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Abstract

Tumour-associated macrophages (TAMS) recruited and re-educated by cancer cells account
for up to 50% of the solid tumour mass and enhance tumour development mainly through
their phenotypic alterations. TRIB1 is one of the myeloid cell regulatory genes emphasised
for the regulation in macrophage physiology and reported to be oncogenic in acute myeloid
leukaemia (AML). However, the role of myeloid TRIB1 in tumour development has not been
studied. Here, we knockdown TRIB1 in primary human monocyte-derived macrophages
(MDMs) in vitro, and developed in vivo breast cancer models with myeloid Tribl
overexpressing (Trib1™9) and knockout (Trib1™©) mice strains to investigate the myeloid

TRIB1-dependent regulation of breast tumour growth.

Our data showed that TRIB1 regulates human MDM phenotypes, markedly TRIB1
knockdown significantly increased the oncogenic cytokine expression in TAMs developed
from human MDMs. However, interestingly, our in vivo mouse model revealed both
alterations of myeloid Trib1 expression accelerated murine mammary tumour growth, but
with the earlier stage enhancement in the Trib1™<© animals. Post-mortem analysis
demonstrated a significant reduction of macrophages in the tumours from both strains, but the
reduction in Trib1™9 tumours was in hypoxic TAMs whilst the reduction of perivascular
TAM numbers was observed in Trib1™© tumours. Furthermore, myeloid Trib1
overexpression significantly inhibited polarisation of TAMs towards a pro-inflammatory
phenotype and reduced T cell infiltration, especially CD8+ cytotoxic T cells. Trib1™m™

animals also had accelerated development of secondary tumours in the lung.

Current results denote that the regulation of myeloid Trib1 expression has distinct oncogenic
mechanisms in breast cancer growth. Trib1-deficiency disrupts the homing of myeloid cells

into the tumour and enhances oncogenic cytokine expression in TAMs to accelerate breast
Xiv



tumour growth, whilst overexpression enhances growth of the mature tumour by the
reduction of pro-inflammatory TAMs and recruitment of T-cells, suggesting potential

importance of myeloid Tribl expression in the development of breast cancer therapies.
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Chapter 1. Introduction

1.1 Breast cancer

Breast cancer is a group of malignant cells with abnormal growth observed in mammary
glands and for many years, had highest incidence of all cancers in women worldwide (Feng
et al., 2018). However, upon development of personalised medicine and novel treatments,
significant improvement of cancer survival has been observed in most countries. In breast
cancer, mortality rates started to fall from 1990 in most of western Europe, United States and
Australia due to the early detection of disease with widespread mammographic screening and
precise diagnosis which increased the number of early diagnoses and treatment (Veronesi et
al., 2005). However, breast cancer is still the most common and leading cause of cancer death
in females worldwide. In 2012, 1,676,600 cases of breast cancer were diagnosed in women
with 521,900 cases of deaths world-wide, followed by colon cancer (614,300 cases of
diagnosis with 320,300 cases of deaths) and lung cancer (583,100 cases of diagnosis with
491,200 cases of deaths), which accounts for 25% of all cancer cases and 15% of all cancer
deaths among females (Torre et al., 2015). In 2015, the incidence of breast cancer increased
to 2,378,000 cases in females worldwide, but the mortality rate declined to 523,000 cases
which imply that early detection and enhanced diagnosis of breast cancer reduced the disease
burden (Fitzmaurice et al., 2017). Statistical analysis of breast cancer incidence, however,
revealed that the mortality rate declined in high-income countries with a historically higher
rate of breast cancer death, but continued to increase in low-rate countries, such as in Latin
America, Caribbean, and parts of Asia due to the changes of risk factors and lack of early
detection and treatments (Azamjah et al., 2019, Fitzmaurice et al., 2017). Risk factors include

genetic mutations either inherited from parents or resulted from ageing or other lifestyle-
1



related factors, and non-genetic factors, such as pregnancy-related hormone changes,
anthropometric indices, dietary factors, especially with excessive alcohol consumption, lack
of physical activity, and history of radiation or hormone replacement therapy treatments at

the early age (Veronesi et al., 2005, Feng et al., 2018).

1.1.1 Origin of breast cancer

The development of breast cancer is initiated from the formation of a tumour niche by
cancer-initiating cells or breast cancer stem cells derived from mutated mammary stem cells,
progenitor cells, and differentiated cells (Figure 1.1A) (Feng et al., 2018, Sin and Lim,
2017). The historical nomenclature of luminal and basal-like breast cancers was derived from
similar transcriptomic signatures between breast tumours and the corresponding normal
mammary luminal and basal epithelium which originated from the oncogenic events of
different types of mammary cells (Zhou et al., 2019). For instance, mutation of PIK3CA (o-
catalytic subunit of PI3K) is observed in 30% of breast cancers, both luminal and basal-like
tumours but mutation of PIK3CA in luminal cells generated both luminal and basal-like
breast tumours. However, basal cells only induced luminal tumours and a mutation of
PIK3CA and BRCAL in luminal cells, and BRCAL and p53 in basal cells generated basal

tumours (Figure 1.1B)(Yang et al., 2017, Zhang et al., 2017a, Zhou et al., 2019).
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Figure 1.1. Hierarchy of mammary cells and the development of breast tumour cells. [adapted from (Feng
et al., 2018, Zhou et al., 2019)]. (A) Schematic diagram of the breast cancer stem cell and breast tumour cell
hierarchy from mammary cells. (B) Schematic diagram of the breast tumour cell origin depending on the gene
mutations.



1.1.1.1 Classification of breast cancer

The classification of breast cancer varies from simple histological differences to molecular
changes. Histological grading differentiates tumour and healthy tissues via the abnormality of
tissues observed under a microscope (grade 1-4), and the Tumour (T) Lymph node invasion
(N) Metastasis (M) system classifies breast cancer with the numbers 0-4. These describe the
size and location of tumours, number of lymph nodes invasion, and the number of metastases
(Table 1.1 & Table 1.2) (Taherian-Fard et al., 2015). However, heterogeneity in breast
cancer further developed the concept of molecular classification in 2000, which divided
breast cancer into luminal A, luminal B, HER2 enriched, basal and normal-like subgroups
depending on the oestrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) expression in the tissues (Table 1.3) (Eliyatkin et al., 2015).
The molecular classification correlates with the clinical classifications, especially with ER
and HER?2 status, proliferation markers, and histological grades but recent studies suggested
the further development of molecular classification since the categorization of breast cancer
depends on the expression of hormone receptors (ER and PR) in 1% of tumour cells and
observation of HER2 overexpression or amplification in 10% of tumour cells, and also due to

the heterogeneity of cancer (Eliyatkin et al., 2015, Jackson et al., 2020).



Table 1.1. TNM system and anatomic stage groups of breast cancer. [adopted and modified from
(Taherian-Fard et al., 2015, Feng et al., 2018)]

Classifications Definition
Tumour (T) 0 No evidence of tumour
Tl Invasive tumour size <20mm and carcinoma in situ
T2 Invasive tumour size 20-50mm
c T3 Invasive tumour size >50mm
2 T4 Tumour has grown into the chest wall and skin
g Lymph node invasion (N) 0 No cancer cell in the lymph nodes
E N1 Cancer spread to three nodes
N2 Cancer spread to four to nine nodes
N3 Cancer spread to >10 nodes
Metastasis (M) 0 No metastasis
M1 There is evidence of metastasis to another body part
Stage 0 Ductal carcinoma in situ
Stage 1A Primary invasive tumour size with a size of <20mm. No
nodal involvement
Stage 1B Nodal micro-metastases (>0.2mm, <2.0mm) with or
without <20mm primary tumour
Stage 2A Movable ipsilateral Level I, Il lymph node metastases

with <20mm primary tumour; or >20mm, <50mm
tumour with no nodal involvement

Stage 2B Movable ipsilateral Level I, Il lymph node metastases
with >20mm, <50mm tumour; or >50mm tumour with
no nodal involvement

Stage 3A Movable ipsilateral Level I, Il lymph node metastases
with >50mm tumour; or any size of the primary tumour
with fixed ipsilateral Level I, 1l or internal lymph node
metastases

Stage 3B Primary tumour with chest wall and/or skin invasion

Anatomic stage system

Stage 3C Any size of the primary tumour with supraclavicular or
ipsilateral Level I11 lymph node metastases; or with
ipsilateral Level I, Il and internal lymph node
metastases.

Stage 4 Any case with distant organ metastasis




Table 1.2. Types of breast cancer. [modified from (Feng et al., 2018)]

Cancer

Descriptions

Ductal carcinoma in situ (DCIS)

Non-invasive or pre-invasive breast cancer
developed inside normal ducts

Invasive or infiltrating breast cancer

Cancer invades and spread outside of the normal

breast lobules and ducts

Invasive ductal carcinoma (IDC)

The most common type of breast cancers which

accounts for 80% of all cases. IDC includes
tubular carcinoma, medullary carcinoma,
mucinous carcinoma, papillary carcinoma, and
cribriform carcinoma of the breasts.

Invasive lobular carcinoma (ILC)

The second most common type of breast cancer

that accounts for 10-15% of all invasive breast
cancers. ILC developed as single cells arranged
individually, single file, or in sheets in the
lobules and invades the tissue of the breast.

Table 1.3. Molecular subtypes of breast cancer [Adopted from (Eliyatkin et al., 2015)]

Cancer Gene expression pattern Clinical and biological
properties
Luminal A Expression of luminal (low 50% of invasive breast cancer,
molecular weight) ER/PR positive, HER2/neu
cytokeratins, high expression negative
of hormone receptors and
related genes
Luminal B Expression of luminal (low 20% of invasive breast cancer,
molecular weight) ER/PR positive, HER2/neu
cytokeratins, moderate-low expression variable, higher
expression of hormone proliferation than Luminal A,
receptors and related genes higher histologic grade than
Luminal A
Her2/neu High expression of HER2/neu,  15% of invasive breast cancer,
low expression of ER and ER/PR negative, HER2/neu
related genes positive, high proliferation,
diffuse TP53 mutation, high
histologic grade and nodal
positivity
Basal-like High expression of basal ~15% of invasive breast

epithelial genes and basal
cytokeratins, low expression of
ER and related genes, low
expression of HER2/neu

cancer, most ER/PR/HER2/neu
negative (triple-negative), high
proliferation, diffuse TP53
mutation, BRCAL dysfunction
(germline, sporadic)




1.1.2 Gene mutations in breast cancer

Breast cancer susceptibility gene 1 (BRCAL) was the first dominant gene, associated with
hereditary breast cancer. Approximately 10-20% of breast cancer patients have the first-
degree relative with breast cancer, and up to 20% of women with a family history have a
mutation in the BRCA1 or BRCA2 (Feng et al., 2018). BRCAL is also a substrate of central
DNA damage response kinase ATM (ataxia telangiectasia mutated) and ATR (ataxia
telangiectasia and Rad3-related protein) which regulate DNA damage response (Vega, 2013,
Tarsounas and Sung, 2020). The C-terminal of BRCA1 binds to a GAL 4 DNA binding
domain to regulate transcription activation; binds to phospho-peptides involved in the DNA
repair and cell cycle checkpoint; and fuse with RAD51 to detect and recombine the double-
stranded breaks (DBS) (Sheikh et al., 2015). BRCAZ2 is also involved in homologous
recombination and recruits RAD51 to the site of DNA damage or localises to DBS together
with BRCA1 and interacts with PALB2 to undertake DNA repair at the S phase checkpoint
(Vega, 2013, Sheikh et al., 2015).

The mutations of BRCA1 and BRCAZ2 are classified as high-penetrance genes which,
together with others, cause 82% of lifetime breast cancer risk. Other high-penetrance genes
include PTEN (85% lifetime risk), TP53 (25% risk by the age of 74), CDH1 (39% risk of
lobular breast cancer), and STK11 (32% risk by the age of 60) (Shiovitz and Korde, 2015).
PTEN is known to downregulate the PISBK/AKT pathway by dephosphorylation of PIP3,
inhibiting the growth and survival signals to suppress tumour growth and about half of breast
tumours show loss of PTEN activities (Kechagioglou et al., 2014, Carbognin et al., 2019).
The frequency of PTEN loss is up to 30-40% in sporadic breast carcinomas, and the
expression of PTEN is negatively correlated with the aggressiveness of breast cancer (tumour

size, lymph node metastasis, and TNM stage), and poor differentiation. PTEN loss is also



significantly correlated with ER and PR expression (Zhang et al., 2013, Li et al., 2017). In
addition, mutually exclusive but the dysregulation of the PI3BK/AKT pathway is also caused
by PIK3CA mutations which consist of up to 30% of breast cancer patients (Feng et al.,

2018).

Tumour suppressor gene TP53 encodes p53 which binds to DNA in response to DNA
damage and drives p21 and CDK?2 interaction that blocks cell cycle in case of uncontrolled
cell division and ultimately tumour formation or activates transcription of proteins involved
in DNA repair (Huszno and Grzybowska, 2018). The somatic mutation of TP53 accounts for
40% of breast cancer cases but the germline TP53 mutation also increases the risk of early
onset of severe breast cancer together with Li-Fraumeni Syndrome (Sheikh et al., 2015,
Huszno and Grzybowska, 2018). CDH1 encodes another tumour suppressor gene E-cadherin,
which is involved in the formation of cellular architecture, maintenance of tissue integrity
and function of epithelial tissues and the mutation of CDH1 and dysfunction of E-cadherin
decreased the adhesion activity which results in the increased cellular motility primarily

associated with cancer metastasis (Sheikh et al., 2015).

1.1.2.1 Aberrant signalling pathways in breast cancer

Mutations of genes observed in breast cancer alter different signalling pathways involved in
tumour development, including MAPK, AKT, and WNT pathways (Table 1.4). Mitogen-
activated protein kinase (MAPK) signalling is one of the pathways altered in cancer. MAPKs
are serine-threonine kinases and form a three-member cascade: MAPK, MAP2K, and
MAP3K, where MAP3K activates MAP2K and MAP2K activate MAPK by phosphorylation
of S/T and Y/T residues (Lawrence et al., 2008, Soares-Silva et al., 2016). MAPKSs include

p38, c-JUN N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK) which



are activated by cellular stress or pro-inflammatory cytokines, IL-13 (Kim and Choi, 2010,
Guo et al., 2020). MAPK/ERK pathway is mostly targeted for the cell proliferation by EGFR,
KRAS and BRAF mutations because ERK in the cytoplasm affects cell movement and
trafficking, metabolism and cell adhesion. After MAPK/ERK activation, ERK translocates to
the nucleus and phosphorylates and activates transcription factors such as CPS 11, which
facilitates cell cycle progression (Burotto et al., 2014). Additionally, activation of the EGFR-
ERK pathway promotes intestinal hypertrophy, colonic polyps and cancer growth. The
ERK/MAPK is reported to proliferate and inhibit apoptosis in different cancers by regulating
the activity of downstram cell cytcle regulatory proteins, apoptosis-related proteins and other
effector molecules such as G1/S specific cyclin D1, SPARCRC-like proteinl, and AP1
complex, which balances cell proliferation and apoptosis (Fang and Richardson, 2005, Guo et
al., 2020).

AKT kinases (protein kinase B) are downstream of tyrosine kinases and phosphatidylinositol
3-kinase (PI3K) and also play a role in oncogenesis. AKT regulates a number of cellular
processes, including glucose metabolism and genome stability. The AKT pathway consists of
tumorigenesis-related proteins, including subunits of PI3K, BCL3, elF4E and PKT (acting as
oncoproteins) and PTEN, LKb1, TSC2/TSC1, NF1 and VHL (which are tumour suppressors
that are often mutated in cancer) (Altomare and Testa, 2005, Testa and Tsichlis, 2005, Urban
et al., 2016). The alteration of AKT 1 and AKT2 reported to influence initial tumour, and
metastasis development, where co-expression of ErbB2/AKT1 facilitates tumour formation
and reduces metastasis, whereas ErbB2/AKT2 co-expression accelerates metastases
compared to ErbB2/AKT1 or ErbB2 expression alone (Clark and Toker, 2014, Toker and
Marmiroli, 2014). The mutations of ErbB2 also also enhances the proliferation of breast

cancer cells and ErbB2/AKT pathway promoted chemoresistance to lapatinib (Yang et al.,



2020). In the tumour, cell survival is improved by the inhibition of apoptosis. According to
Toulany and Rodemann (Toulany and Rodemann, 2013), AKT inactivates ‘pro-apoptotic
proteins such as BAD, BAX and caspase-9’ and stimulates the expression of anti-apoptotic

proteins including ‘FLIP, surviving, cIAP1/cIAP2, A1/Bfl-1, and XIAPs’.
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Table 1.4. Aberrant signalling in Tumorigenesis due to Genetic Alterations. [Adopted from (Cell Signaling Technology; (Dreesen and Brivanlou, 2007, McCleary-
Wheeler et al., 2012)].

Functions AKT Pathway GPCR Pathway Ras Signalling TGF-B WNT/B-Catenin Hedgehog Notch
Signalling signalling Signalling Signalling
Apoptosis AKT Fos/Jun Gli Notch
evasion Bax RTKs Hedgehog
FoxO Smo
Ptch
PI3K Su(fu)
Bcl2
PTEN
Promote LKB1 Ga B-Raf MYC p-catenin Gli
tumour growth  TSC1/TSC2 GPCR Fos/Jun RAR Hedgehog
Ras WNT1 Smo
RTKs APC Ptch
WNT5A Su(fu)
NF1/2
Reduce anti- Smad2/3
growth Smad4
sensitivity TGFBR
Invasion & RTKs o-catenin
Metastasis Integrin
Angiogenesis RTKs

11



The WNT/B-catenin pathway is one of the key cascades associated with cancer. It is
commonly divided into the B-catenin-dependant canonical, and -catenin-independent non-
canonical WNT pathways. WNT also plays a role in embryonic development and
homeostasis, which facilitates the formation of cancer stem cells and cancer (Kazi et al.,
2016). In cancer, the WNT pathway is upregulated by inhibiting the APC gene, which forms
a destruction complex with the scaffold protein Axin and kinases (GSK3p and casein kinase)
and degrades B-catenin by phosphorylation before localisation to the nucleus or activates the
S-catenin gene (Zhan et al., 2017, Tung et al., 2017). MAPK signalling is also associated
with proliferation and cell survival in colorectal cancer by the activation of WNT and

p38delta MAPK (Horst et al., 2012, Stramucci et al., 2019).

1.1.3 Breast cancer treatments

1.1.3.1 Early breast cancer treatments

In early breast cancer without metastasis, patients with tumours undergo surgical removal of
cancer together with systemic therapies either before the surgery (neoadjuvant) to reduce the
tumour burden in large tumours or to improve the clinical outcome, or after surgery
(adjuvant), in case of increased risk of recurrence (Harbeck et al., 2019). The development of
surgical treatment focused on breast conservation enabled breast-conserving surgery via
systemic neoadjuvant therapy and enhanced oncoplastic techniques but the increased rate of
prophylactic mastectomies. This removes healthy breasts for prevention with the equivalent
relapse-free and overall survival to the conservation surgery with radiotherapy, reduced the
success of the development focussed on conservation (Harbeck et al., 2019, Waks and Winer,

2019).
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Radiotherapy was emphasised for breast cancer treatment for many years where

postoperative radiotherapy enhances the disease-free and overall survival of patients with
early or advanced breast cancer, and also reduced the locoregional recurrence of breast
cancer up to 75% together with local control and reduced up to 35% followed by lumpectomy
(Pfeffer, 2018, Waks and Winer, 2019, Harbeck et al., 2019). Radiotherapy induces DNA
damage of cells via direct ionization, or production of free-radicals by ionization or excitation
of water leading to the cell death, especially in cancer as the cancer cells have slow DNA

repair and produce more DNA breaks compared to normal cells (Baskar et al., 2014).

Systemic therapies are essential for enhanced disease-free survival of patients, and the drugs
given as systemic therapy are classified as hormone, chemo-, and molecular target therapies,
neoadjuvant and adjuvant (Shien and Iwata, 2020). Neoadjuvant chemotherapy and hormone
therapy are used, especially with HER2+ or ER+ breast cancer patients, to improve breast-
conserving rates of patients without distant metastasis, but, a meta-analysis confirmed similar
disease-free and overall survival with the use of same drugs either as adjuvant or neoadjuvant
systemic therapies (Van De Wiel et al., 2017, Shien and Iwata, 2020). Triple-negative breast
cancer (TNBC) has a significantly lower response to therapies compared to other subtypes,
and chemotherapy is preferable as neoadjuvant with the pathogenic complete response (pCR)
of about 40% (Pandy et al., 2019, Van De Wiel et al., 2017, Waks and Winer, 2019). The
standard TNBC chemotherapy typically consists of taxane and anthracycline where taxane
promotes cell-cycle arrest and apoptosis by binding to B-tubulin and stabilize microtubule
complexes and promotes microtubule polymerization, and anthracycline interacts with DNA
and topoisomerase Il to impair DNA replication and repair which thereby promoting
apoptosis (Moreno-Aspitia and Perez, 2009). The general mutation of BRCA gene in TNBCs

which results in the susceptibility of cells to DNA damage compounds such as platinum
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drugs and the biological hallmark of deficient DNA damage repair in some TNBCs
emphasised the role of platinum chemotherapy, where neoadjuvant chemotherapy with
carboplatin increased the pCR which depends on the varying treated agents together with
platinum therapy and TNBC subtypes (Pandy et al., 2019, Waks and Winer, 2019). However,
the increased toxicity with platinum treatment and unclear mechanism of the treatment
requires further development of this approach in TNBCs (Pandy et al., 2019). pCR at surgery
is essential in neoadjuvant chemotherapy of TNBC where patients who achieved pCR
improved prognosis compared to those who did not and in the case of non-pCR, additional
adjuvant treatment of capecitabine produces anti-metabolite fluorouracil and improves
disease-free survival and overall survival (Waks and Winer, 2019, Harbeck et al., 2019, Xu et
al., 2019).

In HER2+ breast cancer, which consists of 20% of all cancer cases, neoadjuvant
chemotherapy with anti-HER2 therapy became the standard of care in tumours with >tumour
(T) 2and >lymph node invasion (N) O, where the standard neoadjuvant treatment includes
the anthyracycline-taxane sequence (or docetaxel and carboplatin) with dual HER2 blockade
(anti-HER2 antibodies trastuzumab and pertuzumab) to improve pCR rates and disease-free
survival (Harbeck et al., 2019). Depending on the pCR status at surgery, postoperative anti-
HER?2 therapy can be switched to T-DM1 (HER2 blockade with a cytotoxic agent
trastuzumab-emtansine) in non-pCR to improve the outcome (Harbeck et al., 2019, Shien and
Iwata, 2020). In small HER2+ tumours without lymph node invasion (pT1, pNO), adjuvant
paclitaxel (taxane) with trastuzumab treatment is considered efficient (Shien and lwata,
2020).

In all luminal (hormone receptor-positive) breast cancer, adjuvant hormone therapy or

endocrine therapy is the primary systemic therapy for patients where the standard treatment
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contains oral antiestrogen medication for 5-10 years after surgery, and the sensitivity directly
correlates with the degree of hormone receptor positivity (Waks and Winer, 2019, Harbeck
and Gnant, 2017). Tamoxifen is an estrogen antagonist that competitively disrupts the
binding of estrogen to the receptor and effective in both pre- and postmenopausal women,
whilst aromatase inhibitors suppress estrogen biosynthesis to convert androgen to estrogen by
inhibition of aromatase and effective only in postmenopausal women (Morales et al., 2005).
Compared to the non-systemic therapy, 5 years of tamoxifen treatment to hormone receptor
(HR) positive patients was shown to reduce breast cancer recurrence rate by 50% and the
inhibition was more efficient in a postmenopausal woman with 5 years of aromatase inhibitor
where a 10-year breast cancer recurrence risk of tamoxifen and aromatase inhibitors were
22.7% and 19.1% respectively (Harbeck et al., 2019, Waks and Winer, 2019). A meta-
analysis also demonstrated reduced mortality by 15% in HR+ patients with aromatase
inhibitors compared to tamoxifen but the longer administration of aromatase inhibitors
correlated to the increased bone-related adverse events such as fracture, pain and osteoporosis
(Shien and Iwata, 2020). Different strategies have been explored to extend adjuvant
endocrine therapy from 5-10 years, and most of the data suggest best outcomes on patients
with the highest risk of relapse with 5 years of tamoxifen and up to 3 years of an aromatase
inhibitor treatment to patients (Pondé et al., 2019). Premenopausal patients are at highest risk
of relapse after adjuvant chemotherapy, ovarian suppression with a gonadotropin-releasing
hormone analogue enhanced the disease-free survival of both tamoxifen and aromatase
inhibitors compared to endocrine therapy alone (Pondé et al., 2019, Waks and Winer, 2019).
In addition to endocrine therapy, chemotherapy is also recommended to luminal HER2-

negative breast cancer depending on the individual risk of recurrence when the estimated risk
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is >10% over 10 years and for high clinical risk patients with N3, anthracycline-taxane

regimen is preferred (Harbeck et al., 2019).

