development was observed with IVIS. Disease progression was faster than in the xenograft
model, reaching a terminal stage 11 days after tumour cell injection compared to 29-54 days for the
xenograft model, despite injecting fewer cells (1x10° cells for the xenograft model and 3x10* cells for
the syngenetic model). However, as seen in the xenograft model, more hind limb tumours were
observed at the earliest time in the G-CSF treated compared to the control group. The tumour burden
in hind limb bones measured ex vivo at the end of the experiment was similar for both treated and

control groups.

As expected, the white blood cell counts were found to be significantly increased following G-
CSF treatment in C57BL/6j mice. White blood cell counts are an indicator for inflammatory response
known to support cancer development (Balkwill & Mantovani, 2001; Coussens & Werb, 2002;
Mantovani et al, 2008; Mantovani & Sica, 2010). WBC counts were an essential indicator of breast
cancer's response to chemotherapy (Andre et al, 2013). Immune indicators from PB
(neutrophil/lymphocyte ratio, platelet/lymphocyte ratio and WBC/lymphocyte ratio) have been
insensitively studied for response to the treatment, and the low ratio of these parameters indicates
reduced inflammation and immune system activation (Asano et al, 2016; Chen et al, 2016; Xu et al,
2017b; Chae et al, 2018; Marin Hernandez et al, 2018; Qian et al, 2018; Graziano et al, 2019). Since
both AMD3100 and G-CSF reduced the platelet/lymphocyte ratio, it might support the therapy
response of cancer in the clinic. In our study, we showed no significant increase in white blood cell
counts after only G-CSF treatment in BALB/c mice; thus, this effect cannot be carried out after tumour

development and maybe only be an indicator for treatment response.

When white blood cell counts were compared with tumour bearing and non-tumour bearing
mice from BALB/c controls, it was found that all the individual values for lymphocytes, monocytes,

granulocytes etc. were increased with an almost 10-fold increase in total white blood cell counts which
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shows the detectable inflammatory effects of the tumour on peripheral blood. A clinical study carried
out by Park et al. also showed the difference in WBC counts in patients with different breast cancer
burdens (which also depends on the menopausal status, hormone receptor type and BMI) (Park et al,
2019). All these studies suggest an important relationship between low-grade inflammation and some
cancer developments. This WBC data suggest that similar phenomena can be observed in murine
models, yet further studies are needed to establish the link between WBCs and early metastatic

progression in bone.

The results from both models indicate that mobilisation of HSCs, or alteration of HSCs niche
cellular composition with mobilisation agents, might result in earlier development of overt bone
metastases. As can be seen from the syngeneic model, when conditions favour the disease,
progression can be faster since we cannot precisely measure the number of disseminated cells in each
mouse. Also, tumour progression has a logarithmic growth curve, when it reaches a certain amount
of cell growth there is an acceleration and when it reaches a certain size, due to reduced perfusion to
the tumours’ centre, reduced acceleration can be observed. My data are consistent with the
hypothesis that removing HSCs from the niche increases tumour cell dissemination to the bone but
might also result in earlier development of overt metastases. However, this is not the only factor
required, thus the sample size must be increased in future studies to reduce variation caused by

biological differences and chances of different survival rates of cancer cells in the murine bloodstream.

Overall, the work described in this chapter shows that HSC mobilising agents can modify the
HSC niche in murine models; thus, this modification may increase tumour development in bone and
supports that the HSC niche is part of the bone metastatic niche. Alteration of this niche might cause
an increase in bone metastasis (or increase the risk of metastatic spread ), especially in studies
involving G-CSF treatment in breast cancer (Liu et al, 2020). However, any micrometastatic tumour
growth, which is caused by G-CSF, should be eliminated with the following chemotherapy. Further
studies must be carried out to see whether HSC mobilisation has any effects on bone metastasis in

models that include bone metastasis development from a primary tumour.
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5.7. Conclusion

In summary, these data;

e Show that the HSCs niche can be modified with either AMD3100 or G-CSF in both
immunocompetent and immunocompromised mice without affecting bone structure or bone
remodelling cells

e Indicate that this modification might increase the chance of overt metastasis where tumours
occur sooner.

