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Lung cancer is one of the most frequent malignant neoplasms and the main cause of cancer death.
Despite medical advances, survival remains low in non-small cell lung cancer (NSCLC), the
commonest type. Macrophages play a substantial role in tumour progression because of their
plasticity during activation and tumour infiltration. M1 polarised macrophages are associated with
increase survival in lung cancer but tumour-associated macrophages (TAM) are distinct in their
potential to promote or hinder tumour development.

There has been increasing recognition of molecular drivers of cancer and amongst them, exosomes
are thought to modulate the wider tumour micro-environment. Exosomes are extracellular vesicles
secreted by all cell types and facilitate remodelling, immune escape promotion and tumour
development in the tumour microenvironment. Exosomes can transport a diverse cargo of RNA,
DNA, and protein. MicroRNAs form a potentially important exosomal cargo which may affect entire
cellular pathways of recipient cells, such as macrophages. Identifying, which miRNAs are associated

with these processes may be essential in management of lung cancer patients.

| propose that TAMs are affected by exosomes generated by tumours, and this affects their ability
to respond to the tumour. The hypothesis is that differentially expressed specific exosomal miRNAs
derived from NSCLC tumour alters the phenotype of macrophages resulting in immune regulation
of macrophages in the tumour microenvironment.

In this project, | characterised tumour derived exosomes (TDE) and their paired normal lung tissue
derived exosomes (NDE) and shown that | can sequence their microRNA cargo. The differential
expression testing with DESeq2 of TDE and NDE identified 465 differentially expressed miRNAs.
Eight miRNAs (miR-21-5p, miR-100-5p, miR-101-3p, miR-126a-5p, miR-133a-3p, miR-149-5p, miR-
193a-3p, and miR-205-5p) were statistically significantly differentially expressed and involved in
signaling pathways related to polarisation of macrophages towards the anti-inflammatory

phenotype M2. Those pathways were PI3K/Akt/mTOR, TLRs/NF-kB, JAK/STAT and JNK/MAPK.



| subsequently compared and correlated the targeted mRNA of the TDE versus NDE differentially
expressed miRNAs with the differentially expressed mRNA from tumour associated macrophages

(TAM) and non-tumour associated macrophages (NTAM).

Eleven miRNAs (miR-1-3p, miR-105-5p, miR-126a-3p, miR-16-5p, miR-193a-3p, miR-21-5p, miR-
2682-5p, miR-30a-3p, miR-34a-5p, miR-503-5p, miR-9-5p) were identified. The dysregulated
mMRNA and their signaling pathways were like the affected pathways from differentially expressed
miRNAs in the TDE and NDE comparison group. These were PI3K/Akt/mTOR, TLRs/NF-kB and JAK-

STAT signaling pathway.

| subsequently exposed in vitro derived macrophages to TDE and their paired NDE. My results
indicated that macrophages exposed to TDE had a milder inflammatory profile (dysregulation of IL-

6, SOCS-1, Serpin-B1 and CCL18) than those exposed to paired NDE.

These macrophages were subsequently subjected to Next Generation Sequencing (NGS)/RNA to
evaluate their transcriptome (MRNA and microRNA) expression. The aim was to establish if miRNA
cargo can affect macrophage’s phenotype. The miRNA signature of those macrophages showed one
significant differentially expressed miRNA (miR-451a) which is known to be dysregulated in cancer

and has anti-inflammatory effect.

My work has potential impact in identifying the effects of tumour derived exosomes and

particularly their miRNAs in macrophage’s polarisation in the tumour microenvironment.
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Chapter 1

Chapter 1: INTRODUCTION

1 Lung Cancer

1.1 Epidemiology
Lung cancer is the most common malignant neoplasm in most countries and the main cause of
cancer death in both sexes. It is projected to cause 107 deaths per year worldwide by 2030 (Dela
Cruz, Tanoue, and Matthay 2011). Almost 58% of all cases appear in middle- and low-income
countries. Amongst women and men, the incidence is low in those aged <40 years and increases up
to age 75-80 years (Venuta et al. 2016). The decline in incidence in the older population is explained
by incomplete diagnosis or by a generation (birth-cohort) effect, as in several countries the peak of
the tobacco related lung cancer cases has been reached by generations born in the 1930-1940s
(Malhotra et al. 2016).
Lung cancer accounts for an estimated 27% of total 589,430 cancer deaths in the USA in 2015 and
20% of total 1.3 million cancer deaths in the European Union in 2016 (Torre et al. 2015; Malhotra
et al. 2016; Ferlay et al. 2015). The incidence rates are highest in Northern America and lowest in
Middle Africa. In Europe, it is the 4" commonest cancer, with more than 410,000 new cases
diagnosed. This partly reflects varying data quality worldwide.
In UK, the incidence rate was estimated to be 7t" lowest in males in Europe, and 7" highest in
females (Ferlay et al. 2013). It accounts for 13% of all new cancer cases (375388) and is the 2" most
common cancer in males (13% of all new cancer cases) and females (12% of all new cancer cases).
The incidence rates are significantly higher in Scotland than the UK average and lung cancer
accounts for more than 35,000 deaths each year in the UK.
Lung cancers are classified according to histological type. This classification is important for
determining therapy and prognosis. These are malignancies arising from epithelial cells and are
categorized by the size and appearance of the malignant cells seen under a microscope as well as
by immunocytochemistry.
For therapeutic purposes, two broad classes are distinguished: non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC).
In the data from the series published in Cancer Statistics in 2011 and Cancer Incidence in Five
Continents, there were 1,608,800 new lung cancer cases worldwide. Of those 523,600 were seen
in female population. The most common histological type is NSCLC (80%), which includes
adenocarcinoma and squamous cell carcinoma (Siegel et al. 2011; Soria et al. 2013). Squamous cell
carcinomas comprise 44% of lung cancers in men, and 25% in women. In a study od Of the 228,572

eligible patients of which 35.8% were female, adenocarcinomas comprised in 28% cases in men and
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42% in women (Barrera-Rodriguez and Morales-Fuentes 2012). Incidence rates, and the estimated
rates by histological subtype have been reported for 30 populations for which a relatively high
proportion of cases had a clear morphological diagnosis.

Amongst men, in certain Asian populations (Chinese, Japanese) and in North America (USA, Canada)
the incidence of adenocarcinoma exceeds that of squamous cell carcinoma. In women,
adenocarcinoma is the dominant histological type, except for Poland and England where squamous
cell carcinomas predominate, and Scotland where small cell carcinoma is the most frequent
subtype. Adenocarcinomas are frequently predominant in Asian females (Parkin and Muir 1992).
The differences in histological profiles are influenced by the evolution of smoking related lung
cancer over time.