1.1.3.2 Advanced metastasis breast cancer treatments

Advanced breast cancer consists of inoperable, locally advanced breast cancer without distant
tumours and metastatic breast cancer which commonly spread to the bone (67%), liver
(40.8%), and lung (36.9%) (Harbeck et al., 2019). Metastatic breast cancer is classified
incurable disease that caused almost all patient deaths with a median overall survival of 2-3
years, thereby, the therapeutic goal of metastatic breast cancer is to maintain quality of life
and relieve symptoms (Harbeck and Gnant, 2017, Harbeck et al., 2019). Radiation therapy
has a critical impact on the metastases to bone, brain and soft tissues with sufficient reduction
of tumour volumes, and the use of radiotherapy is emphasised in the field of immunotherapy
as the most of metastatic breast cancer types are immune cold tumours, resistant to

immunotherapy (Harbeck et al., 2019).

For all luminal-like metastatic breast cancers (HR+), endocrine-based therapy is prescribed
until the patients build endocrine resistance or observe severe organ dysfunction (Harbeck et
al., 2019). Similar to early breast cancer, endocrine therapy (tamoxifen, an aromatase
inhibitor, or fulvestrant) alone or co-treatment of ovarian suppressor to pre-menopausal
patients can be used as first-line therapy, CDC inhibitors or mTOR inhibitors are typically
incorporated to delay and overcome the development of endocrine resistance (Waks and
Winer, 2019, Pondé et al., 2019).

In HER2+ metastatic breast cancers, standard first-line therapy consists of dual blockade of
HER?2 (trastuzumab and pertuzumab) with chemotherapy, where the HER2 blockade

significantly increased the time to disease progression, objective response rate, the median
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duration of response as well as enhanced overall survival (Burcombe, 2017). The antibody-
drug conjugate Trastuzumab emtansine is frequently used as second-line therapy as the
antibody ensures maximal cytotoxicity in the HER2+ tumour cells which result in the
improved quality of life and reduced adverse events compared to other second-line therapy
(Burcombe, 2017, Harbeck and Gnant, 2017). For TNBCs, however, cytotoxic chemotherapy
is the only option for the patients without germline BRCA1/2 mutations, and with PD-L1
expressing TNBCs, combination therapy with immunotherapy can be administered as first-
line therapy where the nab-paclitaxel with atezolizumab (anti-PD-L1 antibody) demonstrated
an objective response rate of 67% followed by 25% in second-line and 29% in the third or
further lines (Sugie, 2018, Waks and Winer, 2019). Platinum-based therapy is also one of the
preferred options, and for germline BRCA11/2-associated TNBCs, PARP inhibitors, which
interrupts identification of DNA damage and blocks DNA repair, demonstrated improved
progression-free survival and quality of life compared to monochemotherapy (McCann and

Hurvitz, 2018, Harbeck et al., 2019).

However, despite the decades of cancer therapy development, about 90% of failure rate was
reported in solid tumour treatment, particularly with chemotherapy and immunotherapy
(Maeda and Khatami, 2018). The genetic mutations caused by molecular agents or targeted
drugs with additional increase of drug-induced immune suppression and the influence of
growth pathways such as PI3BK/AKT/mTOR increased cancer relapse in chemotherapy, and
immunotherapy which applies adaptive and innate immune cells such as cytotoxic T cells,
NK cells, and dendritic cells to target surface molecules still requires a fundamental
understanding of immune and non-immune cell composition, the interaction of host immune
and target tumour cells and their responses (Maeda and Khatami, 2018). Therefore,

understanding cancer biology is a critical aspect to improve breast cancer treatment.
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1.1.4 Experimental mouse models of breast cancer studies

None of the ‘models’ to study human disease is perfect regardless of the degree of
sophistication (Manning et al., 2016). However, in vivo modelling provides advanced
knowledge to the breast cancer field, thereby an increasing number of animal models are
available to study breast cancer, in particular, mouse models due to the small size,
inexpensive housing, convenient handling, rapid breeding with relatively long life span,
availability of complete mouse genome sequence, genetic characterization, and ease of mouse
genome manipulation (Sakamoto et al., 2015, Manning et al., 2016).

Cell line xenografts (CDX) are the simplest and most frequently used model systems in
cancer. Immortalized human cancer cell lines are transplanted into an immunocompromised
mouse host (orthotopic transplant into the mammary fat pad to investigate primary tumour
and metastasis, or inject cancer cells into mouse tail veins to monitor experimental
metastasis) (Park et al., 2018) (Table 1.5). CDX is as a useful bridge between in vitro and in
vivo studies to investigate target genes of interest or evaluate preclinical drugs for breast
cancer due to the numbers of well-established and annotated human breast cancer cell lines
from all molecular subtypes, similar stromal characteristics from human tumours, and ease of
tumour growth and interrogation (Manning et al., 2016). However, developing human breast
cancer in immunodeficient mice arouse vital limitations which ignore the effect of the
immune system in cancer development and therapeutic responses, cross-species of tumour
cells and stroma, and lack of heterogeneity compared to the clinical breast cancer (Manning

etal., 2016, Holen et al., 2017).

18



Table 1.5. Brief overview of breast cancer CDX, PDX, and syngeneic mouse models. [Modified from (Park

et al., 2018)]
Model Mice strain Cell line
CDX BALBI/c BT20
Nude BT474
NOD/SCID MCF7
C57BL MDA-MB-231
MDA-MB-435
SUM1315
SUM149
T47D
Hs578T
ZR-75-1
SK-BR-3
PDX BALBI/c
Nude
NOD/SCID
NSG
C57BL
Syngeneic model BALB/c 4T1
C57BL EMT6
JC

In order to address the shortcoming of CDX, patient-derived xenografts (PDX), transplanting

primary human cancer cells or surgically implanting tumour pieces into host mice were

developed to improve clinical relevance (Holen et al., 2017). PDX approach was able to

obtain genetic diversity and heterogeneity of cancer and available in various cancer subtypes,

but the emphasis of PDX was to maintain many genetic and phenotypic integrities of the

primary human tumour, especially the response to therapy (Manning et al., 2016). Among

subtypes, it was particularly challenging to model ER+ luminal breast cancer due to the

correlation of xenotransplantation success and the aggressiveness of breast cancer, which is

unravelled by transplanting ER+ cells directly into the mouse ductal epithelium, hence

avoiding TFGp pathway activation and preserve the luminal phenotype (Holen et al., 2017).

Although PDX models improved the investigation of mechanisms, building clinically

relevant treatment resistance, PDXs have limitations that are identical to CDXs in many



aspects as follows: (1) forbids specific endogenous mutations in tumour cells; (2)
immunodeficient host prevents development and evaluation of immunotherapy or any
therapies with direct or indirect involvement of immune system; (3) species-related
incompatibility; and (4) limited use to cohort-based preclinical studies (Sakamoto et al.,

2015, Holen et al., 2017).

Instead of immunocompromised mice, syngeneic mouse models transplant mouse mammary
tumours or tumour cell lines into the syngeneic immunocompetent host. This incorporates the
impact of the immune system in tumour development and allows these cell types to be
studied following therapies which provide a distinct advantage when studying cancer biology
(Manning et al., 2016). For instance, implantation of TNBC cells (4T1) into the
immunocompetent host with the mammary intraductal method provides a sequential
progression of breast cancer development and invasion to metastasis via lymphatic or
hematogenous dissemination within four weeks which allow details investigation of the
underlying mechanisms of TNBC growth and therapies (Ghosh et al., 2018). The high
invasiveness of murine cancer cells improve the investigation of anti-tumour and anti-
metastatic roles of multiple drugs, but at the same time, the rapid growth rate of many cell
lines limits the use in longer-term studies and the limited number of established, well-
annotated cell lines are available for syngeneic models (Manning et al., 2016, Park et al.,

2018).

In contrast to the CDX, PDX, and syngeneic models described above, genetically engineered
mouse models (GEMMs) generate spontaneous breast tumour initiation modulation in mice
via regulation of oncogenic transgenes in the mammary epithelium (Fantozzi and Christofori,
2006, Holen et al., 2017). Modification of mouse oncogenes are driven by promoters

expressed in mammary cells (Table 1.6), and the transgene can be regulated by for instance
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the Tet-On/Tet-Off system which can switch on or off the gene of interest in a time-specific
manner (Fantozzi and Christofori, 2006). The conditional GEMM further emulate spatial and
temporal activation or deletion of genes in human disease by Cre/loxP system, which
generates recombination of DNA between loxP sites with tissue-specific promoter-driven Cre
recombinase (Holen et al., 2017). GEMMs, therefore, can produce natural murine tumour
microenvironment within the tissue of origin with an intact immune system that allows
studying both early and late stages of tumour progression (Manning et al., 2016, Holen et al.,
2017). However, genetics does not necessarily represent human tumours with uncontrolled
transgene expressions or redundant expression/activity in non-mammary tissues, as well as
extensive breeding programmes (especially in conditional GEMMs) limit the use of GEMMs

(Holen et al., 2017, Manning et al., 2016).

C57BL/6 mouse strain is the inbred strain derived from the C57BL mouse, and in our study,
we have used C57BL/6N originally developed at the Jackson Institute at the National
Institutes of Health in 1950 (Kang et al., 2019). The basic immunological properties of
C57BL/6 mouse are well described as the strain was established for anti-cancer and
immunological studies and an international effort of Knockout Mouse Project allowed
C57BL/6N mouse to harbour mutations embryonic stem cells which give benefit in reverse
genetic studies (eg. Knockouts and transgenics) (Bryant, 2011). In our study, we have used
C57BL/6N mouse developed myeloid-specific TRIB1 knockout and transgenic strains which

were used in breast cancer models.
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Table 1.6. Mammary gland-specific promoters. [adopted from (Fantozzi and Christofori, 2006)]

Promoter Origin Expression Activation

MMTV-LTR Mouse mammary Breast epithelial cells,  Steroid hormones
tumour virus several other tissues

WAP Whey acidic protein Secretory mammary Lactogenic hormones

epithelium

C3(1) Rat prostate steroid- Epithelial cells of the  Estrogen (ductal and
binding protein prostate and mammary alveolar mammary
(PSBP) gland epithelium)

B-LG Bovine - Mammary gland Pregnancy and
lactoglobulin lactation

MT Metallothionein Most mammary cells ~ Zn?*

1.2 Tumour microenvironment

Upon tumour development, the malignant cells recruit healthy, non-transformed cells to

create a tumour microenvironment. The microenvironment consists of different stromal and

immune cells, which possess anti-cancer properties by promoting immunosuppression and

inhibiting tumorigenesis. However, once they have been re-educated to a tumour-associated

neighbour by stimuli from the cancer cells, these cells start to express a wide range of

cytokines, chemokines, growth factors, and proteinases which promote tumour development

(Chen et al., 2015). Regulatory T cells (Tregs) induce immune suppressive function in the

tumour microenvironment by the expression of 1L-10 and TGF-3 and evade tumour cells via

cytotoxic T-lymphocyte antigen 4, and the deficiency of IL-10 disrupts neuopilin-1 in Tregs

which activates Thl and Th17 immunity (Balkwill et al., 2012, Wang et al., 2016a). B

lymphocytes and myeloid-derived suppressor cells (MDSCs), which encompass ‘immature

dendritic cells, neutrophils, monocytes, and early myeloid progenitors’, also exert

immunosuppressive features, where the frequency of MDSCs generally increase in the spleen

and blood of mouse tumour models, and in human, enhanced immunosuppressive CD15"
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MDSCs frequency was observed in spleen of cancer patients (Jordan et al., 2017). MDSCs
also promote tumour neovascularization and disrupt normal immunosurveillance (Quail and
Joyce, 2013, Chen et al., 2015). Tumour-associated neutrophils have both pro- and anti-
cancer features. When these cells are oncogenic, they facilitate tumour growth, invasion,
angiogenesis, metastasis and prognosis in different cancer types (Powell and Huttenlocher,
2016). Cancer-associated fibroblasts also facilitate cell cycle progression and tumour growth
by secreting different growth factors, including fibroblast growth factor and insulin-like
growth factor 1, and CXCL12 production. These cells promote immunosuppression by
inducing epithelial-mesenchymal transition in malignant cells (Balkwill et al., 2012, Quail
and Joyce, 2013, Liu et al., 2019a). Additionally, tumour microenvironment also consists of
natural Killer cells, tumour-associated macrophages (TAMSs), adipocytes, vascular endothelial
cells, dendritic cells, pericytes and lymphatic endothelial cells which secrete different
cytokines, cell factors and proteins that form a network across the microenvironment to
facilitate tumorigenesis and generate difficulties in identifying target markers for cancer
therapy (Wang et al., 2017b). However, TAMs, which can comprise up to 50% of the tumour
microenvironment, is one of the most important cell types in the promotion of tumour
initiation and development, and the presence of these cells is associated with poor prognosis,

angiogenesis and immunosuppression (Guo et al., 2016).

1.2.1 Tumour-associated macrophages

1.2.1.1 Origin of macrophages and tumour-associated macrophages

Macrophages are professional phagocytes of hematopoietic origin, which promote host
defence by innate and adaptive immunity. They are first observed in the extraembryonic yolk

sac during early gestation. At this stage, the yolk sac only produces white blood cells, but
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upon development, hematopoietic stem cells (HSCs) emerge from the aorta-gonad-
mesonephros and produce other immune cells (Epelman et al., 2014). The HSCs then migrate
to the foetal liver at embryonic day 10.5 in mice, and the complete lineage of immune cells
are produced from the perinatal period where ‘bone marrow HSCs become the primary site of

haematopoiesis’ (Epelman et al., 2014).

Macrophages are produced from the yolk sac and become tissue-resident macrophages when
they migrate to different tissues; however, macrophages can also differentiate from
monocyte-macrophage dendritic cell progenitors (MDPs) (

Table 1.7). Monocytes are precursors of the mononuclear phagocytic system that includes
macrophages and produced by the common monocyte progenitors and HSCs in the bone
marrow (Hettinger et al., 2013, Guilliams et al., 2018). Monocytes are classified into
‘classical’ and ‘non-classical’ cells, where the murine classical (Ly6c") monocytes
distinguished by the larger size express CCR2"/CX3CR1"° and secrete inflammatory
cytokines (Boyette et al., 2017). These cells are able to differentiate to inflammatory
macrophages when migrated to inflamed tissue. The non-classical or resident (Ly6c'®)
monocytes, in contrast, are characterised by CX3CR1" and CCR2'° expression and patrol the
lumen of the blood vessel to clear damaged endothelial cells. Non-classical monocytes
express a low level of pro-inflammatory cytokines to bacteria-derived stimuli in comparison
to classical monocytes which potentially affect the timing of recruitment for cells into
inflammatory sites where Arnold et al., (2007) reported a subsequent increase of Ly6c'
CX3CR1" monocytes in the injured site followed by Ly6c" monocytes (Arnold et al., 2007,
Thomas et al., 2015). Olingy et al., (2017) also reported recruitment of non-classical
monocytes into the skin injury site, which mostly differentiated to anti-inflammatory CD206"

macrophages to promote wound healing (Olingy et al., 2017).
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Table 1.7. Types of tissue-resident macrophages and their origin [Modified from (Davies et al., 2013,

Udalova et al., 2016, Ginhoux and Guilliams, 2016)].

Tissue Cell types Origin
Spleen Marginal zone Monocyte-derived macrophages
macrophages
Adipose tissue Adipose-associated Unclear
macrophages
Blood Ly6C'°monocytes Monocyte-derived macrophages
Bone Osteoclasts Expected to be monocyte-derived macrophages

Bone marrow

Yolk sac-derived or fetal monocyte-derived

macrophages macrophages
Central nervous Microglia Yolk sac-derived
system Perivascular Monocyte-derived
macrophages

Meningeal macrophages

Monocyte-derived

Choroid plexus
macrophages

Monocyte-derived

Gastrointestinal
tract

Intestinal macrophages

Monocyte-derived macrophages

Liver Kupffer cells (sessile) Mostly yolk sac-derived
Motile liver macrophages Monocyte-derived
Lung Alveolar macrophages Fetal monocyte-derived macrophages

Interstitial macrophages

Mixed monocyte-derived and yolk sac-derived

Serosal tissues
a. Peritoneal
cavity

b. Pleural cavity

Large peritoneal

Yolk sac-derived or fetal monocyte-derived

macrophages macrophages
Small peritoneal Monocyte-derived
macrophages

Pleural macrophages

Monocyte-derived

Skin Dermal macrophages Mixed but mainly monocyte-derived
macrophages
Langerhans cells Mostly fetal monocyte-derived macrophages
Spleen Marginal zone Monocyte-derived macrophages

macrophages

Metallophilic
macrophages

Monocyte-derived macrophages

Red pulp macrophages

Both Monocyte-derived and yolk sac-derived
macrophages but predominantly yolk sac
derived macrophages

White pulp (tingible
body) macrophages
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1.2.1.1.1 Markers for identifying TAMs

MDP, generated from HSCs, produces both monocyte-derived macrophages and dendritic
cells. However, they can be distinguished by the expression of F4/80 (human homolog
EMR1), CD11b and Fc receptors in both human and mouse macrophages (Galli et al., 2011,
Waddell et al., 2018). In mouse macrophages, F4/80 is an essential factor to initiate
immunological tolerance and CD8+ Tregs activation by interaction with NK cells (Lin et al.,
2005, van den Berg and Kraal, 2005, Waddell et al., 2018). CD11b is a surface integrin
receptor which recognises viral-produced dsRNA, a viral pathogen-associated molecular
pattern (PAMP), and regulates innate immune responses of macrophages (Zhou et al., 2013).
CD11b also affects the recruitment of macrophages to inflammatory sites (Kirby et al., 2006,
Schmid et al., 2018). Fc receptors in macrophages mediate endocytosis and facilitate
phagocyte activation and influence macrophage polarisation, producing several pro-
inflammatory cytokines and chemokines in Fcy receptor-activated monocytes and

macrophages (Mellman et al., 1988, Guilliams et al., 2014).

1.2.1.1.2 Development of tumour-associated macrophages

TAMs are macrophages found in the tumour microenvironment and known to express both
pro- and anti-tumour features. TAMSs are generated by the recruitment of tissue-resident
macrophages, circulating monocytes or macrophages to cancer cells. The number of TAMs
correlates with the tumour volume, which results from the external recruitment of circulating
Ly6C*CCR2* pro-inflammatory monocytes and macrophages because of their high
proliferative capacity (Franklin et al., 2014). Secretion of monocyte chemoattractant protein-
1 (MCP-1/CCLZ2) is one of the mechanisms cancer cells use to recruit monocytes and
macrophages, and in breast cancer, MCP-1 is increased by the promotion of SUSD2

(Hultgren et al., 2017). Although polarisation of TAMs often misunderstood to emerge by
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virtue of their location itself, they require signals from the microenvironment such as colony-
stimulating factor 1 (CSF1) from cancer cells. Cancer cells also secrete chemokines (CCL2,
CCL3, and CCL14), which stimulate macrophage proliferation and polarisation, and IL-4 and
IL-10, which inhibit pro-inflammatory cytokines and induce polarisation to anti-
inflammatory phenotypes (Yang and Zhang, 2017, Rhee, 2016). Additionally, 1L-4/IL-13, IL-
10, immunoglobulin derived from Tn2, Treg, and B cells in the tumour microenvironment as
well as VEGF and hypoxia in cancer cells and migration inhibitory factor from macrophages
(which is known to induce anti-inflammatory polarisation and cell motility) are known to
stimulate TAM polarisation in the tumour (Yang and Zhang, 2017, Colegio et al., 2014,

Solinas et al., 2010).

1.2.1.2 Macrophage phenotypes

Traditionally, macrophages were classified into pro- and anti-inflammatory M1/classical and
M2/adaptive macrophages, respectively, by the cytokines expressed in a cell (T helper cells
type 1 (Tul) and T helper cells type 2 (Tn2)) (Mills et al., 2000, Orecchioni et al., 2019).
However, the oversimplified concept of the M1/M2 paradigm was not able to capture the
heterogeneity and plasticity of macrophages (Table 1.8).

‘M1’ macrophages are generally stimulated by the combination of IFN-y and bacterial
lipopolysaccharide (LPS) in vitro, where IFN-y is recognised by the receptors IFNGR-1 and
IFNGR-2 and controls the expression of ‘cytokine receptors (CSF2RB, IL15RA, IL2RA, and
iIL6R), cell activation markers (CD36, CD28, CD69, and CD97) and cell adhesion
molecules’. LPS activates toll-like receptor 4 (TLR4) and induces pro-inflammatory
cytokines (IL-1p, TNF, IL-6, IL-12 and 1L-18) and chemokines (CCL2, CXCL10, CXCL11)

(Martinez and Gordon, 2014). TNF and granulocyte-macrophage colony-stimulating factor
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(GM-CSF) can also polarise macrophages into pro-inflammatory macrophages (MEMF), It
has been identified that both human and mouse ‘M1’ macrophages, especially M'™*LPS 3lso
activate inducible nitric oxide synthase (NOS2 or iNOS) to generate nitric oxide, and secrete
other pro-inflammatory cytokines such as IL-1, IL-23 and CD86 (Duque and Descoteaux,

2014, Martinez et al., 2006, Italiani and Boraschi, 2014, Lv et al., 2017).

The stimulation of macrophages with IL-4 was the first observed M2 stimulus used in the
traditional M1/M2 paradigm. IL-4 stimulates M2a macrophages by binding to ILARAL,
paired with standard gamma chain or IL13RAL and activates JAK1, JAK3, and consequently,
STATS6 to induce macrophage fusion and reduced phagocytosis (Gordon and Martinez, 2010,
Zhang et al., 2017b). Both human and mouse M'~* macrophages secrete CD163,
transglutaminase 2, mannose receptor (CD206) and MHC Il but arginase-1, FIZZ1, and YM1
are only produced in mouse macrophages (Roszer, 2015a, Martinez and Gordon, 2014).

The M2b macrophage is a type Il-activated macrophage, which is stimulated by TLRs and
immune complexes. Although these cells share similar features with pro-inflammatory ‘M1’
macrophages (such as TNF, CD86, IL-1 and IL-6), the significant increase in IL-10, which is
a hallmark of the M2b macrophages, activates a Tn2 response and the expression of Cd163,
CCL1, and LIGHT which act as the inhibitory factors in the polarisation of tissue-resident
macrophages to an ‘M1’ phenotype (Ohama et al., 2015, Gensel and Zhang, 2015). Similar to
M2b macrophages, M2c macrophages stimulated by IL-10 are the regulatory macrophages
initiated at a later stage of the adaptive immune response and limit inflammation. IL-10 binds
to the receptors IL10R1 and IL10R2, which activate the transcription factor STAT3 and
inhibit the secretion of pro-inflammatory cytokines (Martinez and Gordon, 2014, Cevey et
al., 2019). The M2c macrophages induce CXCL13, CXCL4, TLR1 and TLR8 expressions

but also share some features with M2a macrophages such as the release of TNG-3, CD206,
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IL-10, and CD163 (CD163 is significantly expressed among other polarisation states)

(Martinez and Gordon, 2014, Igbal and Kumar, 2015).

In contrast to other ‘M2’ macrophage subsets (M2a, M2b and M2c), M2d macrophages have
only been identified in mice. The polarisation to M2d macrophages can be stimulated by IL-6
or the agonists of both TLRs and adenosine A2 receptor either from MO or M1 macrophages
(Chistiakov et al., 2015, Wang et al., 2010). The activated adenosine signals suppress
inflammatory cytokine expression in macrophages, including TLR-dependent TNF, I1L-12,
and IFN-y release and induce VEGF, IL-10 and iNOS which function in angiogenesis and

facilitates tumour growth (Ferrante et al., 2013, Roszer, 2015a, Sanmarco et al., 2017).

In addition to the M1/M2 subsets, there are different sets of nomenclatures to classify and
characterise macrophages. For instance, macrophages could be delineated by the stimulating
factors used in vitro to differentiate bone marrow and CD14" monocytes to macrophages and
the stimuli used to polarise macrophages to different subsets (Table 1.8). The
characterisation of these cells based on markers of macrophage activation could also generate
better macrophage classification. For instance, 169" macrophages express CD169, CD206,
and VCAM-1 and secrete CCL22 to facilitate the follicular accumulation of Tregs and
promote immunological tolerance, whilst TCR*™ macrophages express TCR-o3 or TCR-y8
and CD3 and secretes CCL2 with high-phagocytosis capacity (Chavez-Galan et al., 2015,
Murray et al., 2014, Asano et al., 2018). However, it is recommended to consider different
parameters in the classification of macrophages, which includes mouse strain, the
concentration of cytokines, culture conditions and macrophage yield, such as in vivo, the
macrophage isolation procedures used and the conditions of the experiment, such as in the

case of TAMs isolated from a tumour, are essential considerations (Murray et al., 2014).
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Table 1.8. The spectrum of macrophages in in vitro experiments [Modified from (Murray et al., 2014,
Roszer, 2015a)].