e Demonstrate that despite the different time intervals for tumour emergence, this does not

alter the final tumour burden

Overall, my results are in agreement with those of Allocca, supporting that breast cancer cells
home to the HSC niche and in addition show that mobilisation of HSCs prior to tumour cell

injection affects the early stages of bone metastases.
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CHAPTER 6. GENERAL DISCUSSION, CONCLUSION
AND FUTURE WORK

Over the past decades, breast cancer survival has increased, especially with the development of
new drugs to treat advanced disease (Jani et al, 2021). However, breast cancer is still the most
common cancer type in females (Ferlay et al, 2021; Sung et al, 2021; Siegel et al, 2022). Five years
survival rates for local (=99%) and regional breast (=86%) cancer are higher compared to distant
disease (=29%) (Siegel et al, 2022). The skeleton is one of the most common distant sites for metastasis
with =70% of the advanced breast cancer patients have skeletal metastases (D’Oronzo et al, 2019).
Bone metastases are incurable and reduce patients' quality of life through pain and fractures,
especially in the late stage of the disease (Hiraga, 2019). Bone has nutrient-rich niches suitable for
tumour cell dissemination, and it has been suggested that those niches support cancer cells escaping
from primary tumours (Mundy, 2002). For example, Luo et al. showed that in a murine study,
increased IL-6 from senescent osteoblasts increases bone resorption by osteoclast, supporting
increased tumour cell seeding (Luo et al, 2016). Another known mechanism, involves the
CXCR4/CXCL12 pathway which is expressed in bone marrow cells such as osteoblasts, osteoclasts and
HSCs, has been shown to contribute to different metastasis stages (Miller et al, 2001; Hirbe et al,
2007; Katoh, 2016; Nguyen et al, 2020). As previously described, many studies have supported the
importance of BME interactions on metastatic breast cancer development (Chinni et al, 2006; Bussard
et al, 2008; Meads et al, 2008; Liu et al, 2014; Ren et al, 2015; Decker et al, 2016; Roato & Ferracini,
2018). Therefore, it is essential to better understand the bone marrow microenvironment to establish
the mechanisms underpinning disease progression. This project hypothesises that the presence of a
tumour modifies the BME, including multiple cell types such as immune cells. Doxorubicin (DOX), a
standard chemotherapy agent used to treat breast cancer bone metastasis, also affects the cell
populations of the bone and marrow. Bone marrow niches play a crucial role in cancer progression;
thus, altering the haematopoietic stem cell niche (a suggested niche for breast cancer metastasis
(Forest et al, 2013; Allocca et al, 2019)) modifies the progression of bone metastasis. Bone metastasis
cannot be studied in humans; therefore, the first aim is to establish the differences between widely
used mouse strains in different models of bone metastasis and determine the detectable differences
between tumour-bearing bone/bone marrow to that of tumour-free controls. Then, the effects of DOX
on bone and marrow were investigated in immunocompromised and competent mice strains. Finally,

the HSC niche was altered with known mobilisers (AMD3100 and G-CSF) to determine if this would
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impact subsequent tumour development in bone. Overall, the studies in this thesis investigated the
bone and bone marrow populations in models of breast cancer bone metastasis, with particular

emphasis on how modification of the bone microenvironment impacted the bone metastatic niche.

6.1. The bone microenvironment differs between mouse

strains.