The survival rates in Lung Cancer depend on the stage. For surgically resected NSCLC, it varies from
25%-65% at five years. The survival rates in advanced NSCLC are poor (5-10% at five years). Fewer
than a third of patients are appropriate for radical surgery and therefore overall ten-year survival
remains less than 10% (Ferlay et al. 2013; Molina et al. 2008). In SCLC, the survival rate is worst.
The 5-year relative survival rate for patients with stage | is about 31%, for stage Il is about 19%, for
stage Ill is about 8% and stage IV is about 2% (Luchtenborg et al. 2014). Survival figures for lung

cancer have improved modestly in the past two decades.

1.1. Risk factors

Several risk factors are associated with lung cancer:

Tobacco: A case-control study published in 1950, suggested a strong link between tobacco smoke
and lung cancer (Doll and Hill 1950). The association between smoking and lung cancer indicates
that trends in lung cancer epidemiology closely follow changes in tobacco consumption, with a lag
time of 25—30 years (Shibuya, Inoue, and Lopez 2005). The additional risk in smokers comparatively
to never smokers is of 20- to 50-fold. Duration of smoking is also considered the greatest
determinant of lung cancer risk in smokers (Doll et al. 2005). The International Agency for Research
on Cancer identified at least 50 carcinogens in tobacco smoke that targets both central and
peripheral airways (Rossi, Romeo, and Patriarca 1972). The most potent carcinogens of cigarette
smoke are the polycyclic aromatic hydrocarbons and the aromatic amines, N-nitrosamines. Tobacco
smoke also contains benzene, vinyl chloride, arsenic, chromium, bismuth, polonium and radon and
its decay products. Tobacco smoke causes a “field effect” on the lung epithelium by providing a
large population of inducted cells and subsequently increases the likelihood of cell transformation.
Continued exposure to smoke permits accumulation of additional mutations by chronic irritation

and promoters in smoke (e.g., phenol, formaldehyde). The time interval between exposure to
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smoke and cancer onset is usually long, 20-25 years. Cancer risk decreases after smoking cessation,
but existing initiated cells may progress if another carcinogen carries on the process.

However, only one in ten smokers develops lung cancer and 10-25% of lung cancers occur in never-
smokers (individuals who smoked < 100 cigarettes in their lifetime). Lung cancer in never-
smokers mostly affects the distal airways, favouring adenocarcinoma histology and female gender.
72% of lung cancer cases in the UK are caused by smoking - 71% caused by active smoking, and 1%
caused by environmental tobacco smoke (also called second-hand smoke) (Brown et al. 2018).
Genetic factors: The fact that only a minority of smokers develop cancer supports the hypothesis
that genetic susceptibility may contribute to carcinogenesis. There are several studies which
explained a proportion of the overall genetic variance in lung cancer. Two genetic factors are
implicated in lung cancer:

a) Family history and high-penetrance genes

A positive family history of lung cancer is a risk factor in several registry-based studies that reported
a high familial risk for early onset lung cancer. This increased relative risk was discovered after
adjustment for smoking. A linkage analysis of high-risk pedigrees identified a major susceptibility
locus to chromosome 6g23-25 (Bailey-Wilson et al. 2004). Lung cancer risk is 82% higher in people
whose sibling has or had lung cancer, and 25-37% higher in people whose parent has or had the
disease, independently of smoking (Cote et al. 2012).

b) Genetic polymorphisms

Genome-wide association studies (GWAS) identified multiple genetic polymorphisms underlying
lung cancer risk by utilising up to 10° tagging single-nucleotide polymorphisms (SNP) to identify
common genetic variations. The three main susceptibility loci were in the 15925 (cholinergic
nicotine receptor genes -CHRNA3), 5p15 (TERT- human telomerase reverse transcriptase gene) and
6p21 regions (Hung et al. 2008; Liu et al. 2008; Thorgeirsson et al. 2008). They found 14 pathogenic
mutations in five genes with a frequency of 2.5%. Mutations occurred more frequently in genes
associated  with  the DNA  repair  pathway, such as ATM (50%),  followed
by TP53, BRCA2, EGFR and PARK (Parry et al. 2017).

Diet and alcohol: There is evidence from case control studies that a diet rich in vegetables and
fruits, particularly cruciferous vegetables, may exert some protective effect against lung cancer
(McMichael 2008). Nonetheless, results of prospective studies were less persuasive (Vieira et al.
2016). High intake of meat, in particular fried or well-done red meat, may increase the risk of lung
cancer (Sinha et al. 1998). This may be associated to formation of nitrosamines during cooking
(Sinha et al. 2000). Finally, given the strong correlation between alcohol consumption and tobacco
smoking, it is difficult to explain the contribution of alcohol to lung carcinogenesis while accurately

adjusting the potential confounding effect of tobacco.
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Chronic inflammation: Patients with chronic obstructive pulmonary disease (COPD) are at
augmented risk for lung cancer, and several studies have proposed that this is independent of
smoking (Wu et al. 1995). It is clear that COPD, in the absence of tobacco smoking, increases the
risk of developing lung cancer up to 5-fold and that treating airways inflammation in COPD with
inhaled corticosteroids may reduce the risk of lung cancer (Lee, Walser, and Dubinett 2009; Kiri et
al. 2009). Pulmonary fibrosis was also associated with an increased risk of lung cancer (Yu et al.
2008). In addition, C-reactive protein, a marker of the systemic inflammatory response, has been
shown to predict lung cancer risk (Chaturvedi et al. 2010). However, it was difficult to exclude the
residual effect of smoking.

lonizing radiation: Exposure to ionising radiation increases the risk of lung cancer ('IARC
monographs on the evaluation of carcinogenic risks to humans. Solar and ultraviolet radiation'
1992). This increased risk was reported in atomic bomb survivors, and patients treated with
radiotherapy for cumulative exposure more than 100 cGy. There is also evidence that smoking
synergistically modifies the carcinogenic effect of radon (Peto and Darby 1994). Presently, the main
concern about lung cancer risk from radon and its decay products arises from residential rather
than occupational exposure especially as 5% of lung cancer cases in the UK are caused by ionising
radiation (Brown et al. 2018).