Nomenclatures Expressed Cytokines, and
Chemokines
M1/M2 Subsets M1 CD80, CD86, MHC II, IL-1R,

CD68, TNF, IL-1B, IL-6, IL-
12, CCL10, CCL11, CCLS5,
CCL2

M2a CD163, CD206, CCL17,
CCL22, CCL24

Mouse only: Arg-1, YM1/2,

Fizzl1
M2b CD86, MHC 11, IL1, IL6, IL10,
TNF, CCI1
M2c CD163, TLR1, TLRS, IL-10,
TGF-B, CCL2
M2d VEGF, IL-10, IL-12, TNF,
TGF-B
Differentiation from
Monocyte
a. Bone marrow CSF-1 cultured macrophages
monocytes
GM-CSF cultured
macrophages
b. CD14* monocytes CSF-1 cultured macrophages
Stimuli M /FN-y + LPS TNF, IL-6, IL-27, IL-12, INOS
Mouse: Arg-1, INOS+++
MLPS TNF, IL-8, IL-6, IL-1p,
CXCL10
Mouse: Arg-1
MIFN-Y CCL18
MiL-4 CCL17, MRC1, CD163
Mouse: Arg-1 +++
M'e IL-10, IL-6, CXCL13, CCL20
M0 IL-10, CD163, TLR1, CCR2
MCC + TCF$ TGFBR2 ++, 1I-17RB
MEC CD163, STABL, TGFBR2 ++
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1.2.1.3 Differences between macrophage polarisation states

Upon tissue injury or infection, pattern recognition receptors (PRRs) on immune cells
recognise PAMPs or damage-associated molecular patterns (DAMPS) to initiate an immune
response, and macrophages are one of the major cell types involved in the inflammatory
response (Newton and Dixit, 2012, Hayashi et al., 2018). After recruitment and
differentiation of circulating monocytes into an inflammatory site, including bacterial or
parasitic infection, majority of macrophages polarise to the ‘M1’ phenotype with high
expression of pro-inflammatory mediators (TNF, IL-6, IL-12, IL-1p, and nitric oxide) which
attract neutrophils to the area, facilitating an inflammatory response, and promoting the
removal of damaged tissue (Liu et al., 2014, Gensel and Zhang, 2015). The enhanced
phagocytic abilities of ‘M1’ macrophages also allow the removal of apoptotic neutrophils,
debris, and bacteria; whereas polarisation to ‘M2’ phenotype promotes host protection via

wound healing (Liu et al., 2014).

‘M2’ macrophages generally dominate at the inflammatory sites in later stages of the immune
response because of their role in wound healing and suppressing inflammation. Adaptive
macrophages, such as M2a phenotype, up-regulate TGF-f3 upon their activation which
promotes the expression of extracellular matrix (ECM) components including collagen type
VI, fibronectin, by keratinocytes, and fibroblasts (Novak and Koh, 2013). Abundant
neutrophils in the early wound sites disturb wound repair by degrading ECM components and
inducing oxidative stress; thereby macrophages remove apoptotic neutrophils to facilitate
wound healing (Koh and DiPietro, 2011, Wang, 2018). The regulatory macrophage
phenotype, ‘M2b’, is also involved in wound healing where the increase in IL-10 secretion is

vital for cell proliferation. Additionally, ‘M2’ macrophages also have a high potential to
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regulate angiogenesis by fibroblast growth factor-placenta growth factor signalling, involving

the ‘M2a’ and ‘M2c’ phenotypes (Jetten et al., 2014).

1.2.1.4 Tumour-associated macrophages in tumorigenesis

Several reports demonstrated that TAMSs express both pro-inflammatory cytokines such as
TNF and anti-inflammatory cytokines such as IL-10, IL-6 and CCL2 (Figure 1.2A) (Karnevi
et al., 2014, Estko et al., 2015). However, based on the pro- and anti-inflammatory M1/M2
polarisation subset paradigm, TAMs are generally observed as ‘M1’ macrophages upon
entering to the tumour site and polarise to ‘M2’ phenotypes due to their anti-cancer features
(Yuan et al., 2015). ‘M1’ macrophages suppress tumorigenesis and angiogenesis and enhance
drug sensitivity by the expression of cytokines and nitric oxide (NO) production. The
produced NO has a controversial role in cancer biology, but when anti-tumorigenic, NO
demonstrates cytostatic and/or cytotoxic effect by activating aconitase and ribonucleotide
reductase or by mediating apoptosis by releasing mitochondrial cytochrome C into the
cytosol (Choudhari et al., 2013). The pro-inflammatory cytokines secreted by macrophages,
including 1L-12, suppress tumours by initiating immune responses mediated by NK cells,
Twl cells and cytotoxic T lymphocytes (Quatromoni and Eruslanov, 2012).

However, TAMs also secrete pro-inflammatory markers to facilitate cancer development. For
instance, IL-6 secretion by TAMs is reported to activate STATS3 for the transduction of
tumour-promoting signals, facilitating the proliferation and survival of cancer cells
(Grivennikov et al., 2009, Wang et al., 2016b). According to Nie et al., (2017), expression of
IL-23 in breast tumour promoted MMP-9 and CD31, an angiogenesis marker in the tumour,
and increased expression of 1L-10, TGF-$, and VEGF, thereby enhanced tumour growth and

metastasis (Nie et al., 2017). Additionally, IL-1 also promotes angiogenesis in cancer;
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knockout of IL-1 has been shown to inhibit angiogenesis, VEGF expression leading to
reduced tumour size and in melanoma and mammary adenocarcinoma (Voronov et al., 2014,

Gong et al., 2018).

A M1-like TAMs M2-like TAMs
TNF NO
SRS se R ] IL-23  IFN-y VEGF  CXCLS
(Th1 and NK) IL-1B8 Hypoxia Angiogenesis
Phagocytosis fo r
u Epithelial
tumour cells TGF-B mesenchymal
transition
Exacerbate hypoxia PD-L1 ( Immune
IL-10 TGF-B suppression
Apoptosis of TNF (Treg or Th2)
tumour cells
. MMPs Tissue remodeling
ROS uPAR metastasis
Tissue damage
- EGF TGF-B8 Tumoural growth
Maturation of IL-12 PDGF FGF factors
antigen-presenting
cells i) /

B Intravasation
Metastasis

Perivascular
TAMs N\ VEGF.

Figure 1.2. Oncogenic and anti-tumour functions of TAMs and schematic diagram of cancer metastasis
[(A) adopted from (Anfray et al., 2019)]. (A) Features of TAM functions depending on the phenotypic
changes. (B) The functional role of TAMs and perivascular TAMs in the promotion of metastasis.
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TAMs are generally known to express ‘M2’ phenotype where according to Ma et al., (2010),
staining lung cancer with CD68 (a pan-macrophage marker), HLA-DR (stains M1
macrophages) and CD163 (stains M2 macrophages) demonstrated that about 70% of
macrophages expressed CD687/CD163* (Ma et al., 2010). Recruited and activated TAMs,
with the majority demonstrating an anti-inflammatory phenotype, play a crucial role in
tumour initiation, growth, angiogenesis, metastasis and immunosuppression (Caux et al.,
2016). Inflammation is one mechanism to initiate cancer and macrophages produce a
mutagenic microenvironment by generating free radicals or altering microbiome to allow
bacterial infection (Noy and Pollard, 2014). TAMs produce growth factors (EGF, PDGF,
HGF, and bFGF) to stimulate the proliferation and survival of a tumour (Caux et al., 2016,
Mantovani et al., 2017). For instance, EGF signalling promoted formation and self-renewal
of colon cancer stem cells and cancer stem cells also enhanced survival via activation of
EGFR followed by downstream interactions: Ras-ERK cascade and PISK/AKT pathway
(Feng et al., 2012). HGF plays a critical role in cancer invasion where Caco-2 cells derived
from human colon carcinoma enhanced endogenous HGF-dependent production of proteases
such as MMPs to promote cancer invasion, and this process was closely related to PI3K and
PKC expression, and a prognostic marker in patients with colerctal cancer (Noriega-Guerra

and Freitas, 2018, Huang et al., 2017).

Tumour metastasis is a complex process, requiring ‘invasion of healthy tissue, intravasation,
migration and survival in circulation, extravasation, angio- and lymph-angiogenesis, matrix
remodelling, pre-metastatic niche formation, dormancy escape, proliferation and macro-
metastases formation” (Sousa and Maatta, 2016). Recruited cells in a tumour, including TAMs
and Tregs (which are also stimulated by CCL22 produced by TAM), regulate toll-like receptor

signalling and cytokine production to increase MMP-2 and MMP-9 and reduce cytotoxic
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effects which promote immunosuppressive function and enhance the survival of a tumour
during metastasis (Singh et al., 2017, Ke et al., 2016). TAMs also produce pro-angiogenic
factors to initiate angiogenic switch, to allow tumour cells to enter the vasculature where the
cell can rapidly become invasive, metastatic and characterised as malignant (Noy and Pollard,
2014, Riabov et al., 2014). VEGF is one of the major pro-angiogenic cytokines associated with
hypoxia, where hypoxia-inducible factor 1o increases VEGF-A expression in TAMs and
allows the enzymatic cleavage of ECM by matrix metalloproteinases (Riabov et al., 2014). The
secretion of IL-1, NO, and EMMPRIN by TAMs also mediate carcinogenesis and angiogenesis
via induction of MMP-9 and VEGF (Rahat and Hemmerlein, 2013, Amit-Cohen et al., 2013,
Voronov et al., 2014). Hypoxia also facilitates TAM-mediated angiogenesis by regulating
development and DNA damage response 1 (REDD1), where REDD1 suppresses mTOR
activity and glycolysis in TAMs which allows sufficient glucose to the endothelial cells
(Mantovani and Locati, 2016). Moreover, TAMs secrete other pro-angiogenic factors including
TNF, bFGF, thymidine phosphorylase, urokinase-type plasminogen activator, adrenomedullin,
semaphorin 4D, and CCL18 to stimulate angiogenesis and facilitate tumorigenesis (Riabov et
al., 2014, Lin et al., 2015).

TAMSs in tumour microenvironment also promote immune-suppression and immune evasion
to enhance tumour development. According to Guo et al., (2017), at the initial stage of
cancer, tumour-initiating cells (TICs) in liver recruited macrophages via activation of Hippo
pathway effector Yes-associated protein (YAP) and inhibition of the macrophage recruitment
to TICs abolished tumorigenesis via eliminating TICs via immune clearance (Guo et al.,
2017). CCR2 expression in TAM is one of the most important immunosuppressive mediators
where Yao et al., (2017), showed that disrupting CCR2 in TAMs significantly reduced liver

cancer development via blocking TAM-mediated immunosuppression (Yao et al., 2017). In
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renal cancer, TAM highly expressed 15-lipoxygenase-2 to promote lipoxygenase activity,
which reduces the production of CCR2 and immunosuppressive cytokine IL-10 when
inhibited and induces FOXP3 and CTLA-4 to promote immune evasion (Daurkin et al.,
2011). Additionally, TAMs express programmed cell death protein ligand 1 (PD-L1) and
based on Prima et al., (2017), the COX2/mPGES1/PGE; pathway is involved in PD-L1
expression in myeloid cells, and PD-L1* bone marrow-derived myeloid cells promote
apoptosis of activated T cells in vitro to promote immunosuppression in cancer (Prima et al.,

2017).

TAMs also mediate resistance to cancer chemotherapy by producing survival and anti-
apoptotic factors. In breast cancer, resistance to the chemotherapy was shown to be induced
primarily via expression of IL-10 with an increase of IL-10 expression observed in TAMs
when treated with paclitaxel in vitro and the resistance to the therapy was induced by 1L-10
mediated STAT3 activation and anti-apoptosis gene Bcl-2 expression (Yang et al., 2015). De
Beule et al. (2017) also reported the importance of STAT3 activation in drug resistance. The
presence of anti-inflammatory macrophages enhanced survival of bone marrow cancer, and
multiple myeloma cells were observed in the treatment of bortezomib (proteasome inhibitor)
and melphalan (alkylating agent) in vitro, whilst inhibition of STAT3 activation abrogated
TAM-mediated cell survival (De Beule et al., 2017). Resistance to doxorubicin and etoposide
has also been suggested to be caused by the activation of STAT3, IL-6 and other factors
derived from macrophages which allow cells to proliferate (Ruffell and Coussens, 2015). The
presence of TAMs is also linked to the prognosis of cancer. If the dominant population of
TAMs demonstrated ‘M2’ phenotypes, the poor prognosis was observed in cancer patients

(Hughes et al., 2015a). However, treatment of TAMs with IFN-y drives M2-like
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immunosuppressive macrophages to become M1-like cells which have anti-cancer features

and emphasise the potential of these cells are a therapeutic target (Kim and Bae, 2016).

1.2.1.4.1 Perivascular Tumour-associated macrophages

Macrophages have distinct functions depending on their location and phenotypes, and some
macrophages that are close contact with blood vessels (within 250um radius of blood
vessels), called perivascular macrophages (PVM), facilitate tumour development (Lapenna et
al., 2018, Hughes et al., 2015b). Perivascular TAMs (PV TAM) are characterised by high
expression of TIE2, and compared to other TAMSs from the same tumour, PV TAMSs express
a higher level of MRC1 and tumour-promoting genes including MMP9, VEGF, CXCL12,
TLR4, NRP1, and PDGF (Claire et al., 2016, Lapenna et al., 2018). PVMs are known to
bridge between endothelial tip cells, enhancing vascular anastomosis in mouse embryos and
high expression of VEGF and are especially involved in the branching of angiogenic vessels
(Lapenna et al., 2018). The angiogenic role of PV TAMs in the tumour was reported in
several tumour types including mammary cancers in mice where the elimination of PV TAMs
using a conditional suicide strategy impaired the vascularization and tumour growth whilst
co-injection of PV TAMs, TAMs, and mammary tumour cells significantly increased
vascularized tumours (Claire et al., 2016). In addition, angiopoietin 2 (ANGPT2), highly
expressed in the tumour endothelial cells, upregulates proangiogenic factors in PV TAMs and
also works as a chemoattractant to accumulate PVMs and macrophages around blood vessels

in mouse tumours (Lapenna et al., 2018).

PV TAMs are also involved in the intravasation of cancer cells, both in primary mammary
tumours and distant metastases. The VEGF expressing PV TAMs are critical for the

formation of paracrine loops (CSF1 from cancer cells, EGF from TAMs, and HGF from
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endothelial cells) enabling tumour cell escape from the primary tumours and VEGF
expressing PV TAMs are vital for the micro-anatomical site of tumour escape, tumour
microenvironment of metastasis (TMEM), where the cancer cell intravasation at the TMEM
sites depends on the VEGF-derived vascular endothelial cadherin reduction in and around
TMEM to disrupt vascular junction stability (Arwert et al., 2018, Claire et al., 2016). In case
of circulating cancer cells, motile TAMs upregulate CXCR4, promoted by TGFf from cancer
cells and the expression of CXCL12 by perivascular fibroblasts leading to accumulated
TAMs towards the blood vessels together with motile cancer cells, which then differentiates
TAMs into PV TAMs promoting vascular leakiness and intravasation (Figure 1.2B) (Arwert
et al., 2018). PV TAM also promotes resistance to chemotherapy, where the anti-
inflammatory TAMSs accumulate in the perivascular areas depending on the CXCR4
expression to promote tumour revascularization and regrowth after chemotherapy and the
expression of VEGF by PV TAMs involves in the promotion of tumour relapse after therapy

(Hughes et al., 2015b).

1.2.1.4.2 Tumour-associated macrophages and hypoxia

In solid tumours, disorganised vascularisation of blind-ended vessels and leaky endothelial
lining promote hypoxic conditions in tumours including breast cancer, and the crosstalk
between hypoxic tumours and TAMs are crucial in the development and aggressiveness of
the tumour (Obeid et al., 2013). Hypoxia induces chemokines (such as CCL2, CCL5, CSF1,
VEGF, SEMA3A, EMAP-II, SDF1la, eotaxin, and oncostatin M) that accumulate
macrophages and TAMs and trap in the hypoxic area via upregulated MPK1 which
dephosphorylate chemoattractant receptors and inhibit pathways triggered by migration
stimulating factors, which are associated with the aggressive tumour behaviour in breast

cancer (Lin et al., 2019, Obeid et al., 2013). The entrapped TAMSs exert pro-tumoural
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functions where upregulation of growth factors such as EGF in breast cancer produce CSF1
to enhance survival of macrophages and stimulate tumour cell growth, and hypoxic TAMs
express angiogenic molecules (VEGF, FGF2, CXCLS8, IL-8, VEGFRL1, angiopoietin) to
facilitate tumour vascularisation (Henze and Mazzone, 2016). HIF1a is expressed in hypoxia
and upregulates VEGF expression to enhance pro-angiogenic functions in TAMs and hypoxia
also increases TIE2 and angiopoietin2 expression that promotes autocrine loop in vascular
endothelial cells to initiate angiogenesis (Chen et al., 2019b). Hypoxic TAMs also play a vital
role in immune evasion were TAMs under hypoxic conditions secrete more
immunosuppressive factors such as prostaglandin E2, IL-10, and PD-L1 which promotes
dysfunction of T-cells, inhibit T-cell proliferation and function by IDO expression and attract

Tregs via secretion of CCL17 and CCL22 (Obeid et al., 2013, Henze and Mazzone, 2016).

1.3 Tribbles homologues

Tribbles homologues (TRIB) are pseudokinase proteins. Human TRIBs is named after that
highly conserved Drosophila homologue, tribbles, which is involved in the regulation of
‘proteasomal degradation of CDC25 dual-specificity phosphatases and Slbo levels, and affect
the cell cycle and oogenesis by initiating S-phase and mitosis’ (Murphy et al., 2015, Eyers et
al., 2017, Richmond and Keeshan, 2020). Human TRIBs are also involved in development
but have more distinct features affecting different signalling, developmental, and metabolic
processes (Murphy et al., 2015).

TRIB proteins consist of three domains: N-terminal PEST (proline, glutamic acid, serine, and
threonine) region, a pseudokinase domain which includes an N-lobe and a canonical C-lobe,
and a C-terminal, COP1-binding peptide region. The N-lob in the pseudokinase domain

recruits most catalytic machinery whilst preserving the putative substrate-binding site in C-
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lobe (Eyers et al., 2017). The C-terminal tail affects the protein-protein interactions by two
motifs which regulate E3 ubiquitin ligases and interact with MAPK signalling, including via
MEK1 and MEK4 (Eyers et al., 2017). In humans, there are three Tribbles homologs (TRIB1,
TRIB2, and TRIB3) which share similar amino acid homologs up to 71% (between TRIB1

and TRIB2)(Cunard, 2013).

TRIBL1 is one of the Tribbles homologs expressed in several tissues, including the pancreas,
bone marrow, and adipose tissue. TRIB1 regulates MAPK signalling as well as liver
metabolism and lipid levels and is involved in macrophage differentiation (Richmond and
Keeshan, 2019). In the liver, secretion of very-low-density lipoprotein (VLDL) via lipids,
which is strictly regulated by apolipoprotein B (APOB), is vital in providing fatty acids to the
peripheral tissues; TRIB1 was identified to regulate the secretion of VLDL and APOB via
MAPK activity (Soubeyrand et al., 2016). The alteration of CCAAT/enhancer-binding
protein a (C/EBPa) and C/EBPJ transcription levels via TRIB1 are also involved in hepatic

lipid biosynthesis (lwamoto et al., 2015).

Among TRIB family, TRIB2 was first identified as a mouse oncogene where the
overexpression of TRIB2 developed a potent transplantable AML (Eyers et al., 2017). The
oncogenicity of TRIB2 was also reported in different cancers where TRIB2 was
overexpressed in colorectal cancer, which inhibits p21 (transcription factor involved in cell
cycle inhibition), and interacts with AP4 regulate AP4/p21 signalling to inhibit cellular
senescence and accelerate the proliferation of cancer cells (Hou et al., 2018). In liver cancer,
TRIB2 was discovered as a downstream target of Wnt/TCF essential for the protection of
liver cancer cells, HepG2, from apoptosis, and involved in the overexpressed Yes-associated
protein (YAP) which were observed in more than 50% of tumours via disruption of C/EBPa

(Wang et al., 2013). TRIB2 is also reported to promote malignant phenotype of melanoma
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cells via suppressing FOXO, and TRIB2 expression induces the chemotherapy resistance in
cancer cells via increased AKT expression by COP1 domain (Zanella et al., 2010, Hill et al.,

2017).

Similarly, the oncogenic role of TRIB3 was also reported in cancer cells in vitro. The
knockdown of TRIB3 in HepG2 and colorectal carcinoma cell line (HCT-8) inhibited cell
invasion, and TRIB3 also maintains the epithelial-mesenchymal transition (EMT) status in
HepG2 cells important for the conversion of early-stage tumours into invasive malignancies
by enhancing a-SMA expression whilst inhibiting E-cadherin (Hua et al., 2011). The
overexpression of TRIB3 in human gastric cancer was also reported to promote poor
prognosis and tumour angiogenesis in gastric cancers, in relation to positively correlated
VEGF expression (Dong et al., 2016). In breast cancer, TRIB3 was known to reduce the
disease-free survival (DFS), metastasis-free survival and overall survival of patients as well
as DFS of patients postoperative radiotherapy, and though TRIB3 is not a tumour hypoxia
marker, ATF4 dependent TRIB3 expression induces hypoxia and hypoxia sensitivity in
breast cancer cells (Wennemers et al., 2011b). TRIB3 also suppress FOXO1 degradation by
TRIB3-AKT interaction which promotes the transcriptional expression of SOX2 to enhance

cancer cell stemness of solid tumours (Yu et al., 2019).

1.3.1 Role of TRIB1 in tumours

The amplified TRIB1 gene has been observed in different types of cancer. In acute myeloid
leukaemia (AML), trisomy 8 is typically observed, which often carries MYC and promotes
proliferation. TRIB1 is located on chromosome 8, near to the MYC gene and is co-amplified.
In addition, expression of C/EBPa., which is also regulated by TRIB1, is essential for AML

development (Keeshan et al., 2016). Furthermore, TRIB1 promotes prostate cancer by
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regulating endoplasmic reticulum chaperone GRP78 and facilitates cell survival (Dugast et
al., 2013, Mashima et al., 2014). TRIBL1 acts as a critical regulator of cell cycle progression
and is involved in cancer development and survival via interaction with the MEK/ERK
pathway, where the inhibition of MEK1/MEK?2 resulted in the cell cycle arrest at G1; and the
cell cycle machinery, CCNDL, is regulated by TRIB1 through NF«xB and AP1 interaction
(Gendelman et al., 2017). Increased TRIBL1 levels and phosphorylation of FAK, Src and ERK
proteins activate MMP-2, hence facilitating migration and adherence of cancer cells (Wang et
al., 2017c, Wu et al., 2016). The interaction of TRIB1 with NFkB influences downstream
products involved in metastasis formation (CSF2 and CXCL1) and tumour inflammation (IL-
8). Additionally, the NFkB pathway is involved in resistance to chemotherapy and the
upregulation and interaction of TRIB1 with HDAC induced resistance in non-small cell lung

cancer to cisplatin treatment (Wang et al., 2017a).

1.3.1 TRIB1 in macrophages

Among other TRIBs, TRIB1 is most highly expressed in the myeloid lineage (Richmond and
Keeshan, 2019). TRIB1 expression in macrophages promotes the polarisation to alternatively
activated M2-like macrophages, where depletion of TRIB1 results in the reduction of anti-
inflammatory macrophages in various tissues (Satoh et al., 2013). In myocardial infarction
(MI), TRIB1 also promoted ‘M2’ polarisation where TRIB1 knockdown mice promoted
depletion of ‘M2’ macrophages after MI and reduced tissue repair (Shiraishi et al., 2016).
Although there are no reports on molecular details, the potential mechanism of TRIB1-
dependent macrophage polarisation involves MAPK signalling, primarily via MEK1/2, where
the MEK1/2 inhibitors have been shown to enhance STAT6 phosphorylation and
significantly increased M2a-like bone marrow-derived and alveolar macrophages (Long et
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al., 2017). The depletion of C/EBPa also altered the macrophage polarisation states and one
of the E3 ubiquitin ligases, natural killer lytic-associated molecule, was identified to
ubiquitinate and activate C/EBP affecting the macrophage polarisation (Lee et al., 2014, Ye
etal., 2012, Lietal., 2018).

Moreover, TRIB1 affects other functions of macrophages, including macrophage
development and migration. For instance, TRIB1 knockdown in RAW264.7 cells produced
monocyte-like morphology and the depletion of ERK1/ERK2, which is the downstream
signal of MEK1/MEK?2, hence reduced the number of M-CSF induced macrophages due to
the lack of ERK-dependent genes regulated by M-CSF (Liu et al., 2013, Richardson et al.,
2015). TRIB1 potentially regulates macrophage migration by the ERK1/2 pathway and
C/EBP inhibition via MCP-1 (CCL2), which is a crucial chemokine in the recruitment and

migration of monocytes and macrophages (Liu et al., 2013, Arndt et al., 2018).

1.4 Hypothesis and aims

The development and regulation of TAMSs are essential oncogenic factors to promote tumour
initiation, angiogenesis, immune suppression and evasion, and metastasis as well as the
survival of cancer cells in the blood vessel. There is a growing interest of TRIB1 function in
tumour development and macrophages, suggesting a potential role for TRIB1 in cancer itself
and for TRIB1-dependent regulation of macrophages. However, despite the potential
importance of TRIB1 in macrophage function and tumour growth, the impact of TAM
expressed TRIB1 in tumorigenesis has not been explored. Therefore, our overarching
hypothesis highlights that TRIB1 expression in myeloid cells modulates macrophage

function and phenotype, thus modulating TAM recruitment by cancer cells and by doing so
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promotes tumour development. In order to test our hypothesis, we developed syngeneic

breast cancer models in myeloid-specific Tribl overexpressing and knockout mice.