In my initial studies | investigated DOX effects on the bone and marrow, demonstrating
differential drug effects in the immunocompetent vs immunocompromised animals. As described
before, most late-stage breast cancer patients have skeletal metastasis; however, in patients with
early breast cancer disseminated tumour cells may stay dormant and not develop into overt
metastasis for several years (Salvador et al, 2019). Complex interactions occur in bone metastatic
breast cancer, and different models (xenograft and syngeneic models) have been developed for
exploring specific hypotheses (Ottewell & Lawson, 2021). Xenograft models, which involve human
cancer cells injected/implanted in immunocompromised mice are widely used. They provide faster
tumour development with close genetic and epigenetic features, that allow studying induvial
molecular pathways (Richmond & Yingjun, 2008). Different methods of tumour cell injection are
developed for xenograft models (reviewed in (Ottewell & Lawson, 2021)); one is injecting human
cancer cells directly into bone (intra-tibial model), minimising the effects outside the bone marrow
(Ottewell et al, 2009; Wright et al, 2016). Injecting tumour cells via the intracardiac or intravenous
route can be used to mimic metastatic dissemination through the circulation (Ottewell et al, 2008a;
Wright et al, 2016; Tulotta et al, 2019a). Also, mouse models have been developed to study human
bone metastasis via patient-derived bone engraftment (Kuperwasser et al, 2005; Tulotta et al, 2019a).
Different cell lines are used with different genetic and epigenetic properties, e.g. MDA-MB-231 for
triple-negative and MCF-7 for ER+ breast cancer (Holen et al, 2016; Ottewell & Lawson, 2021).
However, the xenograft models lack essential immune components; therefore, transgenic or
syngenetic models have been developed to study immune effects on different disease stages,
including bone metastasis (Ottewell & Lawson, 2021). Random mutations and bone metastasis occur
rarely in transgenic models (Ottewell et al, 2006); thus, syngenetic models are more predictable, as
the host has a complementary background to the cell line (Lee et al, 2014b; Canuas-Landero et al,
2021; Ottewell & Lawson, 2021). Tumour progression and the resulting cancer-induced bone disease
is often monitored with in vivo fluorescence imaging, in vivo and ex vivo uCT and histological staining
(Ottewell & Lawson, 2021). Effects on specific pathways or cells and niches can be investigated with

confocal microscopy, immunohistochemical staining or flow cytometry and biochemical analysis such
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as ELISA (Brown et al, 2012; Allocca et al, 2019; Canuas-Landero et al, 2021; Tulotta et al, 2021).
Choosing the right model to address a specific research question is essential, as no perfect bone
metastasis model exists. Specifically, tumour interactions with the BME do not only involve one
specific pathway or cell type; complex interactions between multiple cell types and soluble factors
may be supporting bone metastasis. Disease progression differs between xenograft and syngenetic
models; syngeneic cell lines such as E0771, 4T1 are spontaneously metastases to lung and lung
metastases are fast developing and spread to additional skeletal areas (e.g. jaw and skull) with
considerable heterogeneity in sites and rate between animals (Ottewell & Lawson, 2021). Therefore,
mapping the cellular composition of the BMEs in different mouse strains might reveal potential
therapeutic targets and also help to develop models that better represent human metastatic breast

cancer.

The presence of the adaptive immune system is the main difference between BALB/c and
BALB/c Nude animals. Nude animals lack thymus; they do not have mature T cells yet have other
immune cells (Flanagan, 1966; Belizario, 2009). Monterio et al. carried a spontaneous bone metastasis
model using 6-8 weeks female BALB/c mice with bone metastatic 4T1 and non-metastatic 67NR mouse
mammary cancer cells. This study provides key information about the bone metastatic niche; firstly,
they detected increased pro-osteoclastogenic cytokines in the metastatic bone model, which supports
the hypothesis that the primary tumour prepares the future metastatic niche. Secondly, they showed
increased numbers of osteoclasts in the bone of the 4T1 model, associated with early and rapid bone
loss (Monteiro et al, 2013). Thus, they concluded that bone loss starts before detectable metastases
appear. As mentioned in the introduction, T cells also play a role in bone remodelling through
production of RANKL; thus, Monteiro also investigated the bone effects of T cell-specific knock-down
of RANKL and IL-17F in BALB/c Nude mice. They found that RANKL from T cells is required for pre-
metastatic osteolytic disease, with no or small numbers of bone metastases when T cells where RANKL
had been knocked out were injected in BALB/c Nude animals (Monteiro et al, 2013). Bone loss and its
effect on inducing metastasis will be discussed later in this chapter, yet these results underline the
importance of multiple components supporting the vicious cycle in osteolytic bone metastasis,
including immune cells. Feurer et al. found higher number of T cells in the bone marrow of cancer
patients compared to in healthy donors and higher CD4+ T cells in the bone marrow samples with
detectable disseminated cancer cells (Feuerer et al, 2001). Due to the lack of comparisons between
the bone microenvironment inimmunocompetent and immunocompromised strains in the literature,
| decided to explore this in my studies. As discussed in chapter 3, no significant difference was