Occupational exposures: Occupational exposures play a substantial role in lung cancer aetiology,
and the risk of lung cancer is amplified among workers in several industries and occupations
(Cogliano et al. 2011). The estimate proportion of lung cancer cases related to occupational
exposures in the UK is approximately 14.5% (Brown et al. 2012). The most important carcinogens
are asbestos, silica, radon, heavy metals, and polycyclic aromatic hydrocarbons. Diesel exhaust
exposure has also a modest and consistent increased risk (Silverman et al. 2012). In the UK, 13% of
lung cancer cases are caused by occupational exposures (Brown et al. 2018).

Air pollution: Indoor air pollution is considered a major risk factor for lung cancer in never smoking
women living in Asia. This includes coal burning in poorly ventilated houses, burning of wood and
other solid fuels, as well as fumes from high temperature cooking using unrefined vegetable oils
such as rapeseed oil (Mu et al. 2013). In Europe, a positive association between indoor air pollution
and lung cancer risk has also been reported (Behera and Balamugesh 2005). In the UK, 8% of lung

cancer cases are caused by air pollution (Brown et al. 2018).

1.2 The normal lung niche
A schematic of the normal lung anatomic regions is shown in figure 1. The proximal airways are
composed of ciliated cells, secretory club cells, undifferentiated basal cells, mucus-producing goblet

cells and neuroendocrine cells. The distal airways are composed of alveolar type | and type Il cells
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(Hogan et al. 2014). Other cell types in this microenvironment include smooth muscle cells,
fibroblasts, endothelial cells, and immune cells, including resident alveolar macrophages and
dendritic cells. Vascular capillaries line the alveolar walls to assist gaseous exchange and infiltration
of circulating immune cells (Stevens et al. 2008). Endothelium-derived angiocrine signalling induces
and sustains regenerative lung alveolarization (Ding et al. 2011).

Resident alveolar macrophages maintain immunological homeostasis; nevertheless, they can also
contribute to inflammation and the development of pre-malignant lung lesions in mice. Patients
with COPD are at a higher risk of developing lung cancer (Houghton 2013), and their lungs show
remodelling of the airway epithelium and alterations in lung inflammatory cells including
neutrophils, monocytes and macrophages, which express elevated levels of pro-inflammatory
mediators. A population of tissue-resident memory T cells resides in the lung airways, and they are
generated by a diverse set of pathogens penetrating mucosal barriers and are believed to confer
protective immunity to secondary infections (Takamura 2018). Extracellular matrix (ECM) is

supporting structure.
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Figure 1: Normal lung tissue microenvironment (Altorki et al. 2019)

1.3 Pathogenesis of Lung cancer
The main function of the lungs is respiratory exchange. Inhaled air including dangerous substances
are conducted to the alveoli through bronchi and bronchioles. The presumed stem cells of the

bronchus are the basal cells, which are thought to give rise to the differentiation of ciliated, mucous,
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and neuroendocrine cells. Lung cancer may surface from all these differentiated and
undifferentiated cells, in the central and or the peripheral airways (Sutherland and Berns 2010).
The interaction between inhaled carcinogens and the airways epithelium leads to the formation of
pieces of DNA covalently bound to a carcinogenic chemical, called DNA adducts. Repair processes
may remove the DNA adducts and restore normal DNA, or alternatively cells with damaged DNA
may undergo apoptosis (cell death which occurs as a normal and controlled part of an organism's
growth or development). If DNA adducts endure or are ill repaired, they result in a mutation which
may cause genomic alterations involved in lung carcinogenesis, especially if they occur in
oncogenes and tumour suppressor genes (United States. Public Health Service. Office of the
Surgeon General. 2010)

Lung cancer pathogenesis is also affected by the host’s susceptibility to lung cancer (genome) with
or without exposure to certain carcinogens. Studies on familial aggregation supports the hypothesis
that a multifactorial hereditary component is possible for this disease, though a clear mechanism
has not been identified (Tokuhata and Lilienfeld 1963; McLemore et al. 1981; Cohen et al. 1977).
Lung cancer pathogenesis starts with carcinogen-induced initiation events, followed by a long
period of promotion and progression in a multistep process. The initiation event occurs early on, as
seen in comparable genetic mutations between current and former smokers (e.g., p53 mutation).
Malignant transformation of normal to cancer cells implicates disruption of key cellular processes
such as cell cycle regulation, growth factor regulation of cell cycle progression, apoptosis and
senescence (the process of deterioration with age) (Deng, Chan, and Chang 2008). The major
alterations in cancer cell biology include (Fletcher and Houlston 2010):

1) Self-sufficiency in growth signals (activation of oncogenes that permit continuous cell
proliferation).

2) Insensitivity to anti-growth signals (inactivation of tumour suppressor genes that contain cell
cycle progression). The absence of contact inhibition, a normal self-regulatory process where cells
discontinue proliferating once cell-to-cell contact is made, advocates a loss of self-regulatory
function.

3) Evasion of apoptosis which permits cancer cells to survive even with substantial DNA damage
(upregulation of anti-apoptotic genes and downregulation of pro-apoptotic genes). Studies
confirmed the ability of cancer cells to use the necrosis pathway to recruit inflammatory cells which
then can generate growth-stimulating cytokines that augment carcinogenesis.

4) Limitless replicative potential (the expression of telomerase allows cancer cells to avoid
senescence and proliferate infinitely).

5) Sustained angiogenesis (the creation of blood supply enables tumours growth). Angiogenesis is

the development of blood vessels from existing ones, while vascularization is the gathering of blood
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vessels by endothelial cells. In normal tissue, angiogenesis is briefly switched on for wound healing

or endometrial growth in women. Tumours express pro-angiogenic factors (VEGF, FGF) and

suppress anti-angiogenic factors (thrombospondin 1) to stimulate blood vessel formation.

6) Tissue invasion and metastasis. Cancer cells develop the ability to invade into the basement

membrane and disconnect from neighbouring cells, permitting dissemination to distant sites via

blood vessels or lymphatics.

Cancer is fundamentally a genetic disease. During the process of carcinogenesis, pre-malignant cells

accumulate genetic mutations until a fully malignant phenotype is formed. Although cancer has a

genetic basis, it is not necessarily hereditary. Most cancers arise from sporadic mutations instead

of inherited mutations (Pardal, Clarke, and Morrison 2003). There are two main groups of genes

implicated in cancer: oncogene and tumour suppressor genes. A malignant tumour often has both,

activation of oncogenes and deactivation of tumour suppressor genes.