The project aims to:

e Investigate the expression of TRIB1 expression in human and murine breast cancer
(Chapter 3)

e Validate the TRIB1 dependent phenotypic and functional changes in macrophages and
TAMs (Chapter 3)

e Determine the impact of myeloid Tribl in murine mammary tumour growth (Chapter
4~5)

e Investigate the mechanisms of myeloid Trib1-dependent regulation of tumorigenesis

(Chapter 4~5)
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Chapter 2. Materials and Methods

2.1 Research Ethics:

All human blood samples were collected under the University of Sheffield Research Ethics
Committee (ref. SMBRER310). The human breast breast tissue samples were under the NHS
National Research Ethics Service Sheffield Research Ethics Committee REC reference
number 09/H1308/138, and the human breast tumour tissues were provided by the Breast
Cancer Now Tissue Bank. The mouse strains were housed in the University of Sheffield
Biological Service Unit and bred under the University of Sheffield code of ethics, and Home
Office regulations project licence number P5395C858/3. The experiments with mice strains
were performed according to the University of Sheffield code of ethics and Home Office

regulations project licence number 70/8670, personal licence number 1I2AB6392A.

2.2 In vitro methods:
2.2.1 Cell Maintenance

2.2.1.1 Cancer cell culture

Human MDA-MB-231 cell (human adenocarcinoma) was cultured in RPMI-1640 medium
(Gibco) with additional supplements: 10% (v/v) low endotoxin heat-inactivated foetal bovine
serum (Biowest), 1% L-glutamine (Lonza). Mouse Eo771 cell (medullary breast
adenocarcinoma) was cultured in DMEM (Gibco) with additional supplements: 10% (v/v)
low endotoxin heat-inactivated foetal bovine serum (Biowest), 1% L-glutamine (Lonza).
Cells were monitored and sub-cultured every 48 hours at 1:5 — 1:10 dilution and maintained

at 37°C at 5% CO».
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2.2.1.2 Primary cell culture

Human MDMs were cultured in complete growth medium: 500 ml RPMI-1640 (Gibco), 10%
(v/v) low endotoxin heat-inactivated foetal bovine serum (Biowest), 1% (v/v)
streptomycin/penicillin (Gibco), 1% L-glutamine (Lonza). Mouse bone marrow-derived
macrophages (BMDMs) were cultured in both complete DMEM growth medium: 500 ml
DMEM (Gibco), 10% (v/v) low endotoxin heat-inactivated foetal bovine serum (Biowest),
1% (v/v) L-glutamine (Lonza), 1% (v/v) streptomycine/penicillin (Gibco); and L929 cell-
conditioned medium: 500 ml DMEM (Gibco), 10% (v/v) low endotoxin heat-inactivated
foetal bovine serum (Biowest), 10% (v/v) L929 cell-conditioned medium, 1% (v/v) L-

glutamine (Lonza), 1% (v/v) streptomycine/penicillin (Gibco).

2.2.2 Preparation of Tumour-conditioned medium

When MDA-MB-231 and Eo771 cells become 70-80% confluent in a T75 flask, cells were
washed twice in PBS, and fresh medium was added to the flask and incubated at 37°C at 5%
CO; for 48 hours. The medium was then recruited and centrifuged at 600 x g for 5 minutes to

remove any cells and debris and supernatants were kept in -20°C freezer.

2.2.3 Isolation of human blood monocytes

The study was approved by the University of Sheffield Research Ethics Committee (ref.
SMBRER310). Human blood was provided from health consented adults and gently mixed
with 3.8% trisodium citrate dehydrate (Na3CsHsO7 * H20O, Sigma) in 9:1 dilution.

In sterile 50 ml tubes, 15 ml of Ficoll-Paque PLUS (GE Healthcare) were added and 30 ml of
citrated blood were gently layered on Ficoll-Paque PLUS. It was then centrifuged at 900 x g

for 20 minutes at RT with acceleration and brake at 1 to avoid any post-mix after separation.
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Most of the top plasma layer was removed, and the peripheral blood mononuclear cells
(PBMCs) were recruited in PBS-2mM ethylenediaminetetraacetic acid (EDTA, Thermo
Fischer) solution (PBSE). The sample was then centrifuged at 1500 rpm (radius = 161mm) or
406 x g for 5 minutes at RT.
rPmM 2

)

RCF =112 X1 X (m

Erythrocytes were lysed in pre-warmed 10 ml of RBC lysis buffer (155 mM NH4Cl, 10mM
KHCOs3, 0.1M EDTA in H20) at RT for 5 minutes. 40 ml of PBSE were then added to the
cells and centrifuged at 1500 rpm or 406 x g for 5 minutes. The PBMCs were resuspended in

PBSE and counted using a haemocytometer (Hawksley).

The PBMCs were centrifuged and resuspended in 90 pl 4°C MACS buffer (0.5% [w/v]
bovine serum albumin [BSA, Sigma] — PBSE) and 10 ul CD14" microbeads (Miltenyi
Biotec) per 10’ PBMCs and incubated for 15 minutes at 4°C. 2 ml of MACS buffer were then
added and centrifuged at 1200 rpm (radius = 161mm) or 260 x g for 5 minutes. An LS
column (Miltenyi Biotec) was placed in a MidiMACS™ Separator (Miltenyi Biotec) and
rinsed with 3 ml of 4°C MACS buffer. The PBMCs resuspended in 500 ul of 4°C MACS
buffer were then applied to the column and washed three times with 3 ml of 4°C MACS
buffer. The column was removed from MidiMACS™ Separator and CD14" cells were
flushed out in 4 ml of MACS buffer to 15 ml falcon tube with 1 ml MACS buffer. Cells were
counted with a haemocytometer and pelleted by centrifugation at 1200 rpm or 260 x g for 5

minutes.

2.2.4 Human monocyte-derived macrophage differentiation

Isolated monocytes were resuspended in complete growth medium with 100 ng/ml

recombinant human (rh) macrophage-colony stimulating factor (M-CSF) (Peprotech) to
47



facilitate differentiation of monocytes to macrophages. The monocytes were seeded into 6-
well plate (5 x 10° — 10 x 10° cells per well) or 12-well plate (2.5 x 10° — 5 x 10° cells per

well) and incubated for seven days at 37°C at 5% CO>

2.2.5 TRIB1 siRNA transfection

Viromer Green (Lipocalyx) was used to transfect SiRNA to primary human MDMs. TRIB1
SIRNA (ON-TARGET plus siRNA, Dharmacon) or Non-Targeting Control siRNA (ON-
TARGET plus siRNA, Dharmacon) were used in the study. siRNA mix and Viromer mix
was prepared in the separate tubes, and 180ul of viromer mix was added to the 20ul of
SiRNA mix. The siRNA/Viromer mix was then incubated at room temperature for 15 minutes
and added to 2 ml of fresh complete growth medium and incubated at 37°C at 5% CO for 24
hours (Table 2.1). Transfection of siRNA with Viromer Green on macrophages was
confirmed with siGLO transfection (Supplementary figure 1).

Table 2.1. Preparation of siRNA and Viromer mix

Tubes Reagent Total volume
Tube 1 siRNA (2.8uM) + Buffer Green 20ul
Tube 2 Viromer (2ul) + Buffer Green (178pul) 180ul

2.2.6 Human monocyte-derived macrophage polarisation

Human MDMs were gently washed with PBS and incubated for 24 hours at 37°C at 5% CO>
in fresh complete growth medium with polarisation stimuli: 20 ng/ml IFN-y (Peprotech) and
100 ng/ml E. coli lipopolysaccharide (Serotype R515 TLRgrade™, Enzo Life Sciences) for

M1; 20 ng/ml IL-4 (Peprotech) for M2a; 20 ng/ml IL-10 (Peprotech) for M2c; and 50%

tumour-conditioned medium for tumour-associated macrophages.
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2.2.7 Murine bone marrow isolation

The femur and tibias were collected from mice, and the tissues were gently removed from the
bones. The end of the bones was cut with scissors or scalpel blade. The bone marrow was
flushed with medium (RPMI, without phenol red, without L-glutamine) using a 2.5 ml
syringe fitted with a 25G needle. Any clump of cells was dispersed with a pipette and passed
through 70um cell strainer (Fisher Scientific). The cell suspension was centrifuged at 500 x g

for 5 minutes, and the pellet was cultured or frozen at -80 °C for further experiments.

2.2.8 Murine bone marrow-derived macrophage differentiation

Murine bone marrows were thawed and incubated in T75 flask with L929 cell-conditioned
DMEM medium. After 24 hours, the medium was transferred to new T75 flask for the
floating cells to attach in the flask and the fresh medium (L929 cell-conditioned medium)
was added to the old flask and cultured for 5days at 37°C. Cells were then gently washed
with PBS and collected with the fresh L929 cell-conditioned medium. Cells were counted

and seeded into the appropriate plates for 24 hours at 37°C at 5% COz.

2.2.9 Murine bone marrow-derived macrophage polarisation

The differentiated BMDMSs were gently washed with PBS and incubated for 24 hours at 37°C
in fresh complete growth medium with polarisation stimuli: 20 ng/ml IFN-y (Peprotech) and
100 ng/ml E. coli lipopolysaccharide (Serotype R515 TLRgrade™, Enzo Life Sciences) for

M1; and 20 ng/ml IL-4 (Peprotech) for M2a; 20 ng/ml IL-10 (Peprotech) for M2c.
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2.2.10 RNA extraction

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen). Cells were recruited prior to
RNA isolation, but isolation was also performed from plates. Cells were gently washed twice
in PBS and incubated at room temperature (15 - 25°C) for 5 minutes in 700ul of QIAzol lysis
reagent to homogenate the cells. 140ul of chloroform was added to the cells, shaken
vigorously for 15 seconds and incubated at room temperature for 2-3 minutes. Cells were
then centrifuged at 12,000 x g at 4°C for 15 minutes. The upper aqueous phase was collected
to the new collection tube, and 1.5 volumes of 100% ethanol were added. The sample was
then transferred to the RNeasy Mini column in a 2ml collection tube and centrifuged at
>8000 x g for 15 seconds at room temperature. Buffer RWT (350ul) was added and
centrifuged at >8000 x g for 15 seconds, followed by incubation of the column with the 80ul
of DNase I incubation mix (10ul DNase I stock solution and 70ul Buffer RDD) for 15
minutes at room temperature. The column was washed with Buffer RWT (350ul) and
centrifuged at >8000 x g for 15 seconds. 700ul of Buffer RWT was added and centrifuged for
15 seconds at >8000 x g, and Buffer RPE (500ul) was added to the column followed by
centrifugation for 15 seconds at >8000 x g. Buffer RPE (500ul) was added to the column and
centrifuged for 2 minutes at >8000 x g. The column was transferred to a new 1.5 ml
collection tube and RNeasy-free water (30-50ul) was added to the column and centrifuged at

>B8000 x g for 1 minute. The isolated RNAs were kept in -80°C until it used.

2.2.11 cDNA synthesis

cDNA was produced from total RNA using the iScript cDNA synthesis kit (Bio-Rad)
according to the manufacturer’s instruction. The extracted RNA was quantified using the

Nanodrop Spectrophotometer ND1000. The appropriate amount of RNA was mixed with 1ul
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of iScript reverse transcriptase and 4pul of 5x iScript Reaction mix, which will end up 25ul.
The RNA/iScript mix was then incubated in a thermal cycler using the protocol provided by

the manufacturer (Table 2.2). The cDNA was kept in -20°C or diluted for RT-gPCR analysis.

Table 2.2. cDNA synthesis reaction parameters

Reaction Temperature Time
Priming 25°C 5 minutes
Reverse transcription 46°C 20 minutes
RT inactivation 95°C 1 minute
Optional step 4°C Hold

2.2.12 Real-time quantitative PCR

Quantitative RT-PCR was performed using primers designed with NCBI BLAST to target
human macrophage polarisation markers (Table 2.3) and PrecisionPLUS SYBR-Green
master mix (Primerdesign). 364-well plate was used in the experiment to assess the
expression of genes in the samples. SYBR green master mix with forward and reverse
primers (Table 2.4) were added to each well of the 364 well RT-qPCR plates at a total
volume of 5.6ul. Followed by the addition of 5ul of cDNA (0.4 ng/ul) and the plate was
centrifuged for 2 minutes at 2000rpm. The RT-gPCR plate was then assessed on a Bio-Rad I-

Cycler PCR machine with the protocol provided by the manufacturer.

Table 2.3. Real-time quantitative PCR reaction parameters

Reaction Temperature time
Hotstart 95°C 2 minutes
Cycling ' Denaturation 95°C 15 seconds
x40 Anneal 60°C 1 minutes
(Data Collection)
Melt curve 60°C
95°C
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Table 2.4. The SYBR RT-gPCR primer sequences

Gene Species Forward primer Reverse primer

5-3 5-3
IL-1p Human GCTCGCCAGTGAAATGATGG GAAGCCCTTGCTGTAGTGGT
IL-8 Human TGCCAAGGAGTGCTAAAG CTCCACAACCCTCTGCAC
IL-10 Human GCCTTTAATAAGCTCCAAGAG ATCTTCATTGTCATGTAGGC
IL-15 Human ACAGAAGCCAACTGGGTGAA GCTGTTACTTTGCAACTGGGG
SCARB1 Human GAATCCCCATGAACTGCTCTGT TCCCAGTTTGTCCAATGCCTG
MRC1 Human AGATGGGTGGGTTATTTACAAAG | ATATTTCCATAGAAACTTCTTTTC

A ACTT
PD-L1 Human AGGGCATTCCAGAAAGATGAGG | GGTCCTTGGGAACCGTGAC
VEGF Human ATGCGGATCAAACCTCACCA GCTCTATCTTTCTTTGGTCTGC
SPARC Human TGATGGTGCAGAGGAAACCG TGTTCTCATCCAGCTCGCAC
TRIB1 Human CTCCACGGAGGAGAGAACCC GACAAAGCATCATCTTCCCCC
GAPDH Human ATTGCCCTCAACGACCACTTT CCCTGTTGCTGTAGCCAAATTC
IL-15 Mouse GACACCACTTTATACACTGACAG | TCACATTCCTTGCAGCCAGA

TG
B-actin Mouse GGGACCTGACAGACTACCTCATG | GTCACGCACGATTTCCCTCTCAG

2.2.13 Cell lysis and protein extraction

C

Cell lysis was performed to extract the proteins from primary and established cells. Cells

were washed with PBS and collected into a 1.5ml Eppendorf tube. 50ul to 200ul of lysis

buffer (RIPA buffer with 1% protease and phosphatase inhibitor) were added into the tube

and pipette to rupture the cell wall and incubated at -80°C for 30 minutes to allow further

lysis. Cells were further lysed by sonication for 15 seconds and then lysed cells were

centrifuged at 15,000 x g for 10 minutes at 4°C. The supernatant was collected and stored at -

80°C for further experiment.

2.2.14 Quantification of proteins

Proteins extracted from cells were quantified using Pierce™ BCA Protein Assay Kit (Thermo

Scientific). It measures the reduction of Cu?* to Cu'* by the protein in an alkaline condition

through the production of purple-coloured reaction, which can be detected at 562nm in a
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spectrophotometer. Bovine serum albumin (BSA) standard provided by the manufacturer was
diluted to appropriate concentrations according to the table. The standard (10ul) was then
added in the 96-well plate as triplicate. The 10ul of samples were added to the plate as
duplicate, and 200ul of working reagent (1:50 ratio of reagent B and reagent A) was added to
each well. The plate was then incubated at 37°C for 30 minutes. The plate was then cooled on
ice and measured on a spectrophotometer. The protein concentration was quantified

according to the standard curve.

2.2.15 Western blot

The cell lysate with equal protein concentrations (10 to 20 pg) was mixed with 5x laemmli
buffer. The mixtures were incubated at 100°C for 10 minutes and immediately transferred in
the ice. The samples were loaded to each well of either 10 or 15 well NUPAGE ™ 4-12% Bis-
Tris Gel (Invitrogen) placed in the Invitrogen tank containing 1x NUPAGE MOPS SDS
running buffer (Novex). 5 ul of prestained protein ladder (10-250 kDa, Thermo Scientific™)
was loaded into on column, and the gel was run at 100v for 75 minutes until the blue dye ran
off the bottom of the gel. The gel was transferred to a PVDF (Polyvinylidene difluoride)
membrane (Millipore) using NUPAGE transfer buffer (Novex) with methanol and antioxidant
(Invitrogen) run at 35v for 60 minutes. The membrane was blocked with 5% milk-TBST at
RT for 1 hour and incubated overnight with primary antibodies (Table 2.5) diluted in 5%
milk-TBST at 4°C on the roller. The membrane was then washed with 0.1 v/v TBST for 5
minutes in the roller 3 times and incubated with secondary-HRP antibodies (Table 2.5)
diluted in 5% milk-TBST at RT for 1 hour. The membrane was then washed with TBST three

times for 5 minutes, incubated with pre-mixed ECL, and imaged with Bio-Rad imager.
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Table 2.5. Antibodies used for analysing TRIB1 levels in breast cancer subtypes using western blot

Antibodies Company (Cat No.) Dilution
TRIB1 Millipore (09-126) 1:1000
Polyclonal Goat anti- Dako (P0448) 1:2500
Rabbit

Immunoglobulin/HRP

HSP90 Abcam (ab53497) 1:5000
Polyclonal Rabbit anti-Rat | Dako (P0450) 1:5000

Immunoglobulin/HRP

2.2.16 TRIB1 Immunocytochemistry

Cells were seeded in the 8-well chamber slides with cover (Lab-Tek) for 24 hours to 8 days
depending on the experiments and gently washed twice with PBS to remove growth medium.
Cells were fixed with 4% formalin or PFA at RT for 30 minutes and washed three times with
PBS. After that, cells were permeabilised with 0.1% Triton X-100 for 15 minutes and washed
with PBS three times to remove detergent. The samples were incubated with 2% BSA-PBS
for 45 minutes and incubated with primary antibodies (Table 2.6) at RT for 1 hour or at 4%
for overnight. The samples were then washed with PBS three times and incubated with
secondary antibodies (Table 2.6) at RT for 1 hour and washed with PBS 5 times. The
chamber was then removed from the slide and mounted with Antifade mounting medium
with DAPI (Life Technology) and kept in the dark for overnight at RT and imaged
immediately or stored at 4°C until needed.

Table 2.6. Antibodies for assessing TRIB1 expression in human macrophages via immunocytochemistry

Antibodies Company (Cat no) Fluorochrome Dilution
TRIB1 Millipore (09-126) 1:11
Goat anti-Rabbit = ImmunoReagents DyL.ight 550 1:100
IgG (H&L) (GtxRb-003-D550NHSX)
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2.2.17 Immunofluorescence staining of frozen tissues

The frozen tissue sections were put at RT and flooded with ice-cold acetone for 10 minutes to
fix the tissue. The slides were allowed to air dry and re-hydrated in PBS-T for 3 minutes. The
non-specific binding of the secondary antibody was blocked with protein block serum-free at
RT for 30 minutes and incubated with primary antibodies (Table 2.7) for 1 hour at RT. The
samples were washed in PBS-T for 5 minutes twice, and secondary antibodies (Table 2.7)
were added to the slide for 1 hour at RT. Slides were washed in PBS-T for 5 minutes three
times and mounted with Antifade mounting medium with DAPI (Life Technology) and kept
in the dark for overnight at RT and imaged immediately or stored at 4°C until needed. The

images were captured by Leica AF6000 microscope using or Nikon Al confocal microscope.

Fluorescence staining of TRIB1 was optimized as noted in Appendix 2.

Table 2.7. Antibodies used to analyse the immune cells in the tumour microenvironment

Antibodies Company (Cat no) Fluorochrome Dilution
F4/80 Bio-rad (MCA497A488) | Alexa Fluor 488 1:25
CD31 Biolegend (102516) Alexa Fluor 674 1:100
NOS2 Abcam (ab15323) 1:50
MR Abcam (ab64693) 1:100
Goat anti-Rabbit | ImmunoReagents DyLight 550 1:50
19G (H&L) (GtxRb-003-D550NHSX)
CD3 Tonbo Bioscience (145- | APC 1:50
2C11)
CD4 Biolegend (100423) Alexa Fluor 488 1:100
CDs8 Biolegend (100707) PE 1:100
CA9 Abcam (ab184006) 1:50
TRIB1 Millipore (09-126) 1:50



2.2.18 Immunofluorescence staining of PEFF tissues

Immunofluorescence was performed in paraffin wax embedded human breast tissues. The
slides were dewaxed with xylene for 5 minutes twice and rehydrated with degrading alcohol
gradients (99%, 99%, 95%, and 70% ethanol) for 2 minutes each and the slides were washed
in running tap water for 1 minute to remove xylene and ethanol. The endogenous peroxide
activity is blocked with incubation of slides with 3% hydrogen peroxide (H202) in methanol
for 20 minutes and washed in running tap water for 1 minute. The antigens were retrieved
with 0.01M trisodium citrate (TSC) pH6 for 10 minutes in the microwave. The slides were
cooled down in running tap water for 2 minutes, and the non-specific binding of the
secondary antibody was blocked with protein block serum-free at RT for 30 minutes. The
primary antibodies (Table 2.8) diluted in PBST were incubated for 1 hour at RT and washed
with PBST for 5 minutes on a magnetic stirrer twice. The sections were incubated with
secondary antibodies (Table 2.8) diluted in PBST for 1 hour at RT and washed in PBST for 5
minutes on a magnetic stirrer. The slides were mounted with Antifade mounting medium
with DAPI (Life Technology) and kept in the dark for overnight at RT and imaged
immediately or stored at 4°C until needed. The images were captured using Nikon Al
confocal microscope (Appendix 4).

Table 2.8. Antibodies used to analyse the TRIB1 expressing TAMs in the human breast tumour tissues

Antibodies Company (Cat no) Fluorochrome Dilution
TRIB1 Millipore (09-126) 1:50
CD68 Abcam (ab125157) 1:100
Goat anti-Rabbit ImmunoReagents (GtxRb- | DyLight 550 1:50
19G (H&L) 003-D550NHSX)

Donkey Anti- R&D Systems (NL009) NL493 1:100
Mouse 1gG

NorthernLights™

NL493
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2.2.19 Haematoxylin and Eosin staining

The frozen tissue sections were put at RT for 30 minutes to air dry and fixed with methanol
for 10 minutes. The slide was then gently washed with PBS and further washed with PBS for
3 minutes twice. For the FFPE samples, the sections were de-waxed with xylene for 5
minutes twice and re-hydrated by incubating with 100% ethanol for 3 minutes twice followed
by 95% and 70% ethanol for 3 minutes, and rinsed with tap water for 1 minute. The sections
were stained with Carazzi’s haematoxylin for 1 minute and rinsed in water until water runs
clear and dipped in the Scotts water for 15 seconds. Samples were then stained with eosin for
30 seconds, and the slides were dipped in water, followed by 70%, 95%, and 100% ethanol
three times each. The sections were incubated again with 100% ethanol for 30 seconds and
incubated in the mounting xylene for 5 minutes. The slides were then fixed with DPX

mountant and kept at RT to dry.

2.2.20 Dissociation of Eo771 tumour

The tumour tissue collected from mice was shredded with scissors, and the tumour chunks
were placed in 5 ml of tumour-dissociation medium (Serum-free IMDM medium, 0.2mg/ml
of collagenase 1V, 2mg/ml dispase, 1.25ug/ml DNase 1) in a 15ml bijou tube, and rotated at
37°C for 30 minutes. After, 5ml of 10% FBS-TDM was added into the tube and passed
through a 70um filter (Fisher Scientific) and placed directly on ice. The samples were then
transferred into 1.5ml Eppendorf tube and centrifuged at 4500 rpm for 5 minutes. The cell

pellet was washed three times with 500ul PBS and stained for flow cytometry analysis.
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2.2.21 Flow cytometry

Cells were re-suspended in PBS and centrifuged at 500 x g for 5 minutes. The samples were
then re-suspended in 100ul LIVE/DEAD Fixable Blue Dead Cell Stain kit (Invitrogen) and
incubated for 15 minutes at RT in the dark. After that, 200ul of PBS was added to the tube
and centrifuged at 500 x g for 5 minutes. The cell pellet was re-suspended with PBS to
aliquot if required and centrifuged at 500 x g for 5 minutes. Cells were stained with
antibodies (Table 2.9) diluted in FACS buffer (5% FBS in PBS) for 15 minutes at 4°C
protected from light, and 100ul FACS buffer was added into the tubes and centrifuged at 500
x g for 5 minutes. Cells were then washed with 150ul FACS buffer and centrifuged at 500 x g
for 5 minutes twice. The pellet was re-suspended in 200ul FACS buffer and analysed with

LSRII flow cytometer (Biolegend).

2.2.21.1 Compensation of antibodies

The antibodies used for flow cytometry analysis were compensated using ABC™ Total
Antibody Compensation Bead Kit (Invitrogen). A drop of ABC™ Total compensation bead
was added to 1.5ml Eppendorf tube and mixed with 1ul of antibodies (Table 2.9). The
compensation bead and antibody mix were then incubated in the dark for 15 minutes, and the
drop of negative bead was added to the tube. The 200ul of FACS buffer was then added to

the tube, and the compensation was performed with the LSRII flow cytometer (Biolegend).