observed in T cell counts from the bone marrow between the two strains, yet it is known that T cells
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do not function in the immunocompromised strain, as they cannot mature due to the lack of a thymus
(Belizario, 2009). However, my study only focused on the bone marrow; having information from the
spleen would have allowed me to compare the T cell counts between strains. Lower numbers of B
cells, granulocytes and monocyte counts were found in the bone marrow in BALB/c Nude compared
to BALB/c mice. These cells originate from HSCs; since fewer HSC cells were found in BALB/c Nude
mice compared to BALB/c, it makes sense to observe lower cell B cell counts due to lowered
maintenance and production. However, B and T cells do not have a significant role in bone remodelling
unless activated. When activated, B cells contribute to bone remodelling by expressing RANKL that
stimulates osteoclast differentiation (Horowitz et al, 2010). The HSC niche has been suggested as a
metastatic niche, and details of this are covered in chapter 5. Increased numbers of disseminated
cancer cells were found following mobilisation of HSCs from the niche (Allocca et al, 2019). My studies
showed that animals of the BALB/c Nude strain had fewer HSCs and HSC progenitors than those of the
BALB/c strain; however, whether this cause any difference in bone metastases in BALB/c Nude than
BALB/c is unknown. Collectively, my data support that the potential impact of these differences
between immunocompetent and immunocompromised strains should be considered in preclinical

studies of mechanisms of bone metastases and therapeutic effects.

6.2. Chemotherapy modifies the BME — implications for bone

health and potential tumour development/progression

Doxorubicin (DOX) causes DNA breakage and is a commonly used chemotherapy agent to
treat breast cancer. However, it is also toxic to normal tissues, including the bone marrow (Bachur,
2002), and can have several acute effects like nausea, vomiting, and gastrointestinal and neurologic
disturbances (Carvalho et al, 2009). DOX is also used in treating early breast cancer without metastasis
(Holmes et al, 1996; Biganzoli et al, 2002; Alba et al, 2004). In this setting, there is no evidence of
tumour spread to the bone, however bone and marrow cells are exposed to repeated cycles of DOX.
Besides the common cardiotoxicity of DOX, murine studies have showed DOX-mediated bone loss
(Rana et al, 2013; Fan et al, 2017), loss of proliferation of bone marrow mesenchymal cells (Oliveira et
al, 2014) and reduced bone marrow cell numbers (Huybrechts et al, 1979). Clinical studies have
primarily focused on the bone destructive effects and cardiac toxicity effects of DOX (Shusterman &
Meadows, 2000; Hadji et al, 2009). Overall, the anti-cancer benefits gained from DOX treatment are

well-established, yet the effects of DOX on bone health and integrity should also be investigated.
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My study determined the effects of DOX on bone that were detectable in samples obtained after
repeated cycles of treatment. | administered four cycles of weekly DOX at different doses (4 and 6
mg/kg), measured the bone integrity with micro-computed tomography and used the same bones for
histology so | could be able to quantify the osteoblasts and osteoclasts. Using flow cytometry, | could
compare the general immune and HSC populations. The 4 mg DOX dose did damage bone integrity in
BALB/c mice, whereas no significant effect was observed with this schedule in the BALB/c Nude mice.
There may be several reasons for this difference in DOX sensitivity between the strains, including drug
uptake, pharmacodynamics, and biological differences. However, my hypothesis about this difference
is based on the findings described in chapter 3, showing that fewer HSCs are found in BALB/c Nude
mice. Geerman et al. found that DOX is mainly harmful to cells that constantly divide when HSC
maintenance is lower, which means HSCs stay more dormant (Geerman et al, 2018). As mentioned
before, DOX targets dividing cells; thus, 4 mg/kg DOX dose might not affect LK and LSK cells in the
BALB/c Nude. However, | did not carry flow cytometry analysis for 4 mg/kg DOX treatment, thus |
cannot compare LK and LSK cells with the date from the 6 mg/kg DOX treatment. The colony forming
unit assay showed similar numbers of functional HSCs/progenitor cells in control group of 4 mg/kg
DOX experiment. In the 6 mg/kg DOX experiment, LK cells (HSCs progenitors) were increased in the
DOX treated group compared to control. This increase might be caused by treatment-induced stress,
causing HSCs to proliferate to recover. | hypothesise that this increase might cause bone loss, because
Kuzmac et al. showed that creating acute stress on HSCs by bleeding C57BL/6j mice has resulted in
more HSCs and increased osteoclast maturation (Kuzmac et al, 2014). These findings might be why no
bone damage was observed with 4mg/kg treatment in the BALB/c Nude mice, because the dose was
insufficient to induce HSC stress. Kuzmac et al also found that inducing stress on the HSCs resulted in
B cell reduction, which is similar to my results (Kuzmac et al, 2014). Overall, maybe one of the
mechanisms involved in DOX mediated bone loss is HSCs stress mechanisms, although further studies