Oncogenes are mutated versions of proto-oncogenes that present a proliferative advantage to the

tumour cell by augmenting the proto-oncogenes’ endogenous growth promoting function (Croce

2008). Mutations of these genes can either be quantitative (e.g., by increasing the amount of gene

product), or qualitative (e.g., by altering the gene produce to make it active). Oncoproteins are the

products of these genes. There are three main mechanisms of gene alteration that activate

oncogenes:

a) Mutations in certain oncogenes can generate oncoproteins that promote carcinogenesis (e.g.,
RAS is involved in signal transduction in lung cancer).

b) Chromosomal rearrangements (e.g., translocation of genetic material from one chromosome
to another).

c) Gene amplification in which proto-oncogenes are overexpressed to cause cancer.

There are various oncogenes:

Viral oncogenes are integrated into the host genome and can cause the development of cancer.

Different studies have suggested that the human papillomatous viruses (Syrjanen 2002), Epstein

Barr virus (Grinstein et al. 2002) and to a less extent simian vacuolating virus 40 (Galateau-Salle et

al. 1998)

Proto-oncogenes are a normal part of the genome and promote cell growth in normal cells. The

development of human lung cancer may require multiple genetic deletions affecting several

chromosomes, e.g., 1, 3, 11, 13, and 17. These genetic aberrations may induce the activation of

proto-oncogenes (c-JUN, RAS, c-RAF1). Some of the activated proto-oncogenes and tumour

suppressor genes are selectively expressed or absent in small-cell lung cancer (L-MYC, c-MYB, c-

SCR, Rb gene) or non-small-cell lung cancer (c-ERBB-2, c-SIS, c-FES) (Bergh 1990). In general,

extracellular growth factors bind growth factor receptors, which trigger intracellular downstream
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signal transducers. The signal initiates DNA transcription of genes involved in cell growth, which

involves transcription factors binding to DNA regulatory elements and recruiting chromatin re-

modellers to carry out gene transcription. Furthermore, apoptosis is dysregulated.

Tumour suppressor genes are endogenous genes that limit cell proliferation by controlling cell

division, repairing damaged DNA, and inducing apoptosis when other mechanisms fail. Cancer cells

harbour loss of function tumour suppressor mutations because less restriction of cell growth is
advantageous to survival of the tumour. Tumour suppressor genes are lost or suppressed in cancer

(Payne and Kemp 2005). The loss of both alleles of a tumour suppressor gene is required for cancer

formation (Knudson hypothesis). This hypothesis explains the predisposition to cancer when an

individual inherits a germline mutation of a tumour suppressor gene. Since both alleles of a tumour
suppressor gene must be lost for cancer formation, two “hits” are required. If an individual is born
with a mutation in one allele of a tumour suppressor gene, that person already has one “hit,” and
only one other somatic mutation (the second “hit”) in the functional allele of the gene is required
for cancer formation. The acquisition of the second “hit” is called loss of heterozygosity (Berger,

Knudson, and Pandolfi 2011). Three genes are often mutated in all three major lung cancer

subtypes: TP53, LRP1B and CSMD3. Other genes are RB1 and CREBBP in SCLC, KEAP1 and STK11 in

adenocarcinoma, CDKN2A in LUSC, NOTCH1 and PTEN in both SCLC and SqCLC and NF1in both
adenocarcinoma and SqCLC . There are two categories of tumour suppressor genes:

a) Gatekeeper genes which stop cell cycle progression when DNA damage is detected. An example
is the transcription factor p53, called “Guardian of the genome” which is activated by DNA
damage, hypoxia, or cell injury which in turn inhibits the cyclin complexes required for
promotion of the cell cycle past G1 phase. Cell cycle arrest allows time for DNA repair to occur.
If the DNA damage is beyond repair, P53 can induce apoptosis in the mutated cell, a function
that is crucial to preventing cancer formation. Without P53, the cell cycle progresses despite
DNA damage. The cell eventually accumulates enough mutations through activation of
oncogenes or inactivation of tumour suppressor genes to become cancerous. The lack of
apoptosis allows multiple cycles of DNA damage and cell proliferation to occur.

b) Caretaker genes which repair damaged DNA during cell cycle arrest. An example is the BRCA
group which promotes DNA repair proteins that resolve DNA crosslinks. Loss of BRCA results in

DNA strands breaks and aneuploidy after cell division (Juzenas et al. 2017).

1.4 Histological classification
Lung cancer is generally categorized into two main histological groups: small cell lung carcinoma
(SCLC, 15-20% of all lung cancers) and non-SCLC (NSCLC, 80-85%). NSCLCs are subcategorized into

adenocarcinoma, squamous cell carcinoma (SqCC), and large cell carcinoma. Nevertheless,
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evidence suggests that lung cancer represents a group of histologically and molecularly
heterogeneous diseases even within the same histological subtype (Travis et al. 2015; Zhang et al.
2017). Several major revisions were made in this classification to mirror recent discoveries related
to the molecular profile of lung cancer. Additionally, human molecular characterization studies
resulted in the identification of novel molecular characteristics of lung cancer and the different
subtypes at levels of DNA alteration, DNA methylation, mRNA expression, microRNA expression,

and protein expression.

In 2015 World Health Organization (WHO) published the new Classification of Tumours of the Lung,
Pleura, Thymus and Heart with numerous important changes from the 2004 WHO classification,
(figure 2). The four most significant changes in this edition involved: (1) the use of
immunohistochemistry, (2) an emphasis on genetic studies and integration of molecular testing to
aid personalize treatment strategies for patients with advanced lung cancer, (3) a new classification
for small biopsies and cytology similar to that proposed in the 2011 Association for the Study of
Lung Cancer/American Thoracic Society/European Respiratory Society classification, (4) a different
approach to lung adenocarcinoma as proposed by the 2011 Association for the Study of Lung
Cancer/American Thoracic Society/European Respiratory Society classification. The WHO
classification was updated based on molecular profiles and genetic alterations in lung cancer.