Table 2.9. Antibodies used to analyse the tumour microenvironment via flow cytometry

Antibodies Company (Cat No.) | Fluorochrome Dilution

F4/80 Bio-rad Alexa Fluor 488 1:25
(MCA497A488)

CD206 Biolegend (141705) @ PE 1:100

CD274 Biolegend (124313) | PE/Cy7 1:200

58



Ly-6C Biolegend (128024) | Alexa Fluor 700 | 1:100

NK1.1 Biolegend (108723) | APC-Cy7 1:100

Ly-6G Biolegend (127612) | Pacific Blue 1:100

CD3 Tonbo Bioscience APC 1:100
(145-2C11)

CD4 Biolegend (116011) | PerCP/Cy5.5 1:100

CD8 Biolegend (100713) | APC-Cy7 1:100

CD279 Biolegend (135205) @ PE 1:100

2.3 In vivo studies:
2.3.1 Mouse strains with altered Tribl expression in myeloid cells

Characterisation of these mouse strains has been published in (Johnston et al., 2019a).

2.3.1.1 Trib1- overexpressing mouse: ROSA26. Trib1Tg x Lyz2Cre

The myeloid-specific transgenic mouse strain was generated by inserting STOP-Trib1-EGFP
cassette into the Rosa26 locus of C57BL/6N mice. The cassette includes splicing acceptor
(SA) site followed by neomycin resistance gene (Neo) and SV40 transcriptional terminator
(STOP) flanked between two Cre recognition sites (IoxP) which allow specific deletion of
Neo-STOP cassette in myeloid cells when crossed with mice expressing Cre recombinase
transgene under control of the Lyz2 promoter (Lyz2Cre; (B6.129P2-Lyz2tm1(cre)lfo/J;
jax.org) and enables the transcription of the Trib11 transgene encoding Tribl and EGFP

proteins tagged with FLAG (Figure 2.1A).

2.3.1.2 Tribl knockout mouse: Trib1 fl/fl x Lyz2Cre

The targeting cassette, which consists of SA, internal ribosomal entry site (IRES) and LacZ
expression cassette (LacZ-pA) followed by loxP site and Neo expression cassette was flanked

by FRT sites and inserted into the first intron of Trib1 which generate null allele of MRNA by
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encoding the first exon of Tribl and LacZ. The second exon of Trib1 was also flanked by two
loxP sites. This mouse strains were then crossed with strains expressing the FRT recombinase
in germline cells to excise the targeting cassette, which resulted in the production of wild-
type Tribl mRNA (Figure 2.1B).

The myeloid-specific Tribl floxed mice were generated by crossing female mice with
homozygous floxed Tribl allele and male mice with Cre recombinase transgene under
control of the Lyz2 promoter (Lyz2Cre; (B6.129P2-Lyz2tm1(cre)lfo/J; jax.org) which delete
the second exon of Trib1 and generate null allele via producing truncated Trib1 protein

(120aa) without central kinase-like domain and the C-terminal region (Figure 2.1B).
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Figure 2.1. Schematic of ROSA26.Trib1Tg x Lyz2Cre and Tribl fl/fl x Lyz2Cre generation. [Modified from
Johnston (2019)]. (A) STOP-Trib1-EGFP cassette in ROSA26.Trib1Tg x Lyz2Cre strains consist of splicing
acceptor site (SA) and neomycin resistance gene (Neo) with SV40 transcription terminator (STOP) flanked by
Cre recognition (loxP) sites which will be removed when Cre is expressed in the cell. The removal of Neo-STOP
region generates the bi-cistronic expression of the cassette, which enables transcription and encoding of Trib1 and
EGFP proteins. (B) To generate Trib1 fl/fl x Lyz2Cre strains, targeting cassette and two loxP sites flanking exon
2 were inserted in the first intron of Trib1. The inserted cassette promotes null allele of Trib1 by encoding the first
exon of Tribl and Lacz. The targeting cassette flanked by FRT sites were then removed by FLP-FRT
recombination, which generates transcription of Tribl via endogenous promotor and results in wild-type Tribl
mMRNA expression. The Trib1 is then floxed by Cre-mediated recombination and removing exon 2 region of Tribl
which produce null allele.
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2.3.2 Genotyping

2.3.2.1 DNA extraction from mouse ear clips

DNA was extracted from mouse ear clips by digesting the tissue in lysis buffer [SOuM Tris-
HCI (pH 8.5), 1uM EDTA (pH 8.0), 0.5% (v/v) Tween-20], proteinase K (300pg/ml)] for
overnight at 56°C. The samples were then vortexed briefly and incubated at 100°C for 12
minutes. Sterile H.O was added to the sample, and vortexed and isolated DNAs were kept in

4°C.

2.3.2.2 Trib1 Tg & Trib1 floxed & Lyz2Cre PCR

DNAs extracted from mouse ear clips were used to analyse mouse strains via PCR. Lyz2Cre
PCR was performed according to the manufacturer’s instruction (Lyz2Cre; (B6.129P2-
Lyz2tm1(cre)lfo/J; jax.org). Tribl transgene and floxed PCR were performed with 2x
BioMix™ Red (BIOLINE) and primers designed to target Trib1 regions (Table 2.10). The

samples were then analysed via agarose gel electrophoresis.

Table 2.10. The sequence of ROSA26.Trib1Tg and Tribl FL/FL genotyping PCR primers

Genotype Label Sequence

ROSA26.TriblTg FW GTGATCTGCAACTCCAGTCTTTCTAG
WT REV CGCGACACTGTAATTTCATACTGTAG
TRANS REV CCTTCTTGACGAGTTCTTCTGAGG

Tribl fl/Al dTRIB1cKO F2 ACCTTGATCTGCAGTCCTAGG

dTRIB1IcKOWT R | AGCTGGTTTCAGGGGAAGAC
dTRIB1cKOFLR | AAGTTCACATTTGAACTGATGGC
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2.3.3 Murine mammary tumour development

ROSA26.Trib1Tg x Lyz2Cre and Trib1 fl/fl x Lyz2Cre animals were housed in the University
of Sheffield Biological Service Unit and cared according to the University of Sheffield code

of ethics and Home Office regulations. Personal licence number 12AB6392A.

The mice were allowed to acclimatise for 1 week in the experimental unit and injected with 3
x 10° Eo771 cells at 8-9 weeks old using the following protocol. The animals were
anaesthetised with inhalant isoflurane (IsoFlo) the and the abdominal area was shaved with
hair removal cream to expose nipples. 3 x 10° Eo771 cells in 20l cell suspension (33%
Matrigel; 66% PSB; and 1% trypan blue or phenol red) were injected into the nipple using
the insulin syringe. Mice were monitored and weighed every 2 days, and the tumour volume

was measured using callipers and recorded.

W2 x L
2

Tumour volume (mm?3) =

Once the tumour reached 15mm in diameter (~1500mm?), mice were culled by cervical

dislocation and the organs and tumours were collected for the post-mortem analysis.

2.4 Bioinformatics analyses:

2.4.1 Analysis of microarray

Cardiogenic Consortium transcriptomic data set (Schunkert et al., 2011, Heinig et al., 2010,
Rotival et al., 2011) was analysed in collaboration with Professor Alison Goodall and Dr
Stephen Hamby at the University of Leicester. The analysis was performed as described in
(Johnston et al., 2019a). In brief, top and bottom quartiles of TRIB1 expressing monocytes (N
= 758) and macrophages (N = 596) were compared and obtained the TRIB1 co-regulated,

differentially expressed genes using FDR adjusted p-values of <0.01, cut-off log-2 fold

63



changes of >0.071 (upregulated) and >-0.071 (down-regulated) (Johnston et al., 2019a). The
gene list was further analysed with QuSage to identify the pathways enriched in the TRIB1

co-expressed gene sets.

2.4.2 Statistical analysis of experimental data

All statistical analyses and graphs were generated using GraphPad Prism 8 software (La
Jolla, California, USA). The tumour growth was analysed using two-way ANOVA, and post-
mortem analysis of tumour microenvironment, lung and liver metastasis, and quantitative
RT-PCR results from BMDMs were analysed with an unpaired test. Quantitative RT-PCR
results from human MDMs were analysed by paired test, and all graphs are shown as mean

+SEM.
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Chapter 3. TRIB1 alters TAM phenotype

3.1 Introduction

The regulation of macrophage phenotype is crucial for their response to different diseases
through secretion of different cytokines and chemokines (Shapouri-Moghaddam et al., 2018)
and a number of papers have already reported TRIB1-dependent modulation of macrophage
polarisation (Satoh et al., 2013, Arndt et al., 2018, Liu et al., 2019b, Chen et al., 2020). For
example, Satoh et al. (2013) reported a reduction of anti-inflammatory macrophages
expressing Mrcl, Argl, and Fizz1 in spleens from Tribl deficient mice (Satoh et al., 2013).
This was also observed previously in our laboratory where livers from myeloid-specific Tribl
knockout (Trib1™<®) mice demonstrated a significant increase of pro-inflammatory
macrophages in Trib1™K livers; and a significant reduction of pro-inflammatory
macrophages and increase of anti-inflammatory macrophages in the livers from myeloid-
specific Trib1 overexpressing (Trib1™9) animals (Johnston, 2017). In addition, analysis of
microarray transcriptomic datasets from Cardiogenics Consortium comparing TRIB1 high
and low human monocytes and macrophages revealed that TRIB1 high macrophages showed
selectively upregulated anti-inflammatory markers compared to TRIB1 low macrophages.
However, the same difference was not observed between TRIB1 high and low monocytes
(Figure 3.1) (Johnston, 2017), demonstrating the specific regulation of macrophage

polarisation through TRIB1 expression.

In oncogenesis, a potential oncogenic role of TRIB1 was reported in different cancer types.
Regulation of macrophage phenotype via TRIB1 emphasised the role of TRIB1 in acute

myeloid leukaemia (AML), where the overexpression of TRIB1 was observed in AML
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patients and TRIB1 enhances AML development (Keeshan et al., 2016, Velasco, 2016). The
upregulation of TRIB1 was also reported in prostate cancer and colorectal cancer, where
high-throughput analysis of colorectal cancer and in silico analysis of prostate cancer tissues
revealed amplification and overexpression of TRIB1 in these cancers (Camps et al., 2009,
Moya et al., 2018), and TRIB1 is reported to promote prostate cancer by enhancing cancer
cell survival (Mashima et al., 2014). However, the oncogenic role of TRIB1 in breast cancer

has not been studied yet, especially in relation to stromal cell populations, including TAMs.
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Figure 3.1. TRIB1 expression is associated with overexpression of alternatively activated macrophages
[Adapted from the thesis of Jessica M. Johnston, 2017]. (A) The analysis of microarrays comparing TRIB1
high and low human monocytes and macrophages revealed polarisation markers of pro-inflammatory or classical,
and ani-inflammatory or alternative phenotypes in TRIB1 high monocytes and macrophages compared to TRIB1
low monocytes and macrophages. (B) Expression of genes associated with TRIB1 in monocytes and macrophages.

Therefore, this chapter will delineate the regulatory role of TRIB1 specifically in
macrophages and provide the background of potential oncogenicity of TRIB1 in breast

cancer through regulation of TAM functions.
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3.2 Hypothesis and aims

Work in this chapter tests the hypothesis that myeloid-TRIB1 is oncogenic in breast cancer
development and that it acts via the regulation of oncogenic roles of TAMs. In silico analysis
of datasets and in vitro analysis of human MDMs were used to investigate the expression of

TRIBL1 in breast cancer and TRIB1-dependent regulation of TAM functions.

1. Bioinformatics of TRIBL1 in breast cancer and myeloid cells

2. Invitro analysis of TRIBL1 in the regulation of macrophages and TAMs

3.3 Results
3.3.1 TRIB1 regulate monocytes and macrophages with distinct regulatory functions

To analyse the regulatory function of TRIB1 in macrophages, the microarray of monocytes
(n=758) and macrophages (n=596) from human participants from Cardiogenics Consortium
transcriptomic data set (Heinig et al., 2010, Schunkert et al., 2011, Rotival et al., 2011) were
aligned according to TRIBL1 levels. The list of genes differentially expressed between the top
and bottom quartile of the dataset were taken forward for analysis for the functional role of
TRIB1 in monocytes and macrophages. As discussed in the introduction, previous work in
our lab observed the TRIB1-dependent regulation of polarization markers in macrophages,
where macrophage TRIB1 elevated the expression of anti-inflammatory markers but not in
monocytes. The distinct role of TRIB1 between monocytes and macrophages were also
confirmed by further analysis of the list of genes altered depending on TRIB1 expression with
functionally related Gene Ontology terms. It demonstrated that the top 10 functional roles

modified depending on TRIB1 in macrophages were not altered in monocytes (Figure 3.2).
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Figure 3.2. Top 10 functional roles modified based on TRIB1 expression in macrophages were not altered
in monocytes. The microarray of human monocytes (n=758) and macrophages (n=596) from Cardiogenic
Consortium transcriptomic data set were aligned according to TRIB1 expression levels and compared TRIB1 high
and low monocytes and macrophages by analysing the top and bottom quartile of the data set. The identification
of pathways enriched in TRIB1 co-expressed gene sets was performed with QUSAGE (Johnston, 2017), and
compared the enrichment of top 10 upregulated functional roles in TRIB1 high macrophages (Circle) to TRIB1
high monocytes (Triangle). FDR is represented as degrading colour of each point.

3.3.2 Myeloid TRIB1 modulates macrophage polarisation

The correlation of macrophage phenotype and TRIB1 expression in human MDMs were
investigated using transfection of TRIB1 siRNA and analysed the changes of polarisation
markers. The schematic workflow can be seen in Figure 3.3A. Up to 70% of the knockdown
of TRIB1 after siRNA transfection was confirmed using RT-gPCR, as shown in Figure 3.3B.
IL-/4 and IL-8 are two pro-inflammatory markers used in the study. IL-// is one of the alarm
cytokines secreted by macrophages to initiate inflammation on activation of TLRs and also

induces other pro-inflammatory genes that encode inducible nitric oxide synthase, IL-6 and
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other cytokines or chemokines (Tschopp et al., 2003). IL-8 is another pro-inflammatory
cytokine secreted by macrophages when exposed to inflammatory stimuli and is a
chemoattractant for other immune cells (Duque and Descoteaux, 2014). MRC1 or CD206 and
SCARBL are polarisation markers known to be highly expressed in anti-inflammatory
macrophages (Roszer, 2015b). The knockdown of TRIB1 in human MDMs demonstrated the
significant increase of pro-inflammatory cytokines IL-/4 (Figure 3.3C) and IL-8 (Figure
3.3D) but the expression of anti-inflammatory markers MRC1 (Figure 3.3E) and SCARB1
(Figure 3.3F) were not altered which implies TRIB1 expression in macrophages negatively
correlates with pro-inflammatory macrophage polarisation. Other cytokines were not altered

between control and TRIB1 KD macrophages (Supplementary figure 5).
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Figure 3.3. TRIB1 knockdown in human MDMs drives macrophage polarisation towards pro-
inflammatory macrophages. (A) Human MDMs were generated from monocytes isolated from human blood.
The isolated monocytes were differentiated to macrophages for 7 days and transfected with TRIB1 siRNA to
knockdown TRIB1 expression. Cells were then analysed with RT-gPCR. (B) TRIB1 RNA levels (relative to
GAPDH) in macrophages 48 hours after control or TRIB1 siRNA transfection. RNA levels of IL-/4 (C) IL-8 (D)
MRC1 (E) and SCARB1 (F) 48 hours after control or TRIB1 siRNA transfection. Results of paired T-test are
presented as * p<0.05, ** p<0.01, and data represent mean+SEM of n=6-9donor/group.
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3.3.3 TRIB1 expression is altered in breast cancer tissues and is overexpressed in TNBC

cells

The analysis of TRIB1 expression in breast cancer tissues was first performed with data
mining of published human datasets from cBioportal (Cerami et al., 2012, Gao et al., 2013).
The in silico analysis of datasets demonstrated amplification and mutation of the TRIB1 gene
in different cancer types and breast cancer is listed as third-highest cancer with alteration
frequency compared to other cancers. Among 1084 cases of breast cancer, 13.28% of cases
demonstrated the alteration of TRIB1 gene (12.55% (136 cases) of amplification, 0.55% (6
cases) of mutation, and 0.18% (2 cases) of multiple alterations) (Figure 3.4A). RNA Seq
from three datasets processed and normalized using RSEM also demonstrated TRIB1
expression of about 11 fold (log2) in breast cancer patients (Figure 3.4B), and further
analysis of patient survival with TRIB1 mutation revealed a significant reduction in overall
survival with alterations in TRIB1 gene (Figure 3.4C), which implies potential oncogenicity

of TRIB1 in breast cancer development.

However, published human cancer datasets of gene expression microarray from GENT2
(Park et al., 2019) demonstrated a significant reduction of TRIB1 expression in breast cancer
tissues in the Affymetrix U133A platform (GPL96)(92 normal breast tissues and 4293 breast
cancer tissues) (Figure 3.5A), whilst in Affymetrix U133Plus2 (GPL570)(475 normal breast
tissues and 5574 breast cancer tissues) revealed similar TRIB1 expression between normal
and breast cancer tissues (Figure 3.5B). The analysis also demonstrated the significant
overexpression of TRIB1 expression in TNBC tissues compared to other subtypes (Figure

3.5C).
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Figure 3.4. Mutation of TRIB1 gene is oncogenic in breast cancer. The in silico analysis of TRIB1 gene in
breast cancer patients from published human datasets were performed using cBioportal website. (A) The
alteration of the TRIB1 gene in 32 cancer types regarding amplification (red), mutation (green), deep deletion
(blue), and multiple alterations (grey). Breast cancer is listed as the third-highest alteration frequency on TRIB1
with 13.28% from 1084 reported cases preceded by ovarian cancer with 27.4% from 584 cases and oesophagus
cancer with 19.78% from 182 cases, and 12.55% of 1084 cases reported the amplification of TRIB1 in breast
cancer tissues. (B) RNA seq of TRIB1 mRNA level in the breast cancer tissues from three different datasets. The
expression of TRIB1 is plotted log2 scaled. (C) The overall patient survival of 816 cases of breast cancer patients
with TRIB1 alteration (red) and 6731 cases of patients without alteration (blue) over 404 months. The Kaplan-

Meier estimate of overall patient survival represents p=5.26e-7.
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Figure 3.5. TRIB1 RNA level is reduced in breast cancer tissues but highly expressed in TNBC tissues. The
in silico analysis of TRIB1 RNA levels in breast cancer and healthy tissues from published human datasets were
performed using GENT2 website. (A) TRIB1 RNA level from Affymetrix U133A platform (GPL96) including
microarray of 92 healthy breast tissues and 4293 breast cancer tissues. (B) TRIB1 RNA level from Affymetrix
U133Plus2 platform (GPL570) including microarrays of 475 healthy breast tissues and 5574 breast cancer tissues.
(C) The microarray of TRIB1 in different breast cancer subtypes: Basal (363 samples), HER2 (230 samples),
Luminal (17 samples), Luminal A (379 samples), Luminal B (244 samples), and TNBC (TNBC)(251 samples).
Results of paired T-test and ANOVA are presented as **p<0.01 ****p<0.0001, and data represented in violin
plot.

We also investigated the expression of TRIB1 protein in breast cancer cells in vitro using
western blot with different breast cancer subtypes. The molecular analysis of breast cancers
with gene expression profiling classified breast cancers into four broad subtypes, where
luminal A represents ER positive and/or PR positive and HER?2 negative breast cancers;
luminal B represents ER-positive and/or PR/HER?2 positive or negative breast cancers; HER2
enriched represents HER2 only positive breast cancers; and triple-negative or basal-like
represents breast cancer with negative ER, PR, and HER2 (Fragomeni et al., 2018). The
western blot of TRIB1 with SK-BR3 (HER2 enriched), BT474 (luminal B), MCF7 (luminal
A), and MDA-MB-231 (triple-negative) breast cancer cell lines demonstrated the high

expression of TRIB1 in breast cancer cells, but among four subtypes, MDA-MB-231 cells
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displayed highest TRIB1 protein expression (Figure 3.6A). A representative image of the

western blot is shown in Figure 3.6B.
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Figure 3.6. Breast cancer cell lines express high TRIBL1 levels in vitro. Western blot was performed in four
different breast cancer cell lines to investigate the expression of TRIB1 depending on the subtypes. (A) The
fluorescence intensity of TRIB1 protein expressions (relative to housekeeper HSP90) in SKBR3 (HER2 enriched),
BT474 (luminal A), MCF7 (luminal B), and MDA-MB-231 (triple-negative) cell lines. Result of ANOVA is
presented as *p<0.05, and data represent mean+SEM of n=3samples/group. (B) The representative images of
TRIB1 and housekeeper western blots with SKBR3, BT474, MCF7, and MDA-MB-231 cell lines.

3.3.4 TRIBL1 is highly expressed by TAMs in the tumour microenvironment

Human MDMs isolated from blood were used to assess the expression of TRIB1 in TAMS in
vitro. In this study, isolated MDMs were treated with the tumour-conditioned medium from
human TNBC cell line MDA-MB-231 for 24 hours to develop TAMs and assessed both
TRIB1 mRNA and protein levels using RT-qgPCR and immunocytochemistry (Figure 3.7A).
RT-gqPCR analysis demonstrated the overexpression of TRIB1 in TAMs, compared to
unpolarised and pro-inflammatory LPS and INF-y stimulated MDMs (Figure 3.7B). In
contrast, immunocytochemistry of TRIB1 on TAMs and unpolarised MDMs revealed a

significant reduction of TRIB1 protein signals in TAMs compared to unpolarised MDMs in
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vitro (Figure 3.7D). A representative image of TRIB1 immunocytochemistry is shown in
Figure 3.7C. Prior to chapter 4 in vivo mouse model studies, primary murine breast tumours
developed in the wild-type C57BL/3 mice through intra-nipple injection of murine TNBC
Eo771 cell were investigated to assess the expression of Tribl in TAMs and tumour
microenvironment. The fluorescence staining of the tumours with anti-TRIB1 antibody and
macrophage marker F4/80 demonstrated that about 40% of cells present in the tumour
microenvironment express Trib1l and most of these cells were TAMs (Figure 3.7F) which

implies the potential role of TRIB1 in TAMS.
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Figure 3.7. TRIB1 level is altered in TAMSs in vitro and predominantly expressed in TAMS in vivo. The
expression of MRNA and protein TRIB1 in TAMSs were investigated both in vivo and in vitro. (A) In vitro TRIB1
level in TAMSs was assessed using human MDMs stimulated with LPS and INF-y (pro-inflammatory), 1L-4 or IL-
10 (anti-inflammatory), and the tumour-conditioned medium (TAMs) for 24 hours. Cells were then analysed with
RT-gPCR and immunocytochemistry. (B) TRIB1 RNA levels (relative to GAPDH) in human MDMs 24 hours
after unstimulated (MUN), stimulated with LPS and INF-y (M®PS+INFv) 14 (M'Y4), IL-10 (M'10), and tumour-
conditioned medium (M™M), (C) Representative images of TRIB1 immunocytochemistry on human MDMs
polarised to TAMs. Cells were stained with DAPI (blue) and TRIB1 (red). (D) The fluorescence intensity of
TRIB1 protein levels in MDMs unstimulated and stimulated with the tumour-conditioned medium for 24 hours.
Results of AVNOA and paired T-test are presented as *p<0.05 **p<0.01, and data represent mean+SEM of n=5-
6donor/group. In vivo TRIB1 level in TAMSs was assessed using fluorescence staining of TRIB1 and F4/80 on the
primary tumours developed from wild-type (C57/BL3) animals. (E) Representative images of fluorescence
staining on the primary tumours. Cells were stained with DAPI (blue) and TRIB1 (red), and TAMs were stained
with F4/80 (green). (F) Quantification of cells with TRIB1 expression (TRIB1* cells) and TRIBL1 expressing
TAMs (TRIB1* F4/80* cells) relative to total cell counts. Data represent mean+SEM of n=5mice/group.