are required to test this hypothesis.

When the DOX dose was increased to 6 mg/kg, detrimental effects on the bone structure were
observed in both strains, however there was no difference in the number of bone remodelling cells.
Interestingly, HSC and their progenitor cells increased in the BALB/c Nude animals following DOX
treatment, whereas no difference was observed in BALB/c mice. However, LK cells (i.e. common
myeloid populations, granulocyte-macrophage progenitors and megakaryocytes-erythrocyte
progenitors) increased in both strains following DOX treatment. All of the immune cells in the bone
marrow of BALB/c except B cells were increased, and B cells were also decreased in the BALB/c Nude.

However, B cells were suggested as a RANKL source and reduced RANKL from B cells reduced bone
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resorption. Therefore, increased bone resorption must be caused by other mechanisms (Ponzetti &
Rucci, 2019). Both strains had higher neutrophils following DOX treatment, and Bastian et al. suggest
that increased neutrophils decrease the mineralised extracellular matrix (Bastian et al, 2018).
Dendritic cells also increased in the bone marrow; however, only monocyte and granulocyte counts
increased, and total white blood cell counts were not altered in either strain. Since dendritic cells were
also found to play a role in innate immunity-induced bone loss (Liu & Teng, 2009), | hypothesise that
increased general toxicity could trigger inflammation that can stimulate bone resorption, however this
remains to be established, for example through measurement of inflammatory cytokines and

histological assessment of immune cell infiltration in bone.

6.3. Quantifiable effects on bone marrow in the presence of
tumour and effects of bone marrow alteration on bone

metastasis.

As described in the introduction, the BME interacts with the tumour at all stages of
development. Therefore, alteration of bone niches could affect tumour progression, as shown by
Brown et al. They studied osteoblastic niche modification with parathyroid hormone (PTH) and
observed increased osteoblasts and skeletal tumours following five days of PTH administered prior to
breast tumour cell injection (Brown et al, 2018). HSCs are essential to maintain haematopoiesis but
could also be involved in bone metastases due to the proposed shared niche with disseminated cancer
cells (Allocca et al, 2019). However, it is not known if the mobilisation of HSCs impacts disseminated
cancer cells. The HSC niche is where most HSCs reside, but as they are a rare population in the bone
marrow (0.01% of the nucleated cells (Rossi et al, 2011)); their identification, isolation and analysis is
challenging and mostly gathered with progenitors or require further purification (Hines et al, 2008;
Challen et al, 2009). It has been suggested that cancer cells disseminate to the HSC niche (Shiozawa et
al, 2011a; Allocca et al, 2019); these studies underlined the importance of DTC location during the
dissemination but did not investigate whether mobilisation of HSCs influenced tumour development
in bone. In my study, | have altered the HSCs niche with known HSC mobilisers (AMD3100 and G-CSF)
and created bone metastatic breast cancer models in both immunocompetent and
immunocompromised strains. After mobilising the HSCs from the bone marrow, my results showed
earlier and more emergence of tumours. As discussed in chapter 5, there could be several explanations
for this; however, my central hypothesis is that increased cancer cell dissemination due to the removal