NSCLC: Pathologists categorize NSCLC into adenocarcinoma and SqCC mainly due to the targetable
genetic alterations identified in adenocarcinoma and inappropriate drugs for SqQCC due to side
effects in patients. If poorly differentiated carcinoma lacking light microscopic evidence of glandular
differentiation, then immunohistochemistry is used to differentiate between adenocarcinoma and
SqCC. Adenocarcinoma markers are TTF-1 and/or NAPSIN A. SqCC markers are P40, CK5/6, and
P63. Because of this classification, the proportion of large cell carcinoma has been reduced.
Adenocarcinomas is subsequently classified into adenocarcinoma in situ (AlS, pre-invasive lesion),
minimally invasive adenocarcinoma (MIA), or invasive adenocarcinoma based on the extent of
invasiveness. This has prognostic implications as the disease-free survival rate of AlS and MIA, when
completely resected, is 100%. SqCCs are classified into keratinizing SqQCC, non-keratinizing SqCC,
and basaloid SqCC. Before this classification, basaloid SqCC was categorized as a variant of large cell

carcinoma.
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Figure 2: Histological types of lung cancer (WHO classification 2021)

In lung cancer, there are close associations between histology, morphology, and genetic profiles.
The emergence of sequencing techniques facilitated to identify detailed molecular profiles of lung
cancer. The Cancer Genome Atlas (TCGA) research network identified genomic and other molecular
alterations in lung cancer. The application of high-throughput technology together with
bioinformatics tools has contributed to highlighting the similarities and differences in the genomic
architecture of lung cancer.

Adenocarcinoma: The comprehensive molecular profiling of 230 lung adenocarcinoma by TCGA

was published in 2014 (The Cancer Genome Atlas Research 2014) .

e Gene mutations: 18 statistically significant genetic mutations were identified: TP53 (46%), KRAS
(33%), KEAP1 (17%), STK11 (17%), EGFR (14%), NF1 (11%), BRAF (10%), SETD2 (9%), RBM10
(8%), MGA (8%), MET (7%), ARID1A (7%), PIK3CA (7%), SMARCA4 (6%), RB1 (4%), CDKN2A (4%),
U2AF1 (3%), and RIT1 (2%).

Genetic alterations in lung adenocarcinomas differ between Caucasians and Asians, and
between smokers and non-smokers. For example, KRAS mutations are frequently detected in
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lung adenocarcinomas in smokers, whereas genetic alterations in EGFR, ALK, ROS1, and RET are
detected in non-smokers. The frequencies of driver genetic alterations in Caucasians were
determined in TCGA study, whereas lung adenocarcinoma in Asians is characterized by a high
frequency of EGFR mutations (approximately 50%) and low frequency of KRAS mutations
(approximately 10%).

DNA methylation profiling divided lung adenocarcinoma into three subtypes: CpG island
methylator phenotype (CIMP)-high, CIMP-intermediate, and CIMP-low subtypes. CIMP-high
tumours often showed DNA hyper-methylation of CDKN2A, GATA2, GATAS5, HIC1, HOXAS,
HOXD13, RASSF1, SFRP1, SOX17, and WIF1. The CIMP-high subtype was enriched for MYC
overexpression as well as for DNA hyper-methylation of genes in WNT pathway.

Protein profiling divides lung adenocarcinomas into six subtypes. The top 50 differentially
expressed proteins among the six subtypes included CYCLIN D1, SMAD4, p-mTOR, RAD50, b-
CATENIN, and HER2. Those subtypes partially overlapped with the mRNA three subtypes.
miRNA profiling: Unsupervised hierarchical clustering divided adenocarcinomas into three
major clusters, which correlated with the histological subtypes of the 2015 WHO classification.
Cluster 1 included fewer acinar and solid adenocarcinomas, and nearly all the tumours in cluster
1 were categorized as lepidic adenocarcinomas or IMAs.

In contrast, clusters 2 and 3 included more acinar and solid adenocarcinomas and fewer lepidic
adenocarcinomas and IMAs. Solid adenocarcinoma was characterized by the overexpression of
miR-27a, miR-212, and miR-132 (Nadal et al. 2014).

Enteric adenocarcinoma is one of the new variants of lung adenocarcinoma in the 2015 WHO
classification. It is defined as an adenocarcinoma with a predominant component that shows
enteric differentiation (Inamura et al. 2005). The miRNA signature of enteric adenocarcinomas
shows similarities with NSCLCs and pancreatic adenocarcinomas (miR-31*, miR-126*, miR-506,

miR-508-3p, and miR-514) (Garajova et al. 2015).

Squamous cell carcinoma: The comprehensive molecular profiling of 178 cases of SqCC was

published in 2012 by TCGA (The Cancer Genome Atlas Research 2012). A mean of 360 exonic

mutations, 165 genomic rearrangements, and 323 segments of copy number alteration were

detected per tumour.

Genetic mutations: 11 statistically significant mutations (TP53, CDKN2A, PTEN, PIK3CA, KEAP1,
MLL2, HLA-A, NFE2L2, NOTCH1, RB1, and PDYN) were identified. The frequency of TP53
mutations was 90%. The authors also identified novel loss-of-function mutations in the HLA-A
class | major histocompatibility gene. Pathway analyses identified pathways related to oxidative
damage, including KEAP1 and NFE2L2 in 34% of cases, squamous cell differentiation pathway
including overexpression of SOX2 and TP63 in 44% of cases, PI3K/AKT pathway in 47% of cases,
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and inactivation of CDKN2A in 72% of cases. These results provided us multiple potential targets
for the treatment of lung SqCC.

The mRNA profiling divided SqCCs into four subtypes: classical, basal, secretory, and primitive
subtypes. The classical subtype was characterized by pronounced hyper-methylation,
chromosomal instability, and alterations in KEAP1, NFE2L2, and PTEN. The basal subtype
showed NF1 alterations. The primitive subtype was enriched for RB1 and PTEN alterations.
The miRNA profiling divided also SqCCs into four subtypes. These overlapped with the mRNA
four subtypes.

DNA methylation profiling also divided SqCCs into four subtypes (methylation clusters 1-4).
Cluster 1 showed intermediate DNA hyper-methylation levels. Cluster 2 and 3 showed the
highest levels of DNA hyper-methylation. Cluster 3 was predominantly made up of the classical
MRNA subtype and enriched for NFE2L2 mutations. Methylation cluster 4 showed little DNA

hyper-methylation and included most of the primitive mRNA subtype.

SCLC was replaced by a new category of “neuroendocrine tumours” in this new WHO classification.

Invasive neuroendocrine tumours comprise three subtypes: SCLC, large cell neuroendocrine

carcinoma (LCNEC), and carcinoid tumour (typical/atypical).