3.3.5 TRIBL1 regulates TAMs phenotype and function

Following the demonstration of TRIB1 expression in TAMs, TRIB1-dependent regulation of
TAM functions was investigated using TRIB1 siRNA transfection of human MDMs for 24
hours prior to TAM polarisation and analysis of the altered cytokines and functionally
important TAM genes, using RT-gPCR. The schematic flow chart of the study is shown in
Figure 3.8A. In addition to cytokines, genes involved in the suppression of immune
surveillance, angiogenesis, and metastasis were assessed. Expression of IL-8 in the tumour
microenvironment has been reported to enhance breast cancer progression in clinical studies
through alteration of immune cell composition and enhance the immunosuppressive state in
the tumour microenvironment (David et al., 2016). IL-10 in pre-tumours promotes
immunosuppression via upregulation of TNF, IL-1, IL-12, and chemokine expression, and
downregulation of CD80 and CD86 on tumour cells, as well as initiating angiogenesis
through inhibition of MMPs (Sheikhpour et al., 2018). IL-15 is involved in T-cell infiltration
(Robinson and Schluns, 2017) whilst PD-L1 expressed on the surface of antigen-presenting
cells, and tumour cells bind to PD-1 on the surface of T-cells and inhibit their proliferation,
cytokine generation and release, and cytotoxicity of T-cells (Wu et al., 2019). SPARC has a
controversial role in cancer development and progression, depending on the surrounding
stroma and type of cancer (Tai and Tang, 2008). In breast cancer, SPARC expression
significantly reduces metastasis-free survival, with 2.34 times higher risk of mortality and
poor prognosis but it was also reported to inhibit breast cancer bone metastasis (Ma et al.,
2017). VEGEF is involved in angiogenesis and vasculogenesis, where the production of this
cytokine is important in the development of a solid tumour and the VEGF enhanced tumour
growth and metastatic potential in vivo (Verheul and Pinedo, 2000). The assessment of the

expression of these cytokines and genes in TRIB1 knockdown MDMs treated with tumour-
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conditioned medium (TAMTR!BIKD) revealed a trend for increased IL-15 expression (Figure
3.8D) as well as a significant increase in IL-8 (Figure 3.8B), IL-10 (Figure 3.8C), PD-L1
(Figure 3.8E), SPARC (Figure 3.8F), and VEGF (Figure 3.8G) RNA levels in TAMTRIBIKD,

compared to control group. Other cytokines were not altered between control and TRIB1

knockdown TAMs (Supplementary figure 6).
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Figure 3.8. Myeloid TRIB1 knockdown modulates functional cytokines and genes in TAMs in vitro. The
regulation of TAM functions depending on TRIBL level in vitro was assessed using transient knockdown of TRIB1
in human MDMs with siRNA transfection. (A) Human MDMs isolated and differentiated from blood were
transfected with either control or TRIB1 siRNA for 48 hours and polarised to TAMs using the tumour-conditioned
medium for 24 hours. Cells were then analysed using RT-gPCR. RNA levels of IL-8 (B), IL-10 (C), PD-L1 (E),
SPARC (F), and VEGF (G) 72 hours after control or TRIB1 siRNA transfection and polarisation. Results of paired
T-test are presented as *p<0.05, and data represent the mean of n=5-8donor/group.

3.4 Discussion

The regulation of macrophage phenotype by TRIB1 was reported by a number of papers
(Satoh et al., 2013, Shiraishi et al., 2016, Arndt et al., 2018, Johnston et al., 2019a). It was
also observed previously in our lab where regulation of Trib1 in myeloid cells altered
composition of macrophage phenotype in the liver in vivo, and TRIB1 high human MDMs

upregulated anti-inflammatory markers compared to TRIB1 low MDMs but not in monocytes
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as discussed above in this chapter, which implies the distinct role of TRIB1 in monocytes and
macrophages (Johnston, 2017). Further analysis of regulatory functions altered between
TRIB1 high and low human monocytes and MDMs confirmed the specific role of TRIB1 in
macrophages where top 10 upregulated pathways in TRIB1 high MDMs were not altered in
TRIB1 high monocytes. The in vitro transient knockdown of TRIB1 in MDMs isolated from
human blood also demonstrated a significant overexpression of pro-inflammatory cytokines
IL-/p, and IL-8 but unaltered anti-inflammatory markers MRC1 and SCARBL1, in line with
published literature and previous work in the lab, where the knockout of Tribl in mice
significantly reduced the number of anti-inflammatory macrophages in spleen and liver and
significantly increased pro-inflammatory macrophages in the liver.

The expression of TRIB1 in breast cancer was assessed by in silico analysis of published
human breast cancer patient datasets provided on the cBioportal website

(https://www.cbioportal.org/). The analysis demonstrated that among different cancer types,

breast cancer aligns at third-highest cancer with alteration in TRIB1 gene with 13.28% of
reported cases; mostly amplification of the gene, and a significant reduction in the overall
survival of patients with TRIBL1 alterations. The in silico analysis of gene expression

microarray datasets of human breast tissues provided on the GENT2 website

(http://gent2.appex.kr/gent2/) revealed paradoxical expression of TRIB1 in breast cancer
tissues compared to normal tissues where a significant reduction of TRIB1 in breast cancer
was observed in one platform, but the difference was lost with the microarray generated from
a different platform, perhaps due to the increased number of samples in the normal breast
tissues which normalised the results. In other hands, TRIB1 RNA expression between
different breast cancer subtypes demonstrated that TNBC expresses highest TRIB1 compared

to other breast cancer tissues. Similar was observed in vitro in breast cancer cell lines which
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observed high expression of TRIB1 protein in different subtypes of breast cancer but
exceptionally high in the TNBC cell lines, which suggests a vital role for TRIB1 in breast
cancer development and aggressiveness.

The expression of TRIB1 in TAMs was also assessed both in vitro and in vivo using RT-
gPCR and fluorescence staining. The assessment of TRIB1 mRNA levels in human MDMs
polarised to TAMs using the tumour-conditioned medium revealed overexpression of TRIB1
in TAMs, compared to unpolarised and pro-inflammatory macrophages. Controversially,
however, expression of TRIB1 protein level observed in TAMs through
immunocytochemistry demonstrated a significant reduction of TRIB1 levels compared to
unpolarised MDMs. The contentious expression of mMRNA and protein levels were also
observed in breast cancer with the member of Tribbles family, TRIB3, where Wennemers et
al. (2011) reported significant overexpression of TRIB3 in breast cancer patients and the
expression correlates with breast cancer prognosis (Wennemers et al., 2011b) but the protein
level of TRIB3 in the patients did not correlate with TRIB3 mRNA levels, which suggested
potential distinct transcriptional and translational mechanisms regulating TRIB3 protein
levels (Wennemers et al., 2011a). The gene-specific correlation of RNA and protein levels
using proteomics and transcriptomics across human tissues and cell lines also revealed no
correlation between transcript and protein levels without gene-specific RNA-to-protein
conversion factors independent of the cells and tissues but suggested potential universal RNA
to protein ratio across cells from different origin (Edfors et al., 2016), which could explain
the difference between TRIB1 mRNA and protein levels in TAMs. In vivo analysis of
primary breast tumours from wild-type animals also demonstrated that ~10-45% of cells
present in the tumour microenvironment expressed Trib1 and mostly from TAMSs, which

implies the potential role of Trib1 in TAMs.
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The regulation of TAM functions via TRIB1 was tested using the transient knockdown of
TRIB1 with siRNA transfection in human MDMs polarised to TAMs and assessment of
altered cytokine and chemokines. The analysis of altered cytokines and chemokines in
TAMTRIBIKD reyealed that TRIB1 knockdown in TAMs significantly increases the expression
of IL-8 and IL-10 which have previously been shown to promote the suppression of immune
surveillance (David et al., 2016, Sheikhpour et al., 2018), a trend of increased IL-15
expression which enhances T-cell infiltration into the tumour (Robinson and Schluns, 2017)
but with a significant increase of PD-L1 expression which disrupts T-cell proliferation and
function (Wu et al., 2019). TAMTRIBIKD glso demonstrated a significant increase of SPARC
and VEGF expression, which are essential for breast cancer growth and angiogenesis
(Verheul and Pinedo, 2000). However, the SPARC expression also inhibits breast cancer
metastasis to bone (Ma et al., 2017), which suggest TRIB1 expression in TAMs modulate

oncogenic functions through alteration of cytokines and chemokines produced in TAMs.
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Chapter 4. Overexpression of myeloid Trib1 enhances breast tumour

growth and modifies the tumour immune microenvironment

4.1 Introduction

In the tumour microenvironment, regulation of macrophage phenotype plays an essential role
in tumorigenesis. Previous papers suggested that the cytokines expressed by pro-
inflammatory TAMs initiate immune responses mediated by NK cells, Thl cells, cytotoxic T
lymphocytes and NO production via NOS2 promotes cytotoxicity and apoptosis using the
activation of aconitase and ribonucleotide reductase or mitochondrial cytochrome C release
(Choudhari et al., 2013, Paul et al., 2019, Quaranta and Schmid, 2019). In contrast, anti-
inflammatory TAMs are generally reported as oncogenic macrophages. About 70% of TAMs
in lung cancer reported to be anti-inflammatory TAMs positive for the macrophage marker
CD68 and an anti-inflammatory marker CD163, and in stage 11 of colorectal cancer, tumours
infiltrated high numbers of anti-inflammatory macrophages to enhance their growth (Ma et

al., 2010, Pinto et al., 2019).

Chapter 3 demonstrated TRIB1 dependent regulation of macrophage phenotypes and the
overexpression of TRIB1 in different cancer types, especially in breast cancer, which implies
the potential oncogenicity of TRIB1 in breast cancer via alteration of macrophage
phenotypes. Recent studies also reported the oncogenic role of TRIBL1 in prostate cancer,
where the overexpression of TRIB1 in the prostate tumour tissue was observed compared to
non-tumour prostatic tissues or adjacent non-malignant tissues (Moya et al., 2018). The
expression of TRIBL1 in prostate cancer cells enhanced the infiltration of angiogenesis

promoting, CD163* macrophages into the tumour and also drove the macrophage phenotype
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towards CD163" expressing macrophages potentially through IKB-zeta expression (Liu et al.,
2019b).

Therefore, in this chapter, the role of myeloid Tribl in the murine mammary tumour growth
will be assessed by the injection of cancer cells into the mammary fat pads of Trib1™™
animals and investigate the myeloid Trib1 dependent tumour growth and alteration of the

TAMs in the tumour microenvironment.

4.2 Hypothesis and aims
This chapter tests the hypothesis that overexpression of myeloid Trib1 enhances breast
tumour growth in a murine mammary cancer model via alteration of TAM phenotype within
the tumour microenvironment.

1. Invivo development of mammary cancer model with myeloid Trib1 overexpressing

mice
2. Investigation of the myeloid Tribl induced tumour development
3. Post-mortem analysis of myeloid Tribl overexpression induced alteration of the

tumour microenvironment

4.3 Results

4.3.1 Myeloid Trib1 overexpression facilitates triple-negative breast tumour growth in
Vivo

To determine the role of Trib1 in breast cancer development, we have used the C57BL/6N
female mice with myeloid-specific Trib1 overexpression (Trib1™9) using the SV40
transcriptional terminator cassette inserted at the Rosa26 locus. The expression of Cre

recombinase with Lyz2 promotor enabled the transcription of Trib1 transgene which resulted
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in the significant increase of Tribl RNA levels in BMDMs and blood monocytes but did not
alter the number of white blood cells, lymphocytes, monocytes, macrophages, and
neutrophils in mice (Johnston et al., 2019b). Genotypes of mice were confirmed using the
Tribl and Lyz2Cre PCR with the DNA extracted from mouse ear clips (Figure 4.1). Trib1™T9
mice were housed and bred at the University of Sheffield Biological Service Unit and
maintained according to the University of Sheffield code of ethics and Home Office
regulations. All the works were carried out under personal license 12AB6392A and Home

Office project license PPL70/8670.

ROSA26.Trib1Tg
A Ladder I . B

Figure 4.1. Example of Trib1™™ (ROSAZ26.Trib1Tg x Lyz2Cre) genotyping PCR. (A) Demonstrates the
example of ROSA26.Trib1Tg PCR gel. Lane 2 represents the homozygous mutation of ROSA26 alleles, and the
band is located at 263bp. Bands in lane 3 represent the heterozygous mutation of ROSA26 allele which shows
both mutated and wild-type alleles at 263bp and 353bp. (B) Demonstrates the PCR gel of Lyz2Cre genotyping
results. Lane 6 with band located at 350bp represents animals without Cre in Lyz2 alleles, and lane 8 with band
located at 700bp represents the mutation of both Lyz2 alleles with Cre expression.

The Eo771 cell line was used to develop breast cancer in mice because as it is derived from

C57 black mice and in syngeneic mouse models, orthotopic transplantation gives advantages
to mimic the human breast cancer development and can easily develop tumours within weeks
(Le Naour et al., 2020). At 8-9weeks of age, 3x10° Eo771 cells were injected to the nipple of

Trib1™9 mice, monitored and weighed routinely every two days. The tumour was also
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measured with a calliper every two days, and once the tumour reached 15mm in diameter,
mice were culled, and the tumour and other tissues were collected for post-mortem analysis.
The schematics of the study shown in Figure 4.2A. The study consisted of n=12-15 animals

in wild-type (Trib1™"T) and Trib1™™ groups.
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Figure 4.2. Overexpression of myeloid Tribl accelerates murine Eo771 tumour growth in vivo. (A)
Represents the schematic diagram of in vivo injection of cancer cells into the nipple of Trib1™T and Trib1™™¢
animals. Eo771 cells were injected into the nipple of animals at 8-9 weeks of age and monitored the body weight
and tumour growth for every 2 days until the size of tumour reached 15mm in diameter. (B) The tumour growth
in Trib1™T and Trib1™T9 animals after cancer cell injection. (C) The changes in body weight during the experiment.

Results of two-way ANOVA are presented as *p<0.05 **p<0.01 ***p<0.001, and data represent mean+SEM of
n=12-15mice/group.

The tumour was grown for approx. 30 days after injection when the Trib1™ tumour reached
15mm in diameter, and both Trib1™9 and Trib1™T animals were culled. The growth curve of

the tumour demonstrated a significant acceleration of Trib1™™ tumour growth from 24 days
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after injection until the end of the experiment (Figure 4.2B). The body weight of animals did
not alter significantly over time, but on average, Trib1™™ females had higher weight

compared to Trib1™T female animals (Figure 4.2C).

4.3.2 Myeloid Trib1 overexpression reduces infiltration of macrophages in breast

tumours

To investigate the mechanisms of accelerated tumour growth in Trib1™ animals, TAM
phenotype was assessed with immunofluorescence staining of frozen mouse tumour sections
and imaged with x40 Nikon Al confocal microscope (Figure 4.3A) or with x20 Af6000
widefield microscope (Figure 4.3E). F4/80 was used to detect TAMSs in the tumour as it is a
well-known macrophage marker expressed by a broad range of macrophages including
Kupffer cells, bronchoalveolar macrophages, and microglial cells (Hume et al., 1984). CD31
and carbonic anhydrase 1X (CA9) were stained together with F4/80 to determine the location
of macrophages in the tumour microenvironment. CD31 or platelet/endothelial cell adhesion
molecule 1 is highly expressed on endothelial cells and blood vessels involved in the
interaction of leukocytes and endothelium (Goncharov et al., 2017). CA9 is an enzyme
induced by hypoxia. In the tumour microenvironment, CA9 is associated with aggressive
tumour behaviour and poor prognosis (Pastorekova and Gillies, 2019). The number of F4/80*
TAMs present in the tumour microenvironment were quantified using ImageJ and observed
the reduction of macrophage infiltration into the Trib1™® tumour microenvironment (Figure
4.3B). Quantification of the number of CD31" cells (Figure 4.3C) and CD31" F4/80* PV
TAMs (Figure 4.3D) did not show any difference between Trib1™'T and Trib1™ animals.

However, the assessment of CA9" F4/80" hypoxic TAMs demonstrated a significant
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reduction of hypoxic TAMs (~45% reduction) in the Trib1™9 tumour microenvironment

(Figure 4.3F).

A F4/80 B C D
*
07 o 25 30
E . .
E 20 2 °
g Sz % 5 ] 20
g 2% i3
+ +
g2 3z L
i) o5 b
S 20 kA 10
S o Se
3 = oL
2 =
£
L sl 0 0 m 0 o
& o o
2 & ¢ N N
g F. g N
= & PR & &
**
100
% [
= w % 80 .
o 38
= Sg 60
= &%
® ©
< 2 40
w2
T § 20
o
e o
=1 & @
) & §
= ¥ <&
-

Figure 4.3. Infiltration of macrophages altered in Trib1™™ tumours. Primary tumours developed in Trib1™VT
and Trib1™™ animals were stained with macrophage marker F4/80 to assess the TAMs in the tumour
microenvironment. (A) Representative images of staining PVM. Cells were stained with DAPI (blue), vessels are
stained with CD31 (white), and TAMSs are stained with F4/80 (green). Quantification of total macrophages
(F4/80+ cells)(B), endothelial cells (CD31+ cells)(C), and PVM (F4/80+ CD31+ cells) in the tumours from
Trib1™T and Trib1™™ animals. (E) Representative images of staining hypoxic TAMs. Cells were stained with
DAPI (blue), the hypoxic area was stained with CA9 (red), and TAMs are stained with F4/80 (green). (F)
Quantification of TAMs in the hypoxic area relative to total cells in hypoxia. Results of unpaired T-test are
presented as *p<0.05 **p<0.01, and data represent mean=SEM of n=5-7mice/group.

4.3.3 The overexpression of myeloid Trib1 modulates the phenotype of TAMs

Previous reports emphasised the importance of macrophage phenotype in tumour growth.
Therefore, TAM phenotype in the tumour microenvironment of our model was assessed by
immunofluorescence staining using NOS2 and MR. NOS2 or nitric oxide synthase is a pro-
inflammatory marker used in the study as NOS produces a large amount of endogenous NO

and macrophages and other tissues express the isoform of NOS (NOS2) in response to pro-
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inflammatory mediators (Luiking et al., 2010). NOS2 is highly expressed in macrophages and
monocytes from patients with infectious or inflammatory diseases; these cells show
antimicrobial action and enhance host resistance (MacMicking et al., 1997). CD206 or MR
(C-type mannose receptor 1) was used to detect the anti-inflammatory marker, as it was
reported that several types of tissue-resident macrophages express MR and the depletion
increased the pro-inflammatory responses (Orecchioni et al., 2019). MR is known to bind and
internalise glycoproteins and collagen ligands (Madsen et al., 2013), but the function of MR
in macrophages is not yet fully understood. Potentially, MR in macrophages plays a role in
the clearance of inflammatory molecules from the blood and produces hepatocyte growth
factor in injured muscle, helping muscle fibre regeneration (Roszer, 2015b). Triple staining
of F4/80, CD31 and NOS2 or MR on the frozen tumour sections were imaged with x40
Nikon Al confocal microscope as shown in Figure 4.4A and Figure 4.4D. The number of
F4/80 positive macrophages with NOS2 or MR and CD31 were quantified using ImageJ, and
the percentage of pro-inflammatory and anti-inflammatory macrophages in the tumour
microenvironment was assessed with ImageJ. Overexpression of myeloid Tribl significantly
reduced the number of pro-inflammatory macrophages (F4/80+ NOS2+)(Figure 4.4B) and
pro-inflammatory PVM (F4/80+ NOS2+ CD31+)(Figure 4.4C) in the Trib1™ tumours but

did not alter the number of anti-inflammatory macrophages (F4/80+ MR+)(Figure 4.4E-F).
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Figure 4.4. Myeloid Tribl reduces TAM polarisation towards pro-inflammatory phenotype. Primary
tumours from Trib1™™ and Trib1™'T animals were stained with F4/80 and polarisation markers NOS2 (pro-
inflammatory) and MR (anti-inflammatory) to investigate the phenotype of TAMSs in the tumour. (A)
Representative images of F4/80, CD31, and NOS2 staining. Cells were stained with DAPI (blue) and pro-
inflammatory marker NOS2 (red), endothelial cells were stained with CD31 (white), and TAMSs were stained with
F4/80 (green). Quantification of NOS2+ F4/80+ pro-inflammatory TAMs relative to total TAMs (B) and NOS2+
F4/80+ CD31+ pro-inflammatory PVM relative to total PV TAMs (C). (D) Representative images of F4/80, CD31,
and MR staining in the tumours. Cells were stained with DAPI (blue) and anti-inflammatory marker MR (red),
endothelial cells were stained with Cd31 (white), and TAMs were stained with F4/80 (green). Quantification of
MR+ F4/80+ anti-inflammatory TAMSs relative to total TAMs (E) and MR+ F4/80+ CD31+ anti-inflammatory
PV TAMs relative to total PV TAMs (F). Results of unpaired T-test are presented as *p<0.05 **p<0.01, and data
represent mean+SEM of n=5-7mice/group.

4.3.4 Myeloid Trib1 altered T-cell infiltration and the density of T-cell subtypes

In the tumour microenvironment, T-cells are essential for their anti-tumour effects, and the
number of T-cells present in the tumour correlates with a better response to therapy and
prognosis. In addition, previous studies demonstrated that the dynamic cell-cell interaction
between T-cells and macrophages is essential for the activation of T-cells (Underhill et al.,
1999). Therefore, the number of T-cells present in the tumour microenvironment and the

activation of T-cells were examined by CD3 staining and the triple staining of CD3, CD4,
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and CD8 on the frozen tumour sections from Trib1™% and Trib1™"T animals. The latter
provides an indication of the subsets of T-cell within the tumour microenvironment. Both
CD3 staining and triple staining were imaged with x40 Nikon Al confocal microscope as
shown in Figure 4.5A and Figure 4.5C and the images were analysed with ImageJ.
Quantification of CD3" T-cells demonstrated the significant reduction of T-cell infiltration
into the tumour microenvironment in Trib1™9 animals compared to the tumour from
Trib1™T animals (Figure 4.5B). The further assessment of T-cell subtypes by triple staining
demonstrated the significant reduction of CD3*/CD4* naive T-cells (Figure 4.5D) and
CD3*/CD8*cytotoxic T-cells (Figure 4.5E), and increased CD3*/CD4/CD8" T-cells (Figure
4.5G) within the Trib1™™ tumours but the difference was not observed with T-cells positive

for both CD4 and CD8 (Figure 4.5F).
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Figure 4.5. Tumours from Trib1™™ animals inhibited T-cell infiltration and altered T-cell subtypes. T-cells
in the primary tumours from Trib1™T and Trib1™™ were assessed using fluorescence staining of CD3. (A)
Representative images of CD3 staining on the tumours from Trib1™T and Trib1™9 animals. Cells were stained
with DAPI (blue), and T-cells were stained with CD3 (white). (B) Quantification of CD3+ T-cells in the tumour
microenvironment relative to total cells. Staining of CD3 with CD4 (naive T-cell marker) and CD8 (cytotoxic T-
cell marker) was also performed to analyse the changes of T-cell subtypes. (C) Representative images of CD3,
CD4, and CD8 triple staining. Cells were stained with DAPI (blue), and T-cells were stained with CD3 (white)
with Naive T-cell marker CD4 (green), and cytotoxic T-cell marker CD8 (red). Quantification of CD3+ CD4+
naive T-cells (D), CD3+ CD8+ cytotoxic T-cells (E), CD3+ CD4+ CD8+ double-positive T-cells (F), and CD3+
CD4- CD8- double-negative T-cells (G) relative to total CD3+ T-cell numbers. Results of unpaired T-test are
presented as *p,0.05 **p<0.01, and data represent mean+SEM of n=5-8mice/group.

90



4.3.5 Tribl alters IL-15 in BMDMs regulating T-cell infiltration

The mechanism of myeloid Trib1 regulating T-cell infiltration into the tumour was
investigated using RT-gPCR on BMDMs and fluorescence staining of primary tumours from
Trib1™T and Trib1™™ animals. IL-15 is a cytokine expressed mainly by myeloid cells with
many overlapping functions as IL-12 to promote anti-tumour responses by stimulating the
tumour-specific T-cell responses, and increase cellular growth, decrease apoptosis, and
enhance immune cell activation and migration, which is essential in the development,
function, and survival of T-cells (Robinson and Schluns, 2017). The interaction of IL-15 and
TRIB1 was observed in the microarray data of comparing TRIB1 high, and low human
monocytes and macrophages were in macrophages, high TRIB1 expression significantly
decreased IL-15 expression in human MDMs (Figure 4.6A). The negative correlation of
Tribl and IL-15 mRNA was further confirmed in mouse BMDMs from Trib1™T and
Trib1™9 animals, where BMDMs from Trib1™¢ animals demonstrated a significant decrease
of 1L-15 expression (Figure 4.6B). Staining of IL-15 and F4/80 in tumours from Trib1™VT
and Trib1™™9 animals also revealed a significant reduction of IL-15 expressing TAMs in the
tumours from Trib1™9 animals (Figure 4.6D). The representative images of staining for

F4/80 and IL-15 are shown in Figure 4.6C.
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Figure 4.6. IL-15 expression in macrophages negatively correlates with myeloid Trib1 levels. The regulation
of T-cell infiltration by TAMSs was investigated using microarray from Cardiogenics Consortium Transcriptomic
data set, RT-gPCR, and fluorescence staining of 1L-15. (A) IL-15 RNA expression in TRIB1 high and low human
monocytes and macrophages from the microarray dataset. Results of FDR adjusted p-values are presented as
****<0.0001. (B) IL-15 RNA expression in mouse BMDMs from Trib1™T and Trib1™9 animals. (C)
Representative images of F4/80 and IL-15 staining on the tumours from Trib1™T and Trib1™™9 animals. Cells
were stained with DAPI (blue) and IL-15 (red), and TAMs were stained with F4/80 (green). (D) Quantification
of TAMs expressing IL-15 in the tumour microenvironment relative to the total number of TAMs. Results of
unpaired T-test are presented **p<0.01 ****p<0.0001, and data represent mean+SEM of n=4-6mice/group.