of HSCSs does increase survival of disseminated cancer cells in bone and hence the chances of overt
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metastasis would be increased. However, there was considerable variation between the experiments
| carried out to explore the effects of HSC mobilisation on bone metastasis; additional repeats of these
studies are needed to allow firm conclusions to be drawn. The complex mechanisms underlying the
impact of HSC mobilisation on DTCs should also be further investigated, as AMD3100 and G-CSF are
used in clinical practice to support hematopoietic recovery in cancer patients undergoing
chemotherapy. G-CSF are used to treat neutropenia after chemotherapy and AMD3100 is an effective
HSC mobiliser. AMD3100 and G-CSF are used together to priming chemotherapy; thus replenish the
patients HSCs (reviewed in (Liu et al, 2016)). This study creates a new question to discuss, does the
use of AMD3100 or G-CSF in cancer treatment increase the chance of skeletal metastasis? To my
knowledge, there are no reports suggesting this, despite stem cell support being part of routine
treatment. It is likely that any stimulation of DTCs to grow would be counteracted by subsequent

chemotherapy which was not covered by my study.

Another area where information is lacking in the literature is the effects on the BME caused
by the presence of a tumour. Many studies have investigated the bone-destructive effects of osteolytic
breast cancer, mainly focussing on tumour-induced changes to bone remodelling cells and how these
may be prevented (Ottewell et al, 2008a, 2009; Hirbe et al, 2009; Lee et al, 2012). However, the bone
environment is complex, and alterations in one bone niche can affect other, partially overlapping
niches and their resident cell populations. Therefore, | have analysed the effects of the breast tumour
on different bone and bone marrow populations, and white blood cell counts. An interesting finding
was that there was no statistical bone volume reduction detected with CTAn software on the 21 day
after tumour cell injection (end of the procedure), despite tumour-induced bone destruction being
clearly visible in 3D reconstructions of tumour-bearing bones. As described in Ottewell et al., osteolytic
lesions can be observed within 2-3 weeks with this model (BALB/c Nude animals injected with MDA-
MB-231 cells via the intracardiac route) (Ottewell et al, 2008a). Peyruchaud et al. reported osteolytic
lesions around 1mm? on the 20™" day, and lesions increased seven-fold on the 30" day (Peyruchaud et
al, 2001); therefore, a weakness of my study was ending the experiment too early for a significant
tumour burden to be present, although | could detect bone metastasis in 9 out of 10 mice by IVIS. One
limitation with the IVIS is that estimation of tumour size. Since IVIS detects the intensity of the signal
from tumour, small tumours can be very bright depending on the labelling of the cells and the position
of the tumour. | believe quantitative effects on bone integrity would be more evident if the disease
progression advanced. No differences were found between the tumour-bearing and tumour-free bone
marrow populations, probably due to the small size of the tumours. However, my experiment showed

that if the protocol could be optimised, solid tumours could be detected and maybe quantified by flow
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cytometry. Finally, | compared the white blood cell counts to determine if the tumour presence of
tumours in bone resulted in any inflammatory effects of in the circulation. It is known that
haematological malignancies such as leukaemia directly affects the white blood cells (Shipley &
Butera, 2009). In contrast, neutropenia is mostly related with solid tumour chemotherapy side effects
and studies focused on white blood cells (Asano et al, 2016). However, studies do not investigate if
there is a detectable difference in the blood cell counts caused by a solid breast tumour in bone. In
my study, there were no detectable differences in total white blood cells found between tumour
bearing and tumour free animals. Overall, if the tumours are small, the bone marrow can maintain
function and compensate for any tumour effects. As tumour burden increases, this ability is overcome,
and the bone marrow will struggle to maintain its function. In future studies, | would repeat the
experiment and study the impact of increasing tumour burden beyond three weeks if the animals are

healthy under the ethical regulations.