SCLC is characterized by complex genomic alterations, and C:G>A:T transversions were found in

28% of all mutations on average, which is a characteristic pattern of heavy smoking. Almost all

examined SCLCs showed bi-allelic inactivation of TP53 and RB1. (George et al. 2015)

Gene alteration: Genomic alterations of tumour suppressor gene TP73 was observed in 13%,
including genomic rearrangement of TP73Aex2/3 which promotes carcinogenesis hence
TP73Aex2/3-targeted strategy is a promising treatment for SCLC. Inactivating mutations of
NOTCH family genes suppressing neuroendocrine differentiation via the regulation of ASCL1
expression were also observed in 25% of SCLCs (Crabtree, Singleton, and Miele 2016).

MRNA profiling divided SCLCs into two groups. The majority, 83%, were into group 2,
characterized by higher expressions of CHGA, GRP, ASCL1, and DLK1. Group 1, (17%), showed
lower expressions of these four genes (George et al. 2015).

miRNA profiling: SCLC is a neuroendocrine tumour which shows high expression of ASCL1, a
transcription factor that promotes neuroendocrine differentiation. miR-375 expression was
promoted by ASCLI by inhibiting YAP1 and subsequently reducing the YAPI-associated
proliferative arrest (Nishikawa et al. 2011). miR-92a-2 in plasma could be a potential non-
invasive method for the SCLC diagnosis (Yu et al. 2017). miR-21 expression may be higher in
high grade neuroendocrine tumour-HGNET (SCLC and LCNEC) than in typical/atypical carcinoid.

High expression of miR-34a may be associated with atypical carcinoids (Demes et al. 2016).
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The discovery of multiple molecular mechanisms underlying the development, progression, and
prognosis of lung cancer, has generated new prospects for targeted therapy and better outcome.
Once “molecular subtypes” of lung cancer based on specific actionable genetic aberrations are
defined then each subtype is associated with molecular tests that define the subtype and drugs
that may potentially treat it.

Previously a formal process was developed for classifying melanoma into molecular subtypes
(Vidwans et al. 2011).

Molecular subtypes are defined as those tumours containing the same set of molecular (primarily
genetic) defect(s) and their associated pathways.

The division of a cancer into subtypes is purposeful in that each subtype has proposed treatment
guidelines that include specific assays, targeted therapies, and clinical trials. This process produces
a formal ‘molecular disease model’ that can be used by clinicians to guide treatment decisions and
refined by researchers based on clinical outcomes and laboratory findings.

The discovery of a number of these molecular alterations underlying lung cancer has led to uniquely
targeted therapies with specific inhibitor drugs.

Considering the growing insight into the molecular mechanisms underlying lung cancer with the
development of sophisticated molecular diagnostics and targeted therapies, we could now extend
the molecular subtyping approach to lung cancer. Like the previously described melanoma
molecular disease model, the lung cancer molecular disease model will consist of a set of actionable
molecular subtypes and proposed practice guidelines for treating each subtype. A subtype is
deemed actionable if there is both an approved assay to determine whether a given tumour fits
that classification and at least one approved or experimental targeted therapy with potential
efficacy for that subtype. An example would be lung tumours containing the EGFR exon 19 mutation
for which commercial assays and targeted agents are currently available. A novel approached to
classification was published in 2012 (West et al. 2012b) In the light of the above, identification of
miRNAs in molecular mechanisms underlying the development, progression, and prognosis of lung

cancer could in the future be used in molecular approach in subtyping lung cancer (figure 3).
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Relevant histological

Strength of evidence

Sub-type Description Pathway Potentially relevant therapies subtypes for clinical use*
1.1 EGFR sensitizing EGFR TKIs & chemotherapy Adenocarcinoma High
mutations
1.2 EGFR resistance EGFR Dual EGFR/HER2 TKI, c-MET inhibitors +/— 1 Adenocarcinoma High
mutations including or 2™ generation EGFR TKls, Hsp90 inhibitors,
T790M dual MET/VEGFR2 inhibitors, Chk1 inhibitors
13 VeriStrat proteomic EGFR TKIs & bevacizumab Adenocarcinoma High
signature
2.1 K-ras mutations K-ras Dual MAPK & AKT/PI3K inhibitors, Hsp90 inhibitors Adenocarcinoma High
31 EML4-ALK EML4-ALK ALK inhibitors, Hsp90 inhibifors Adenocarcinoma High
]
4.1 c-MET overexpression c-MET ¢-MET inhibitors, Dual Met/VEGFR2 Adenocarcinoma, small Medium
inhibitors, ALK/MET inhibitors, ¢-MET cell carcinoma, squamous
monoclonal antibodies
4.2 ¢-MET mutations <MET ¢-MET inhibitors, dual Met/VEGFR2 Adenocarcinoma, Low
inhibitors, ALK/MET inhibitors, c-MET squamous, large cell,
monoclonal antibodies small cell carcinoma
51 PI3KCA amplification, mutations  AKT/PI3K PI3K, AKT, mTOR inhibitors Adenocarcinoma Low
5.2 PTEN deletions/methylation AKT/PIZK PI3K, AKT, mTOR inhibitors Adenocarcinoma Low
6.1 VEGFR overexpression VEGFR VEGFR inhibitors Small cell carcinoma Low
6.2 Bel-2 overexpression P53/BCL BCL-2 Inhibitors Small cell carcinoma Low
71 ROS1 translocation ROS-1 ROS1 inhibitors Adenocarcinoma (1.5%) Medium
8.1 Epigenetic alterations HDAC inhibitors, epigenetic inhibitors - Low
with cytotoxic agents
9.1 IGF alterations IGF IGF1R monoclonal antibodies, IGF1R TKIs  Adenocarcinoma, Squamous,

SCLC

Figure 3: Proposed classification of lung cancer in molecular era (West et al. 2012a)

1.5 Therapy

The decision to choose appropriate treatment, depends on many factors. Once lung cancer has
been detected, we proceed to staging and histological confirmation of diagnosis. For staging, we
typically use CT scan, PET/CT scan as well as other imaging to identify the extent of the disease.
Invasive procedures, including endobronchial ultrasound, bronchoscopy, radiological guided tissue
biopsy or mediastinoscopy, are used to obtain tissue aiming to confirm and histologically
characterise the lung cancer. Based on the extent of the tumour, staging for lung cancer ranges
from | or Il (early stage), Ill (locally advanced) and stage IV (metastatic). Lung cancer treatment
decisions are then based upon the histology, stage, tumour location, and functional status of the
patient. Treatment typically includes surgery, systemic chemotherapy, radiotherapy, or a
combination of these. Other therapeutic options include targeted therapy and immunotherapy,
mainly for advance lung cancer.