4.3.6 Overexpression of myeloid Tribl enhanced the development of pulmonary
metastasis

The development of a secondary tumour is classified as the final stage of tumour progression
and crucial for cancer treatment and patient survival. Cancer Research UK reported that there

is a decrease of long-term survival of patients with stage 1V breast cancer to about 26%,
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compared to stage Il (90%) and stage 11 (72%) breast cancer patients (CancerResearchUK,
2020). Macrophages play an essential role in metastasis progression and cancer cell survival
in the blood vessels. Therefore, to assess the role of myeloid Tribl-dependent macrophage
regulation in metastasis, the secondary tumour developed in other organs were investigated.
Lung and liver tissues were analysed in this study since they are the metastatic sites preferred
by breast cancer cells and previous experiments with Eo771 cells demonstrated a high
prevalence of lung metastasis in mice. The organs collected from Trib1™T and Trib1™™
animals were sectioned and stained with H&E. The slides were imaged using a Hamamatsu
slide scanner at Sheffield Institute for Translational Neuroscience. The scanned images were
analysed using ImageScope software to quantify the number and size of the secondary
tumours in lung and liver, as shown in Figure 4.7A. The number of metastases observed in
the liver (Figure 4.7D) was similar between Trib1™™9 and Trib1™T animals. However,
Trib1™9 Jung had a significantly higher number of metastases (Figure 4.7B) with increased
secondary tumour area compared to the Trib1™"T Jungs (Figure 4.7C). In contrast, the total

area of liver metastasis was similar between Trib1™% and Trib1™T animals (Figure 4.7E).
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Figure 4.7. Myeloid Tribl accelerates the development of secondary tumour in the lung. The development
of secondary tumours in the lung and liver were investigated using H&E staining of lung and liver tissues from
Trib1™T and Trib1™9 animals injected with cancer cells at the nipple. The slides were imaged with Hammatsu
slide scanner at the Sheffield Institute for Translational Neuroscience. (A) Representative images of lung and liver
tissues from Trib1™T and Trib1™™ animals. The number and size of secondary tumours were analysed using
ImageScope software. Quantification of secondary tumours in the lung (B) and liver (D) and the total area of
metastasis in the lung (C) and liver (E) of Trib1™T and Trib1™™ animals. Results of unpaired T-test are presented
as *p<0.05 **p<0.01, and data represent mean+SEM of n=6mice/group.
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4.4 Discussion

The previous chapter demonstrated that the human breast cancer cell lines express TRIB1,
and among the breast cancer cell subtypes, TNBC cells expressed the highest TRIB1 level
compared to other subtypes. It was also reported that the expression of TRIB1 is essential for
the progression of cell cycle and the knockdown of TRIBL1 in the breast cancer cell lines
promoted apoptosis (Gendelman et al., 2017), which implies the importance of TRIB1 in
breast tumour growth. Therefore, to assess the role of myeloid TRIB1 in the development of
breast cancer growth, Trib1™™ animals that overexpress Tribl in the myeloid-specific cells
were developed as described in (Johnston et al., 2019a). The development of breast cancer in
Trib1™9 animals using Eo771 cells demonstrated that Trib1 overexpression in myeloid cells
accelerates mammary tumour growth significantly at a late stage of tumour growth, from day

26 (Figure 4.2B).

Post-mortem analysis of tumours was performed to assess the mechanisms of accelerated
tumour growth using fluorescence staining. Staining of macrophages demonstrated the
reduction in TAM numbers in Trib1™™9 tumours, compared to Trib1™T tumours. This finding
IS in contrast to previous studies that reported knockout of TRIB1 using siRNA in the mouse
macrophage cell line (RAW264.7) significantly inhibited the migration of macrophages in
both presence and absence of chemoattractant (Liu et al., 2013), and the number of CD68*
macrophages in the tumour positively correlated with decreased overall survival in colon
cancer (Pinto et al., 2019). The difference perhaps is due to the complexity of in vivo
development of tumour regulating the macrophage infiltration compared to the in vitro
experiments, changes of cytokine and chemokine expressions in Trib1 high macrophages in
response to cancer development, and the difference between the cancer types. Further

staining of F4/80 with CD31 and CA9 revealed a similar number of CD31" F4/80" PVM in
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Trib1™T and Trib1™™ tumours but a significant reduction of CA9" F4/80* hypoxic
macrophages in the Trib1™ tumours.

TAMs enhance glycolysis via TNF expression and exacerbate tumour hypoxia via PGC-1a
and AMP-activated protein kinase (AMPK) activation in the hypoxic areas; these TAMs have
been reported to express both M1 and M2 macrophage markers (NOS2 and Argl)(Jeong et
al., 2019). Therefore, to investigate the relationship of hypoxic TAM reduction in the tumour
microenvironment with macrophage phenotype, triple staining of F4/80, CD31, and NOS2 or
MR was done on the frozen tumour sections. The analysis demonstrated that Trib1™™
tumours had a significant reduction in NOS2* F4/80™ pro-inflammatory TAMs or NOS2™*
F4/80* CD31* perivascular pro-inflammatory TAMs in the Trib1™ tumour
microenvironment but did not alter the MR* F4/80™ anti-inflammatory TAM numbers. This
suggests that the reduction of hypoxic TAMs in Trib1™® tumours are due to the myeloid
Tribl dependent inhibition of pro-inflammatory TAMs, which as a consequence, reduced the
number of TAMSs expressing both pro- and anti-inflammatory phenotypes in the tumour

microenvironment.

Reduction of hypoxic TAMs and NOS2* MR" F4/80" TAMs in the tumour
microenvironment also potentially explain the similar breast tumour growth between
Trib1™T and Trib1™9 animals until 22 days post-cancer injection. The reduction of hypoxic
TAMs and NOS™ MR™ F4/80* TAMs, which can exacerbate the hypoxia in the tumour, led to
a reduction in hypoxic areas in the tumour, and as a consequence, reduced the hypoxic
signals essential for the primary tumour growth. For instance, HIF-1a is crucial for cancer
cell division, and the knockout of HIF-1a significantly decreased the proliferation of breast
cancer cells in vitro and reduced about 60% of primary breast tumour volume in vivo

(Schwab et al., 2012). In addition, Pinto et al. (2019) reported the abundant infiltration of
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CD80" CD68™ pro-inflammatory macrophages in the early development of colorectal cancer
at T1 stage (Pinto et al., 2019), suggesting the importance of pro-inflammatory macrophages
in the formation and the development of early cancer.

However, the presence of pro-inflammatory TAMs in the tumour microenvironment, in
general, is anti-tumoral where the pro-inflammatory cytokines secreted by TAMs, such as IL-
12, initiate immune responses mediated by NK cells, Tn1 cells, and cytotoxic T lymphocytes
(Quatromoni and Eruslanov, 2012). It has also been reported that the abundant number of
anti-inflammatory TAMs positively correlate with the better proliferation of ERa and PR-
negative tumours (Lindsten et al., 2017), and anti-inflammatory TAMs facilitate the breast
cancer migration and invasion via different signalling pathways including VEGF, CCL-18,
and CHI3L1 (Little et al., 2019, Chen et al., 2017). Therefore, the reduction of hypoxic
TAMs and pro-inflammatory TAMs in the Trib1™ animals may postpone the formation and
development of early breast tumour growth. However, at the same time, the inhibition of pro-
inflammatory TAMs and the abundant number of anti-inflammatory TAMs may enhance

breast tumour growth at the later stages.

In addition, staining of T-cells in the frozen tumour demonstrated a significant reduction of
T-cell infiltration in the Trib1™™ tumours. Although the population of CD4* naive T-cells
and CD8™ cytotoxic T-cells from the total pool of CD3" T-cells only demonstrated a trend of
reduction in the Trib1™™9 tumours, the absolute number of T-cells significantly decreased in
the Trib1™™ tumour microenvironment which any further support the acceleration of tumour

growth in Trib1™™9 animals.

However, Jeong et al., (2019) reported that the depletion of TAMSs in the tumour enhances
the infiltration of both naive and cytotoxic T-cells into the tumour microenvironment (Jeong

et al., 2019), which is in contrast to our data. Therefore, to gain further insight into the
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potential mechanisms behind altered myeloid Trib1-dependent T-cell infiltration, the
Cardiogenics Consortium transcriptomic data set were analysed in collaboration with
Professor Alison Goodall and Dr Stephen Hamby at the University of Leicester. The data set
includes RNA profiles of monocytes from 758 donors and MDMs from 596 donors and
compared the top and bottom quartile of individuals based on the TRIB1 expression levels.
The microarray analysis of human MDMs demonstrated a significant reduction of IL-15
expression in Tribl1 high individuals. IL-15 interacts with different lymphocytes, including
NK cells and T-cells. Carrero et al., (2019) reported the enhanced number of tumour-
infiltrating lymphocytes, especially cytotoxic T-cells positively correlates with IL-15
expression in the tumour microenvironment, predominantly observed in myeloid cells, and
the IL-15 expression activates CD8" T-cells and promotes antitumour responses (Santana
Carrero et al., 2019). The regulatory role of Trib1 in the expression of IL-15 was further
observed in BMDM s isolated from Trib1™9 and Trib1™T animals with a significant decrease
in 1L-15 expression in Trib1™™ BMDMs. In addition, fluorescence staining of tumours from
Trib1™T and Trib1™™9 animals revealed a significant reduction of IL-15 expressing TAMs in
the tumours from Trib1™ animals, which implies the reduction of T-cell infiltration into the
tumours from Trib1™9 animals was through myeloid Trib1-dependent regulation of IL-15

expression in TAMs.

As discussed above, abundant anti-inflammatory TAMs are crucial for cancer migration, and
the development of secondary tumour was observed using H&E staining. The number of
metastasis to the liver did not change, but myeloid Trib1 overexpression enhanced the
number of metastasis and the growth of the secondary tumour in the Trib1™T9 lung probably
due to the inhibition of pro-inflammatory TAM recruitment and the abundance of anti-

inflammatory TAMSs in the tumour microenvironment.
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Chapter 5. Myeloid Trib1l knockdown enhances breast tumour growth by

disrupting monocyte and macrophage infiltration

5.1 Introduction

It has already been reported that TRIB1 is oncogenic in different cancer types (Wang et al.,
2017c, Mashima et al., 2014, Yokoyama and Nakamura, 2011). Data from chapter 3 also
demonstrated amplification of TRIB1 gene in breast cancer patients and correlation of TRIB1
alteration and overall patient survival, as well as regulation of functional cytokine and
chemokine expressions in TAMs depending on TRIB1 levels, which supports the potential
oncogenicity of TRIB1 in breast cancer. Chapter 4 further analysed the oncogenic role of
Tribl in Trib1™ 9 animals in vivo, where myeloid Trib1 overexpression enhanced breast
tumour growth through alteration of the tumour microenvironment compositions, especially
TAM phenotype and T-cell infiltration which also enhanced the development of secondary
tumour in the lung.

However, the role of TRIB1 deficiency in tumour development remains to be investigated,
and the literature so far has only reported anti-tumour aspects in TRIB1 deficit tumours.
Knockdown of TRIBL1 significantly reduced the proliferation and survival of breast cancer
cells through enhancing the activity of P53 proteins (Miyajima et al., 2015), and
downregulation of TRIB1 via miRNA-224 inhibited the progression of human prostate cancer
(Lin et al., 2014). Targeting TRIB1 via miRNA-23A was also reported to increase the p53
expression in the hepatocellular carcinoma (HCC) cells, and TRIB1 deficient HCC impeded
the formation of tumour cells in vivo (Ye et al., 2017). In addition, Tang et al. (2015)

reported enhanced sensitivity of radiotherapy in human glioma cells with inhibition of TRIB1
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(Tang et al., 2015). However, although it was not directly mentioned in the paper, miRNA-
224 which target TRIB1 was reported to promote nonsmall cell lung cancer (Cui et al., 2015),
which demonstrates potential complexity of TRIB1 deficiency in tumour development.
Therefore, following on from the previous chapter, the development of triple-negative breast
tumours in myeloid Trib1 deficient mice will be investigated by the injection of cancer cells
through the nipple of Trib1™<© animals for the assessment of tumour growth using callipers
and post-mortem changes to TAMs as well as other cell types in the tumour
microenvironment using multi-colour flow cytometry (Table 5.1) and immunofluorescence
staining of frozen sections.

Table 5.1. Antibodies used in flow cytometry to detect cells in the tumour microenvironment.

Antibodies Targets

F4/80 Tumour-associated macrophage
CD206 Anti-inflammatory marker
CD274 Pro-inflammatory marker
Ly-6C Monocyte
NK1.1 NK cells
Ly-6G Neutrophil

CD3 T-cells

CD4 Naive T-cells

CD8 Cytotoxic T-cells
CD279 PD-1
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5.2 Hypothesis and aims

This chapter tests the hypothesis that myeloid Trib1 is oncogenic and knockdown of myeloid
Tribl reduces the development of triple-negative breast tumour growth in a murine breast

tumour model.

1. Invivo development of breast cancer model with myeloid Trib1 knockout mice
2. Investigation of the tumour development and the post-mortem analysis of the myeloid
Tribl knockout tumour microenvironment with flow cytometry and fluorescence

staining

5.3 Results
5.3.1 Knockdown of myeloid Trib1 enhanced breast tumour growth in vivo

In parallel to Chapter 4, we have used the C57BL/6N female mice with myeloid-specific
Trib1 knockdown (Trib1™<®) using the loxP-Cre splicing of Tribl exon 2 to investigate the
role of Tribl knockdown in breast cancer development. The insertion of loxP around the
second exon of Tribl and the expression of Cre recombinase with the Lyz2 promotor, spliced
the second exon which resulted in a significant decrease of Trib1 expression in BMDMs
without alteration of white blood cells, lymphocytes, monocytes, and neutrophil numbers in
mice (Johnston et al., 2019a, Bauer et al., 2015). Genotypes of mice were confirmed using
the Tribl and Lyz2Cre PCR with the DNA extracted from mouse ear clips (Figure 5.1).
Trib1™ mice were housed and bred at the University of Sheffield Biological Service Unit
and maintained according to the University of Sheffield code of ethics and Home Office
regulations. All the works were carried out under personal license 1I2AB6392A and Home

Office project license PPL70/8670.
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A Trib1 floxed
Ladder 1

Figure 5.1. Example of Trib1™<© (Trib1 floxed x Lyz2Cre) genotyping PCR. (A) Representative image of Trib1
floxed PCR gel. Lane 2 represents the homozygous mutation of Tribl alleles with a loxP insertion around the
second exon (451bp). Lane 3 represents wild-type animals without Trib1l mutation (374bp). Lane 4 represents
heterozygous mutation of Tribl alleles with both loxP inserted and wild-type alleles at 374bp and 451bp. (B)
Representative images of Lyz2Cre genotyping PCR results. Lane 6 represents animals without Cre in Lyz2 alleles
(350bp), and lane 8 represents the mutation of both Lyz2 alleles with Cre expression.

As mentioned in the previous chapter, Eo771 cells were used to develop mammary tumour
model on a myeloid-specific Trib1l knockout C57BL/6 mouse. At 8-9 weeks of age, 3x10°
Eo771 cells were injected to the nipple of Trib1™© mice, monitored and weighed routinely
every two days. The growth of tumour was measured with a calliper, and once the tumour
reached 15mm in diameter, mice were culled, and the tumour and other tissue were collected

for post-mortem analysis. The schematics of the study is shown in Figure 5.2A. The study

consisted of n=5-9 animals in wild-type (Trib1™T) and Trib1™° groups.

The tumour was grown for approx. 22 days after injection when the Trib1™<° tumour reached
15mm in diameter, and both Trib1™T and Trib1™© animals were culled. The analysis
revealed a significant acceleration of tumour growth in Trib1™<° animals compared to
Trib1™T from 18 days after injection until the end of the experiment (Figure 5.2B). There
was no significant difference observed in the bodyweight of Trib1™T and Trib1™© animals
throughout the study (Figure 5.2C).
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Figure 5.2. Myeloid Trib1 knockout accelerates murine Eo771 tumour growth in vivo. (A) Schematic diagram
of in vivo study. At 8-9weeks of age, both Trib1™T and Trib1™<® animals were injected with Eo771 cells at the
nipple and monitored the changes of body weight and tumour growth every two days. (B) Tumour growth of
Eo771 cells in Trib1™T and Trib1™<© animals. Both Trib1™T and Trib1™<C animals were culled at 22 days after
injection when Trib1™<° tumours reached 15mm in diameter. (C) Changes in body weight throughout the study.

Results of two-way ANOVA are presented as *p<0.05 **p<0.01, and data represent mean+SEM of n=5-
9mice/group.

5.3.2 Myeloid Tribl knockdown disrupted infiltration of monocytes and macrophages
into the tumour microenvironment

The tumours grown in Trib1™T and Trib1™<° animals were analysed following collagenase
dissociation of frozen tumour tissues and analysed by flow cytometry using the BD LSRII or

fluorescence. This enabled the investigation of changes in the tumour microenvironment
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composition when myeloid Tribl expression was decreased. The analysis of tumours by flow
cytometry demonstrated that both tumours from Trib1™T and Trib1™<® animals had a similar
number of NK1.1+ NK cells (Figure 5.3B) and Ly-6G+ neutrophils (Figure 5.3C) with a
wide variation in data between samples. Of note, the sample size was only small (n=3).
However, a significant decrease of the total Ly-6C+ monocytes (Figure 5.4B) and F4/80+
TAMs (Figure 5.4C) was observed in the Trib1™© tumour microenvironment compared to
Trib1™T tumours (~20% reduction in both monocytes and TAMSs). Interestingly expression

of the checkpoint markers PD-L1 was unchanged in TAMs (Figure 5.4D).

The tumour vasculature and the TAMs associated with the vessels were also assessed using
the fluorescence staining of endothelial cell marker CD31 and macrophage marker F4/80 on
frozen tumours from Trib1™T and Trib1™<® animals. The analysis revealed that in the
tumours from Trib1™<O, there was a significant reduction of CD31+ F4/80+ PV TAMs
compared to the tumours from Trib1™T animals (Figure 5.5C). The size of vessels was
similar between the tumours from Trib1™'" and Trib1™<° animals (Figure 5.5B). The
representative images of staining are shown in Figure 5.5A. In addition, the number of pro-
inflammatory and anti-inflammatory TAMSs in the tumour microenvironment was assessed by
further analysis of F4/80+ TAMs with pro-inflammatory (PD-L1) and anti-inflammatory
(CD206) markers using flow cytometry. PD-L1 is not a genuine pro-inflammatory marker but
used in this chapter due to the limited number of antibodies allowed to run with flow
cytometry, and the reduction of PD-L1 in macrophages induces pro-inflammatory phenotype
(Lu et al., 2019). The analysis denoted a similar percentage of pro-inflammatory (Figure
5.6B) and anti-inflammatory (Figure 5.6C) TAMs between the tumours from Trib1™'" and
Trib1™<® animals. The representative images of flow cytometry are shown in Figure 5.3A,

Figure 5.4A, Figure 5.6A.
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Figure 5.3. The number of NK cells and neutrophils were comparable between the tumours from Trib1™VT
and Trib1™<® animals. Cells dissociated from primary tumours were stained with NK1.1 (NK cells) and Ly-6G
(neutrophil), and viability was assessed with Live/Dead dead cell staining. The staining was analysed with BD
LSRII, and the positive cells were gated with FlowJo. (A) Representative dot plots of NK cells and neutrophils.
Percentage of NK1.1+ NK cells (B) and Ly-6G+ neutrophils (C) relative to viable cells. Data represent
mean+SEM of n=3mice/group.
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Figure 5.4. Reduced myeloid cell numbers in the tumour microenvironment in Trib1™<° animals. (A)
Representative images of monocytes and TAMs flow cytometry. Cells were stained with Ly-6C (monocytes) and
F4/80 (TAMs), and viability was assessed with Live/Dead dead cell staining. The staining was analysed using BD
LSRII, and the positive cells were gated with FlowJo. Percentage of Ly-6C+ monocytes (B) and F4/80+ TAMs
(C) relative to the total number of viable cells. (D) PD-L1 expression level in F4/80+ TAMs from Trib1™'T and
Trib1™O animals. Results of unpaired T-test are presented as *p<0.05, and data represent mean+SEM of

n=3mice/group.
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taken with Nikon Al confocal microscope and analysed using ImageJ. (B) Area of vessels in tumours from
Trib1™T and Trib1™© animals. (C) Quantification of CD31+ F4/80+ PV TAMs in the tumour microenvironment
relative to the total number of F4/80+ TAMs. Result of unpaired T-test is presented as **p<0.01, and data
represent mean+SEM of n=4-6mice/group.
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Figure 5.6. Knockdown of myeloid Tribl did not alter the percentage of pro-inflammatory and anti-
inflammatory TAMs in the tumours from Trib1™T and Trib1™<© animals. (A) Representative dot plots of
pro-inflammatory and anti-inflammatory TAMSs flow cytometry analysis. Cells dissociated from tumour tissues
were stained with Live/Dead viability dye to select live cells, TAMs were stained with F4/80, and the phenotype
of TAMs was assessed using pro-inflammatory marker PD-L1 and anti-inflammatory marker CD206. The staining
was analysed using BD LSRII, and the positive cells were gated with FlowJo. Percentage of PD-L1+ pro-
inflammatory (B) and CD206+ anti-inflammatory TAMSs (C) relative to the total number of TAMs in the tumour
microenvironment. Data represent mean+SEM of n=3mice/group.

5.3.3 Knockdown of myeloid Tribl did not impact on T-cell infiltration

The total number of T-cells and the subtypes were investigated using staining of cells
dissociated from tumour tissues with T-cell marker CD3, cytotoxic T-cell marker CD8, and
naive T-cell marker CD4 and analysed with flow cytometry. In relation to PD-L1 expression

in TAMs, PD1 was also stained and analysed with flow cytometry to assess the expression of
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PD1 in T-cells. The analysis demonstrated a trend of increased T-cell infiltration in the
tumours from Trib1™<© animals, but the difference was due to the wide variation of the
amount of T-cell infiltration in Trib1™° animals (Figure 5.7B). A similar number of PD1
expressing T-cells (Figure 5.7C) and the level of PD1 expression in T-cells (Figure 5.7D)
were observed between the tumours from Trib1™/T and Trib1™<© animals. Further analysis of
CD3+ CD8+ cytotoxic T-cells and PD1 expression of these cells also demonstrated no
significant difference in the total number of cytotoxic T-cells (Figure 5.8B), number of PD1
expressing cytotoxic T-cells (Figure 5.8C), and the level of PD1 expression in the CD3+
CDB8+ cytotoxic T-cells (Figure 5.8D). Identically, a similar number of CD3+ CD4+ naive T-
cells (Figure 5.8F) and PD1 expressing naive T-cells (Figure 5.8G) were observed between
Trib1™T and Trib1™<° tumours. However, a trend of reduced PD1 expression level was

observed in the tumours from Trib1™<° animals (Figure 5.8H).
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Figure 5.7. Knockdown of myeloid Trib1 did not alter the number of T-cells and PD1 expression in T-cells.
(A) Representative images of CD3 and PD1 flow cytometry. Cells extracted from tumour tissues were stained
with Live/Dead viability dye to identify the live cells, and T-cells were stained with CD3 and PD1. The staining
was analysed using BD LSRII, and the positive cells were gated with FlowJo. Percentage of total CD3+ T-cells
(B) and PD1+ CD3+ PD1 expressing T-cells (C) relative to the total number of live cells. (D) Level of PD1
expression in CD3+ T-cells. Data represent mean+SEM of n=3mice/group.
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Figure 5.8. Myeloid Trib1 does not influence the subtype of T-cells and PD1 expression. (A) Representative
images of CD3, CD8, and PD1 flow cytometry. Cells were stained with CD3 to identify T-cells and further stained
with CD8 and PD1 to assess the number of cytotoxic T-cells and PD1 expression. Percentages of cytotoxic T-
cells relative to the number of total T-cells (A), and PD1 expressing cytotoxic T-cells relative to total cytotoxic
T-cells (B). (C) PD1 expression level in CD3+ CD8+ cytotoxic T-cells. (E) Representative images of CD3, CD4,
and PD1 flow cytometry. Cells were stained with CD3 to identify T-cells and further stained with CD4 and PD1
to assess the number of naive T-cells and PD1 expression. Percentages of naive T-cells relative to total T-cells
(F), and PD1 expressing naive T-cells relative to total naive T-cells (G). (H) PD1 expression level in CD3+ CD4+
naive T-cells. Data represent mean+SEM of n=3mice/group.
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5.4 Discussion

In solid cancer, including breast cancer, TRIBL is reported as an oncogene which facilitate
tumour development. It is reported that TRIBL1 is frequently amplified in cancers including
breast, prostate, and colon cancers, and particularly in colon cancer, TRIB1 expression is
positively correlated with poor prognosis and cancer metastasis(Wang et al., 2017c). TRIB1
is also associated with cell cycle arrest, and inhibition of TRIB1 increased the sensitivity of
breast cancer cells to TRAIL-induced apoptosis (Gendelman et al., 2017). In addition, our
study revealed that TRIB1 expression is involved in the aggressiveness of breast cancer and
regulate oncogenic cytokine expressions in TAMs, and the overexpression of myeloid Tribl
would accelerate breast tumour growth through inhibition of pro-inflammatory TAM
polarisation and T-cell infiltration in the tumour microenvironment, which suggested the
oncogenicity of TRIB1 in breast cancer. Therefore, we hypothesised TRIB1 as a potential
target to inhibit tumorigenesis and to further identify the mechanism of myeloid TRIB1 in the
breast cancer development, Trib1™<© animals with reduced Trib1 expression in myeloid-
specific cells as discussed in (Johnston et al., 2019a) were injected with mouse Eo771 cells to
investigate the consequence of myeloid Trib1 knockout in the tumour growth and formation
of the tumour microenvironment. However, the development of Eo771 cells in Trib1m<©
animals also demonstrated accelerated tumour growth compared to Trib1™T animals, and
interestingly faster than tumours grew in Trib1™™9 animals as shown in chapter 4, which
reached maximum tumour size at 22 days after injection (Figure 5.2B).