6.4. Conclusion

This thesis describes a series of studies investigating the composition of the BMEs in different
mouse models, and how they are affected by alterations using chemotherapy, stem cell mobilisers or

bone metastatic breast cancer.

| found that that the numbers of HSCs, B cells and myeloid cells differed between
immunocompetent and immunocompromised mice. There was also a difference in bone phenotypes
(BALB/c Nude strain had less cortical bone volume and larger trabecular separation than BALB/c)
between the strains, but | did not establish if the difference between these depends on the difference
between cell populations; however, bone remodelling is a crucial process associated with
development of bone metastases. My results indicate that the presence of an adaptive immune
system might not be the only difference between immunocompromised/competent mouse models

that should be considered when modelling bone metastases or interpreting the results.

Supporting that chemotherapy has detrimental effects on the skeleton, DOX-mediated bone loss
was shown using both the murine models in this study, however | did observe differences in drug
sensitivity between the strains. Results using the 4 mg/kg DOX dose showed that bone destructive
effect was not observed in the immunocompetent strain, indicating that differences between the
strains (active T lymphocytes, B lymphocytes, HSCs) could be a reason why BALB/c mice were less
sensitive to DOX than BALB/c nude mice. Also, there could be differences in DOX pharmacokinetics

and pharmacodynamics between the strains that contribute to these differences. Data from my study
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support that effective drug doses cannot automatically be translated between different models and
that dose-response experiments may need to be carried out to optimise dosing of therapeutic agents

before future studies.

My results provide further support that the HSC niche may play a role in bone metastatic breast
cancer, yet the precise mechanisms remain to be established. | found that removing HSCs (without
altering the bone structure and remodelling cells) results in earlier overt metastasis; thus, increased
cancer cell dissemination to the bone results in earlier metastatic development, although these
findings should be supported by further experiments due to large variation in tumour progression.
However, no visible difference was observed between the tumours when enough time was given for
their development, demonstrating that any effect of HSC niche modification is at the early stages of

bone metastasis (dissemination/colonisation/survival), and not on subsequent tumour progression.

My findings showed that the presence of DTCs from solid tumours in the bone marrow, as well as
other cell types from the tumour-bearing bone marrow, could be detected with flow cytometry and
could be quantified if the methods were further optimised, thus, allowing us to understand the effects

of the tumour on the bone environment.

Overall, findings from this project support the importance of the BME on the course of breast
cancer development and progression in bone that is negatively affected by chemotherapy agents and
indicate that the haematopoietic niche should be further investigated to establish its role in tumour

progression.
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6.5. Summary of future work

Due to time limitations, | was unable to carry out further repeats and in-depth studies required to

draw firmer conclusions in some areas. A summary of proposed future works is listed below:

e Further studies and optimisation of assays are needed to accurately quantify the number of
different bone marrow cell populations and how they are impacted by therapy and the
presence of tumour cells, as well as the differences between immunocompromised and
competent mouse strains.

e One limitation of my studies is that all measurements are taken at endpoint, whereas bone
remodelling and tumour progression are highly dynamic processes. To address this, larger
scale experiment for DOX treatment must be performed where cohorts of mice are culled at
regular intervals to allow measurement of bone integrity, bone marrow and bone turnover
markers (CTX, NTX, ALP and osteocalcin) with increasing tumour burden.

e Another limitation was the size of the tumour when investigating cancer-induced bone
effects. This study should be repeated to capture increased tumour burden in bone and
ultimately advanced disease. This would allow us to determine the end effects of the tumour
on the bone marrow cells.

e My findings indicated that commonly used drugs (AMD3100 and G-CSF) to replenish HSCs in
the patients under chemotherapy caused increased tumour progression. In clinical use,
patients continue to receive chemotherapy following stem cell support, and this would
suppress the growth of any mobilised disseminated cancer cells. Therefore, a study using a
combination study of HSCs mobilisers and chemotherapy is needed to test this hypothesis.

e Future studies are also needed to determine whether LSK, LK and B cells affect tumour
progression with increased sample size, as this was one of the main limitations was on HSC
mobilisation experiments in my thesis.

e If possible, the operator should be blinded to which treatment is given to which mouse to

avoid bias in future studies.
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