Patients with early stage NSCLC cancer (I-l) who are medically able, undergo surgery +/-
chemotherapy alone (Smolle-Juettner et al. 2010). Radical radiotherapy is considered for patients
who have potentially resectable disease but cannot undergo surgery for other reasons (Jeremic et
al. 2010). Stereotactic body radiation therapy (SBRT) is also a highly innovative technique with

excellent outcomes.
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For more locally advanced stages (llla) that are not amenable to surgery, a combination of systemic
therapy, such as chemotherapy and radiotherapy may be the most effective approach. Recent
advances have been made in the treatment of unresected stage Ill NSCLC. Earlier studies
recommended that the combination of radical radiotherapy and chemotherapy provides a
significant advantage in survival compared with either treatment modality alone (O'Rourke et al.
2010).

Stage Illb and IV NSCLC are incurable, and treatment is offered to improve symptoms and slow
down disease progression. The standard treatment for patient with good performance status
remains two agent platinum-based chemotherapy (Kim and Murren 2002). Despite these advances,

five-year survival remains very poor, but novel targeted agents have improved survival.

Molecular alterations in lung cancer are used in clinical practice as therapeutic tools. The
identification of genetic alterations on which tumours depend for their survival is currently
redefining the way lung cancer patients can be treated (Liu and Lee 2015). Targeting mutated or
overexpressed signalling molecules in these tumours can have significant effects in terms of overall
survival and quality of life. Nowadays, there is a detailed insight in the molecular landscape of the
three major histological types of lung cancer (The Cancer Genome Atlas Research 2012; Govindan
et al.). From a molecular point of view, these are very different diseases, each with a unique
molecular signature. However, it is often difficult to predict response. This may be due to the
multitude of different subpopulations within a tumour (Kim et al. 2015), the complexity of signalling
pathways that almost invariably include feedback loops and to the unique genetic makeup of the
individual (Liu and Kurzrock 2014).

NSCLC can be defined at the molecular level according to the oncogenic mutations, with
subsequent application of “personalized” or “targeted” therapies.

Adenocarcinoma is dominated by alterations and mutations of molecules resulting in sustained
activation of the MAPK pathway. The successful story of tyrosine kinase inhibitor (TKI) therapy for
sensitizing mutations in the epidermal growth factor receptor (EGFR), the anaplastic lymphoma
kinase (ALK) inversion/fusion as well as fibroblast growth factor receptor (FGFR) targets have shown
promise through novel therapeutics (Yang et al. 2015; Shaw and Engelman 2014). However, other
mutations such as KRAS mutation still does not have an effective targeted therapy. Fusions of RET,
and ROS1, NTRK1, NRG1, ERBB4, BRAF, MET, HER2 and RET were identified as targetable genetic
alterations (Takeuchi et al. 2012; Kohno et al. 2012; Shim et al. 2015; Nakaoku et al. 2014). The
molecular profiling in lung adenocarcinoma has shown that 75% of lung adenocarcinomas have
genetic alterations that promote RTK/RAS/RAF pathway, including newly identified NF1 and RIT1

mutations, both of which are potentially targetable (The Cancer Genome Atlas Research 2014).
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In SgCC, no effective targetable agents have been developed specifically. TCGA has identified
potential therapeutic targets including RTK pathway (26%), RAS pathway (24%), and PI(3)K pathway
(47%) (The Cancer Genome Atlas Research 2012).

Targeting these pathways are potential ways of the treatment as SqCC carries mutations in P53,

CDKN2A, genes in the PI3K pathway, and amplification of SOX2, NFE2L2, PDGFRA, and FGFR1.

SCLC has some targetable genetic alterations, including SOX2 amplification, RLF-MYCL1 fusion, and
TP73AEX2/3 (George et al. 2015; Rudin et al. 2012). SCLC is also characterised by the combined loss
of RB, p53, and frequent amplification of Myc oncogenes, absence of activation of the MAPK
pathway, and a more prominent dependency on the PI(3)K pathway. In lung SqCC, mutation and
downregulation of MHC genes and 2 microglobulin have been observed along with varying
degrees of expression of genes involved in co-stimulation, such as PD1L1 and OX40L. Mutation and
downregulation of these genes may explain how some tumours are able to evade the immune
response therefore specific individuals are nowadays benefit from immunotherapy approaches
(Liao et al. 2012; Qu et al. 2021).

Many other genetic alterations have been identified in each lung cancer type, although their
frequency is typically below 5%. At present, the most benefits of targeted therapies are limited to
a small percentage of patients. Although these mutations are in principle excellent targets, most of
the impressive clinical responses to single-agent targeted therapies are limited in time, as
resistance to the drug almost inevitably ensues (Redmond et al. 2015).

Nonetheless, the remarkable regressions achieved by Gefitinib in lung adenocarcinoma (Lynch et
al. 2004), demonstrate that targeted therapy can be very effective in delaying disease advance and
even more so when used early on.

Often tumours escape therapy by restoring the same signalling pathway which is targeted by the
drug. Tumours show remarkable addiction to deregulation of a particular pathway hence using
multiple drugs acting in the same pathway can be more effective without increasing unacceptable
toxicity to normal cells. The concept of synthetic lethality (a gain or loss of function in one gene
makes a tumour cell fully dependent on another gene) offers possibilities for interventions, as in
principle it allows the treatment of loss-of-function (e.g., tumour suppressor) lesions and limits
toxicity to normal cells.

This observation enables us to design a combination therapy hitting simultaneously a driver
oncogene and a secondary target responsible for the resistance. While this is a promising approach,
multiple pathways conveying drug resistance and increased toxicity limit the use of multiple drugs

simultaneously (Janjigian et al. 2011; Park, Davis, et al. 2013).
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The identification of targetable mutations in lung cancer is notably altering the way patients are
treated. While there is an improvement in identifying eligible patients by deep sequencing of
tumour biopsies and testing a wider panel of markers, the most significant challenge is that therapy
resistant tumours quickly develop with complex genetic profiles thereby making a rational
treatment decision very difficult. Even using the latest inhibitors, resistant tumours remain a
moving target and this requires a highly individual approach.

Another therapeutic option besides targeted therapy is immunotherapy, resulting in
unprecedented long-lasting remissions in patients with advanced disease (Kelderman, Schumacher,

and Kvistborg ; Kelderman, Schumacher, and Haanen 2014).