The mechanism behind the acceleration of tumour growth in Trib1™© animals was initially
investigated by the assessment of the tumour microenvironment with post-mortem analysis
using flow cytometry and immunofluorescence staining. The assessment of tumour

microenvironment revealed no difference in the population of NK cells and neutrophils
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present in the tumours from Trib1™T and Trib1™© animals but observed a significant
decrease of monocyte and macrophage numbers in Trib1™<© tumours as well as reduction of
CD31+ F4/80+ PV TAMs in the tumour microenvironment. However, regardless of TAM
numbers, both TAMs from Trib1™T and Trib1™<® tumours expressed a similar level of PD-
L1 which was also observed in vitro transient TRIB1 knockdown TAMSs which shown
overexpression of PD-L1 when TRIB1 was silenced with siRNA (Chapter 3, figure3.8E).
PD-L1 expression in TAMs inhibits proliferation, cytokine generation and release, and
cytotoxicity of T-cells by binding to PD1 in T-cells (Wu et al., 2019), which implies the
reduction of TAM infiltration in Trib1™<° tumours would not inhibit the oncogenic roles of
TAMs. However, the ratio of TAM phenotypes between Trib1™'T and Trib1™<© animals was
similar which suggest the acceleration of tumour growth in Trib1™<© animal was not
associated with the changes of TAM phenotype, especially with pro-inflammatory TAMs as
shown in Trib1™ animals in Chapter 4. Therefore, we explored whether the acceleration of
tumour growth in Trib1™<© animals is due to the potential impairment of T-cell associated

immune responses by TAMs irrelevant of the phenotypic changes.

The T-cells in the tumour microenvironment were evaluated using flow cytometry to assess
the population of total T cells and demonstrated a wide variation of total T-cell numbers in
Trib1™KO animals. In addition, a comparable number of cytotoxic T-cells, naive T-cells, and
the level of PD1 expression in T-cells were observed between Trib1™'T and Trib1™<© animals
which further confirms that in contrast to Trib1™™ animals, infiltration of T-cells in Trib1™<©
animals does not influence tumour growth. Therefore, our flow cytometry and fluorescence
staining data suggest a distinct mechanism in the development of tumours from Trib1™<©

animals compared to Trib1™™9 animals as the knockdown of myeloid Trib1 does not alter
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TAM phenotype or T-cell infiltration as in Trib1™9 animals. Trib1™© also regulate

macrophage infiltration but particularly PV TAMs in contrast to Trib1™9 animals.
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Chapter 6. General discussion

6.1 Summary

For many years, breast cancer had the highest incidence and mortality rate in women
worldwide. Although rapid progress in molecular biology, systems biology, and genome
science allowed to develop personalised medicine and treatments which significantly reduced
the mortality rate from 1990, breast cancer is still the most common cause of cancer deaths
with an increasing number of incidence in females. Upon development of cancer, both
mutations in different genes and recruitment of neighbouring healthy cells are performed by
cancer cells to initiate the formation of solid tumour, and TAMs are observed to consist
~50% of the breast tumour mass and accelerate tumour growth and promote resistance to the
therapies. Therefore, increasing knowledge of breast cancer biology and mechanisms that
underpin cancer development will lead to effective strategies to develop breast cancer
treatments. In this study, we aimed to understand the mechanisms of oncogenicity in TAMs,

particularly in relation to TRIB1 expression.

TRIB1, which is a pseudokinase protein that regulates MAPK signalling and C/EBPa, was
initially emphasised for its role in myeloid cells, with TRIB1 being highly expressed in the
myeloid lineages (Richmond and Keeshan, 2019) and the knockout of Tribl in mice showing
reduction of anti-inflammatory macrophages in tissues (Satoh et al., 2013, Johnston, 2017).
The regulation of macrophage phenotype by TRIB1 expression was also confirmed in our
study via in vitro transient knockdown of TRIB1 in the macrophages which demonstrated the
significant increase of pro-inflammatory cytokines IL-1/ and IL-8 whilst the expression of
anti-inflammatory cytokines were not altered (Figure 3.3). The in silico analysis of

Cardiogenic Consortium transcriptomic data set also revealed that the top 10 functional roles
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of macrophages modified based on the TRIB1 expression was specific to macrophages and
were not altered in monocytes (Figure 3.2) which supports the distinct TRIB1 dependent
regulation of macrophages among myeloid cells.

Our study also revealed the oncogenicity of TRIB1 in breast cancer where in silico analysis
of TRIB1 gene in breast cancer patients with published cancer genomics data sets cBioportal

(https://www.cbioportal.org/) demonstrated the alteration of TRIB1 gene in the 13.28% of

breast cancer patients among 1084 cases, mostly amplification of the gene (Figure 3.4A),
and the patient with altered TRIB1 gene had significantly decreased overall survival (Figure
3.4C). It was also reported by a previous study that demonstrated a significant reduction of
patient breast cancer-specific and overall survival with amplification of TRIB1 copy number
(Gendelman et al., 2017). The microarrays of published human datasets from GENT2

(http://gent2.appex.kr/gent2/) also revealed the significant overexpression of TRIB1 RNA

level in the TNBC tissues compared to other subtypes (Figure 3.5C), and similar was
observed in the breast cancer cell lines where the TNBC cells expressed high TRIB1 levels
(Figure 3.6). In addition, although TRIB1 RNA level between normal and breast cancer
tissues with GENT2 demonstrated either reduction of TRIB1 in breast cancer in the
Affymetrix U133A platform (GPL96) or no difference in Affymetrix U133Plus2 platform
(GPL570) (Figure 3.5A and B), comparing normal breast tissues with TNBCs shown a
significant increase of TRIB1 expression (p<0.0001) which implies that huge variations of
TRIB1 expression depending on breast cancer phenotypes and in the analysis of breast cancer
in comparison with healthy tissues, it is essential to specify the cancer subtype to avoid
misleading of data. Collectively, in silico analysis of two different published data sets in this

study uncovered that TRIBL1 is highly involved with the aggressiveness of breast cancer.
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Similar to our in silico analysis, in vitro assessment of macrophages treated with tumour-
conditioned medium, mimicking TAMs from the tumour microenvironment, exhibited a
significant increase of TRIB1 RNA levels in TAMs compared to unpolarised or M1
macrophage stimulated with LPS and INF-y (Figure 3.7A). However, the level of TRIB1
protein in TAMSs was significantly reduced compared to unpolarised macrophages (Figure
3.7B-C). The difference of RNA and protein level of the same gene is potentially caused by
lack of gene-specific RNA-to-protein conversion factors independent of the cells and tissues
(Edfors et al., 2016), and similar controversial expression of RNA and protein levels was
reported with TRIB3 which observed significant overexpression of TRIB3 in breast cancer
patients and correlation of TRIB3 expression with poor breast cancer prognosis whilst the
protein level of TRIB3 was opposite (Wennemers et al., 2011b, Wennemers et al., 2011a).
However, the fluorescence staining of the murine mammary tumours developed in vivo
demonstrated most expressions of TRIB1 observed in the tumour microenvironment are from
TAMs (Figure 3.7D-F), which denoted the importance of myeloid TRIB1 in breast tumour

development.

Based on our findings in Chapter 3 which implied the importance of myeloid TRIB1 in breast
cancer, we have developed a mammary cancer model with myeloid-specific Tribl
overexpressing and knockout C57/BL6N mice to investigate the mechanisms of myeloid
Tribl dependent breast cancer development. In order to develop the syngeneic mice model
with our immunocompetent Trib1 knockout and transgenic mice, we have used Eo771 cells
to inject into the mammary fat pads and monitoring the tumour growth (Figure 2.1). The
classification of Eo771 cell line still remains controversial, but among 30 publications
considering Eo771 cells, only 3 articles reported ERa in Eo771 cells with much weaker

expression compared to MCF-7 (considered ERa+), but the receptor was not found in the
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nuclear compartment which could consider as Era- (Le Naour et al., 2020). In addition,
Eo771 cells are derived from C57 black mice which allow being used as syngeneic models,

and orthotopically transplantation leads to large tumours within weeks.

Interestingly, measuring breast tumour growth on Trib1™® and Trib1™<© animals
demonstrated that both overexpression and knockout of myeloid Trib1 promoted the breast
tumour growth. However, Trib1™9 animals accelerated at the later stage at 24 days (Figure
4.2B) compared to Trib1™<° animals at 18 days (Figure 5.2B). In relation to our in silico data
which show a significant increase of TRIB1 expression in TNBC tissues compared to normal
breast tissues with other breast cancer subtypes, acceleration of breast tumour growth with
either overexpression or knockout of myeloid Tribl implies that regulation of Trib1 level

from the baseline will promote aggressiveness of breast cancer.

In order to determine whether alteration of Trib1 expression from baseline will generate
aggressiveness of breast cancer in distinct mechanisms, primary tumours developed in
animals were collected for further analysis. The post-mortem analysis of tumours revealed
that tumours from Trib1™™ animals had a significant reduction of TAMSs in the tumour
microenvironment, especially hypoxic TAMs (Figure 4.3), with significant inhibition of
TAM polarisation towards pro-inflammatory phenotypes (Figure 4.4). Hypoxic TAMs are
distinguished as entrapped, less motile TAMSs in the hypoxic area with pro-tumoral features
facilitating cancer cell survival, angiogenesis, metastasis and immune suppression as
described above. In addition, TAMSs expressing both pro- and anti-inflammatory phenotypes
are reported to exacerbate tumour hypoxia (Jeong et al., 2019) crucial for the tumour blood
vessel formation and primary tumour growth (Muz et al., 2015). The sufficient infiltration of

pro-inflammatory macrophages is also known to be essential for the early cancer formation
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and development (Pinto et al., 2019), which could explain the delay of breast tumour growth

in the Trib1™™9 animals compared to the Trib1™<° animals.

However, the acceleration of mammary tumour growth in the Trib1™9 animals compared to
the Trib1™VT animals could also be delineated by the inhibition of pro-inflammatory TAM
polarisation as the cytokines expressed by pro-inflammatory TAMs initiate tumoricidal
immune responses mediated by different immune cells (Quatromoni and Eruslanov, 2012).
Furthermore, fluorescence staining of the tumour also demonstrated a significant reduction of
T-cell number in Trib1™ tumours (Figure 4.5). It was reported that TAMs are involved in
the T-cell infiltration (Jeong et al., 2019), and one of the contributors is IL-15 expression
which is highly involved in the T-cell infiltration, development, and survival (Santana
Carrero et al., 2019, Robinson and Schluns, 2017). The microarray of TRIB1 high and low
human monocytes and macrophages revealed a significant reduction of IL-15 expression in
TRIB1 high macrophages (Figure 4.6A). Similar was also observed in murine BMDMs and
tumour microenvironment from Trib1™¢ animals (Figure 4.6B-D) which confirmed that
overexpression of myeloid Tribl reduced I1-15 expression in TAMSs and as a consequence,
reduced T-cell infiltration and accelerated breast tumour growth.

Finally, post-mortem analysis of Trib1™© tumours also revealed a significant reduction of
TAM (Figure 5.4), but in contrast to Trib1™ tumours, observed the decrease of PV TAM
numbers compared to WT tumours (Figure 5.5), essential for the angiogenesis and metastasis
of cancer. The number of TAM phenotypes, T-cells, and other immune cells was not changed
between the tumours from Trib1™<© and Trib1™T animals (Figure 5.3, Figure 5.6, Figure
5.7, Figure 5.8), but in vitro transient TRIB1 knockdown of human macrophages polarised to
TAMSs demonstrated a significant increase of cytokines involved in the immune suppression

and angiogenesis such as IL-8, IL-10, PD-L1, SPARC and VEGF (Figure 3.8). Although
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previous paper reported the correlation of TRIB1 and IL-8 expression in breast cancer, we
have observed overexpression of IL-8 in TRIB1 knockdown TAMs that is involved in the
immune suppression and poor PD-L1 blockade (Yuen et al., 2020). In addition, I1L-10
suppresses immune surveillance, inhibit apoptosis and enhances migration of cancer cells
(Sheikhpour et al., 2018, Chen et al., 2019a); PD-L1 disrupts T cell proliferation and function
(Wu et al., 2019); and SPARC and VEGF expressions are crucial for breast cancer growth and
angiogenesis, which suggest the knockout of myeloid Trib1 does not alter TAM phenotype
nor other immune cell population in breast tumours but alter the expression of oncogenic

cytokines in TAMs to accelerate breast tumour growth.

In summary, our findings suggest that TRIB1 expression is associated with aggressiveness of
breast cancer and regulation of myeloid Trib1 in either way has distinct mechanisms in the
tumour microenvironment to facilitate breast tumour growth (Figure 6.1). The
overexpression of myeloid Tribl inhibits polarisation of pro-inflammatory TAMs and
significantly reduce the IL-15 expression, as a consequence, reduce infiltration of T cells into
the tumour microenvironment and accelerate breast tumour growth. Whilst the myeloid Tribl
knockout does not alter TAM phenotype nor infiltration of T cells but instead increases the

expression of oncogenic cytokines in TAMs to accelerate tumour growth.
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Figure 6.1. Myeloid Tribl has distinct roles in the formation of the tumour microenvironment. Schematic
diagram of the tumour microenvironment alteration depending on the myeloid Trib1 overexpression and knockout.

6.2 Limitations

Animal models provide critical insights into disease pathology, gene characterisation and
investigating therapeutic agents which thereby highly used in the biomedical researches.
Correspondingly, the project is highly involved with mouse model studies; therefore, the
main limitation of the study is the lack of human patient data. To overcome the challenge, we
attempted to use published human datasets available from the websites to develop the
rationale of the project, as shown in chapter 3. However, it will be interesting to investigate
the human patient samples to confirm the direct translation of the murine data. Another
limitation regarding mouse model is the classification of Eo771 cells. As we have used
C57/BL6N mice to modify the expression of myeloid Trib1, we required to develop cancer

model on the immunocompetent host that requires breast cancer cells from the same host.
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Therefore, although the classification of Eo771 was controversial, we have initially used this
cell line as TNBC to develop cancer models as it was challenging to find the alternatives.
However, it was confirmed in 2020 that Eo771 cells are luminal B mammary cancer cells.
There were difficulties also with the recruitment of enough sample number as we bred
specific mouse strains for the study which required specific genotype of the animal and time
to grow the animals to a certain age to start the experiments. Moreover, we encountered
major difficulties with breeding Trib1™<® animals as they were not able to produce litters as

other strains which unable to get enough samples to strengthen the data.

After the development of tumour models, limitations are also found in the post-mortem
analysis. Although TAMs, T-cells, and other immune cells were assessed either with
fluorescence staining or flow cytometry, there are other cells involved in the tumour
development such as Tregs, fibroblasts, and B cells which were not investigated in this study.
Flow cytometry allows multiple screening of antibodies at a single time, but the number of
antibodies allowed to run depends on the number of lasers and detectors that inhibited to
screen other antibodies. Analysing fluorescence staining also has limitations as due to the
technical issues and efficiency, it is difficult to analyse the whole tissues. Therefore, 4-5-
random areas were imaged and analysed, which has possibilities to have bias data.

The in vitro studies with human macrophages, especially investigating the tumour-
conditioned medium treated macrophages, contains some limitations. Although it will be able
to represent the human data with the ease to assess the response of cells depending on the
conditional changes, it would be impossible to provide the complexity of interactions in
tissues and tumour microenvironment. Therefore, treating conditioned medium to
macrophages will polarise cells similar to TAMs, but it will react differently from the TAMs

in the tumour microenvironment.
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Finally, chapter 5 concludes the acceleration of tumour growth in the Trib1™<© animals based
on the in vitro human MDM data. As mentioned above, in vitro development of TAMs from
human macrophages could not completely mimic the re-education of macrophages to TAMs
in the tumour microenvironment. The difference in the species also lacks substantial evidence
to confirm that the TAMs in the Trib1™<° tumours will react as observed in the human

MDMs.

6.3 Future work

Based on the findings in this thesis and the limitations, it would be useful to translate the
current findings to human samples by investigating the human breast cancer tissues with
fluorescence staining to confirm the regulatory role of myeloid TRIB1 in the breast tumour
microenvironment. Chapter 3 briefly demonstrated the correlation of TRIB1 expression and
the aggressiveness of breast cancer by presenting the highest expression of TRIB1 in TNBC
tissues and the analysis of human patient tissues will provide further supporting evidence to
denote the mechanism of modulating aggressiveness of different breast cancer subtypes
depending on myeloid TRIB1 expression. Furthermore, increasing N numbers of in vivo
myeloid Tribl knockdown studies and analysis of the tumour microenvironment with flow
cytometry, and isolating TAMs directly from Trib1™<° tumours and investigating the
functional cytokines involved in the tumour development using RT-qPCR or RNA-seq will
strengthen the significance of changes in Trib1™<° tumours and confirms the mechanism of

accelerated breast tumour growth in Trib1™<© animals.

Chapter 4 briefly mentioned the potential regulation of metastasis via myeloid Tribl
expression. In contrast to the Trib1™9 tumours, Trib1™<° tumours also had a significant

reduction of PV TAMSs, which raise a new question of whether the metastatic stage of breast
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tumour will be affected by myeloid Trib1. Therefore, it would be interesting to investigate
the myeloid Tribl dependent secondary tumour development in the lung and the liver and
further develop another project to establish metastasis cancer models on the Trib1™™ and
Trib1™<O animals and analyse the mechanism of the myeloid Trib1 dependent metastasis.
This could be done by resection of the primary mammary tumour or in seeding models where

the tumour cells are injected via the circulation to establish metastasis.

Translating the data for the clinical application would also be exciting work in the future.
Current findings revealed that myeloid Trib1 expression consists of two distinct mechanisms
to regulate breast tumour growth and aggressiveness. If we have reliable evidence regarding
metastasis, developing TRIB1 as a marker to classify breast cancer will enable us to specify
the patients to appropriate therapies. If we get data regarding the interaction of myeloid
TRIB1 and other immune cells such as T-cells, it would be interesting to research TRIB1 as a
potential therapeutic target to antagonise or agonise combination with other therapies based

on the expression levels to maximise the response rate and reduce resistance.

Finally, the research in this thesis was done only with Eo771 cells that is confirmed as
luminal B mammary cancer cells. Therefore, based on the published human datasets in
chapter 3 demonstrating highest TRIB1 expression in TNBCs compared to other breast cancer
subtypes, it would be beneficial in future to analyse the role of myeloid TRIB1 in the TNBC

development.
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Appendix 1. Confirmation of siRNA transfection

Negative Control

SIGLO Transfection

Supplementary figure 1. Transfection of siGLO on macrophages with Viromer Green. In order to evaluate
the efficiency of transfection in primary human macrophages with Viromer Green (Lipocalyx), human MDMs
were transfected with siGLO Green Transfection Indicator (Dharmacon) for 24 hours. The resulting images
represent MDMs transfected by Viromer Green (Lipocalyx) without siGLO Green Transfection Indicator
(Dharmacon) as a negative control, and MDMs transfected with siGLO Green Transfection Indicator
(Dharmacon). All images were captured by wide-field microscope 20x lens and the images were adjusted with
ImageJ.
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Appendix 2. Optimization of TRIB1 fluorescence staining

Initially, we were stained tumour sections by fixing the tissues in 95% and 70% of ethanol for
5 minutes each and rehydrate in the running water for 1-3 minutes. TRIB1 antibody sample
was provided by Primerdesign (anti-TRIB1 rabbit polyclonal antibody) for us to check the
application on fluorescence staining before they are on sale and we have tested with different
conditions (without any detergent, Treated with either 0.1% Triton X-100 or H,O>, and
treated with both Triton X-100 and H20O: and none of the conditions was able to show TRIB1
signals in the tumour sections (Supplementary figure 2). Therefore, we decided to use TRIB1
antibody from Millipore we were using previously in the lab and tested the TRIB1 antibody
either with and without detergent. Though TRIB1 staining with Millipore antibody detected
some signals, the signals looked similar to the non-specific, and it was difficult to find
(Supplementary figure 3). Finally, we have changed the fixation method from ethanol to
acetone for 10 minutes and was able to observe TRIB1 signals on mouse breast tumour

tissues (Supplementary figure 4).

164



H,0, Only Detergent Only H,0, & Detergent

Negative Control
DAPI

TRIB1

DAPI

TRIB1 (PrimerDesign)

TRIB1

Supplementary figure 2. Immunofluorescence staining of Primerdesign TRIB1 antibody on a mouse
breast tumour. In order to test the antibody and optimise the TRIB1 fluorescence staining, TRIB1 was stained
on mouse breast tissues with different conditions. Staining without any detergent, with mild detergent (0.1%
Triton X-100), with H,O2, and with both mild detergent and H,O; were tested, but no signals were detected in
all the conditions. All images were captured by a wide-field microscope 20x lens, and the images were adjusted
with ImageJ.
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A Negative Control B TRIB1 (Millipore)

DAPI

TRIB1

pm 250 um 250

Supplementary figure 3. Testing fluorescence staining with TRIB1 antibody from Millipore. In order to
test and optimise the TRIB1 fluorescence staining on breast tumour tissues, TRIB1 antibody from Millipore was
used to staining tumour sections either with or without detergent treatment. Compared to (A) negative control
with 1gG isotypes, (B) staining with Millipore TRIB1 antibody showed spots of signals which are inspected as

non-specific signals from debris or dust. All images were captured by a wide-field microscope 20x lens, and the
images were adjusted with ImageJ.
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Negative control TRIB1 (acetone fix)

DAPI

TRIB1

Merged

Supplementary figure 4. Confirmation of Millipore TRIBL1 staining on breast tumour tissues with acetone
fixation. In order to optimise the fluorescence staining of TRIB1 from Millipore on breast tumour tissues,
tissues were fixed with ice-cold acetone for 10 minutes at room temperature and stained. All images were
captured by a Nikon Al confocal microscope 40x lens, and the images were adjusted with ImageJ.
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Appendix 3. Additional qPCR of TRIB1 KD macrophages and TAMs
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Supplementary figure 5. gPCR analysis of TRIB1 siRNA transfected macrophages. Human MDMs were
generated from monocytes isolated from human blood. The isolated monocytes were differentiated to
macrophages for 7 days and transfected with TRIB1 siRNA to knockdown TRIB1 expression. Cells were then
analysed with RT-qgPCR. RNA levels of IL-6 (A) CD80 (B) FAM26F (C) IL-10 (D) TLR1 (E) VEGF (F) and
TLR8 (G) 48 hours after control or TRIB1 siRNA transfection. Results represent mean+SEM of n= 4-
9donor/group.
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Supplementary figure 6. gPCR analysis of TRIB1 siRNA transfected macrophages. Human MDMs
isolated and differentiated from blood were transfected with either control or TRIB1 siRNA for 48 hours and
polarised to TAMs using the tumour-conditioned medium for 24 hours. Cells were then analysed using RT-
gPCR. RNA levels of IL-6 (A), CD80 (B), FAM26F (C), MRC1 (D), TLR1 (E) and TLR8 (G) 72 hours after
control or TRIB1 siRNA transfection and polarisation. Results represent the mean of n= 4-8donor/group.
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Appendix 4. Immunofluorescence staining of human breast tissue

Human breast tissues that were left after experiment performed previously in the lab were
stained with CD68 (macrophage marker) and TRIB1 to optimise the immunofluorescence
staining protocol before analysing TRIB1 in macrophages and correlation TRIB1 expressing
TAMs and T cell infiltrations in TRIB1 high and low human breast cancer tissues in Madrid,
Spain. The human tissues were acquired with NHS National Research Ethics Service
Sheffield Research Ethics Committee REC reference number 09/H1308/138. The PEFF
human breast tissues were dewaxed, blocked endogenous peroxide activity with H202, and
antigens were retrieved with 0.01M trisodium citrate (TSC) pH6. The diluted antibodies were
stained and imaged the fluorescence with Nikon Al confocal microscope (detailed protocol
in page 56, 2.2.18 Immunofluorescence staining of PEFF tissues). Staining of TRIB1 (1:50
dilution) worked fine but we were not able to detect CD68 signals. We were not able to

further develop this experiment due to COVID19 lockdown and were not able to go to Spain.
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Supplementary figure 7. Fluorescence staining of PEFF human breast tissues. The human breast tissues
were stained with CD68 and TRIB1 to test the immunofluorescence staining on PEFF human tissues. Cells were
stained with DAPI (blue), TRIB1 (Red) and CD68 (green). All images were captured by a Nikon A1l confocal
microscope 40x lens, and the images were adjusted with ImageJ.
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