1.5.1 Immunotherapy
Cancer immunotherapy is described as the use of the immune system to treat cancer. It is currently
well-known that cancer cells can be recognised by the immune system, and it is hypothesized that
the defeat of the immune surveillance system motivates the development of malignancies and the
lack or loss of response to treatment. Under normal circumstances, a well-functioning immune
surveillance system will spot and eradicate altered neoplastic cells. Nonetheless, this Darwinian
process ultimately results in the selection of tumour cells resistant to handling by the immune
system through various mechanisms. Immunotherapy attempts to reinstate the immune
surveillance system and activate the patient’s immune system against cancer.
The promise of immunotherapy to treat cancer was first valued over 100 years ago. In 1891, William
B. Coley successfully injected bacteria into a patient with sarcoma to encourage the immune system
to decrease the patient’s tumour. Since then, noteworthy progress has been made in the
understanding and application of immunotherapy for cancer treatment.
Immunotherapy is characterised as active, passive or hybrid (a combination of active and passive).
Immunotherapy manipulates the fact that cancer cells often have molecules on their surface that
can be identified by the immune system, known as tumour associated antigens (TAAs). These are
frequently proteins or other macromolecules (e.g., carbohydrates).
Active immunotherapy directs the immune system to attack tumour cells by targeting TAAs
whereas passive immunotherapy augments existing anti-tumour responses. Active immunotherapy
includes cytokines, immunomodulatory monoclonal antibodies (mAbs), and cancer vaccines.
Passive immunotherapy includes the use of monoclonal antibodies (tumour targeting mAbs,
bispecific T-cell engagers (BiTE) antibody constructs, multi-specific Abs), cell-based therapies

(lymphocytes), oncolytic viruses and cytokines.

Lung malignancies employ several methods to evade surveillance and elimination by the host
immune system. Chronic inflammation, facilitated by various causes (cigarette smoking, etc.), can
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lead to an imbalance in cytokine secretions and inflammatory responses, which favour the

malignant transformation of normal epithelial cells (Lee, Walser, and Dubinett 2009).

The first line of defence is innate immunity which is nonspecific and involves natural killer cells

(NK), dendritic cells (DC), macrophages (polarised M2 macrophages phenotype) (Zielinski et al.

2013), polymorphonuclear leukocytes (PMN) including neutrophils, eosinophils, and basophils,

mast cells, and cytotoxic T lymphocytes (lyengar and Gerber 2013). Natural killer T cells (NKT) and

v& T-cells play roles as both innate and adaptive components, through close interactions with cells

of the adaptive immune system, such as CD4* and CD8* T lymphocytes with cytotoxic and memory

effects (Dranoff 2004). Chronic inflammation activates innate immunity with subsequent release of

cytokines, which could encourage tumour destruction but could also lead to oncogenesis (Chow

2013). All these cells are frontline effectors to damaged cells and cancer cells.

Immune system escape is critical for cancer proliferation and several mechanisms are involved

(Garrido et al. 2011):

(i) resistance of tumour cell lysis due to deficient expression of major histocompatibility complex
(MHC),

(i) expression of poorly immunogenic epitopes,

(iii) release of immunosuppressive cytokines, and

(iv) T-cell apoptosis

Otherwise, escape may result from the formation of an immunosuppressive state within the

tumour microenvironment (TME), (figure 4).

The TME is fundamental for driving malignant transformed cells into solid masse with resistance to

apoptosis, proliferation, invasion, angiogenesis, and metastasis. The TME is assisted by many cell

types, including endothelial cells and their precursors, pericytes, myeloid-derived suppressor cells

(MDSCs), cancer-associated fibroblasts (CAFs), tumour associated macrophages (TAMs),

lymphocytes (T and B), NK cells, dendritic cells (DCs), neutrophils, eosinophils, basophils, and mast

cells (Coussens and Werb 2002).

Iyeloid-derived suppressor cell
Blood vesse| i

/
Cancer-associated fbrohlastN 'm

fg \ "y .
l % ._Tum or-associated macrophage

507 14
= |
: Effectorimmune cell
Tumeor cell

Figure 4: Tumour Micro-environment (Yang et al., 2016)
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Immunotherapy of lung cancer
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Figure 5: Strategies in Lung Cancer Immunotherapy (Yang et al., 2016a)

Current strategies in immunotherapy for lung cancer involves the following (figure 5):

1.

Recombinant cytokines, specifically those secreted by Th1 cells, such as IL-2 and IFN (Rijavec et
al. 2014; Correale et al. 2009; Ridolfi et al. 2011)

Vaccine therapy is because cancers express either mutated proteins that can be recognised as
foreign antigens, over express normal proteins, or express fetal antigens that are not normally
present in healthy adults. These TAAs help to recognise malignant tissue as foreign particles,
and consequently stimulating APCs (Rosenberg 1999; Mellstedt, Vansteenkiste, and Thatcher
2011; Sandler et al. 2010; Nemunaitis et al. 2006; Rochlitz et al. 2002; Rochlitz et al. 2003;
Ramlau et al. 2008; Quoix et al. 2011; Powell and Chow 2008; Hall, Gray, and Chiappori 2013;
Palmer et al. 2001; Butts et al. 2005; Butts et al. 2011; Hirsch, Varella-Garcia, and Cappuzzo
2009; Garcia et al. 2008; Digumarti et al. 2011; Varadhachary et al. 2004; Parikh et al. 2011;
Ramalingam et al. 2013; Skachkova et al. 2013)

Adoptive cellular therapy is passive immunotherapy involving identification, isolation,
expansion, and subsequent re-infusion into patients of autologous lymphocytes with anti-
tumour activity.

Cytokine-induced killer (CIK) cells which are generated from peripheral lymphocytes by a
cytokine mixture of CD3 mAbs, IL-2, and IFN-y. These have been frequently used as
immunotherapy for various cancers because of their high proliferation rate and cytotoxic

activity, especially after activation by DCs (Zhong, Han, and Zhong 2014).
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Natural killer T (NKT) cells which share properties of both T cells and NK cells. Invariant NKT

(iNKT) cells can rapidly produce large amounts of IFN-y, which is an inflammatory cytokine and

critical for NK cells to attack MHC-negative tumours and for CTLs to kill MHC-positive tumours

(Motohashi et al. 2011).

Human yé T cells which comprise 1%-10% of peripheral blood T cells and directly recognise

TAAs through the y6 TCR and exhibit potent MHC-unrestricted lytic activity against microbial

pathogens and tumours (Nakajima et al. 2010; Sakamoto et al. 2011)

Engineered T cell therapy

a. Chimeric antigen receptor (CAR) T cell immunotherapy: Genetically engineered T cells with
CAR vectors, can specifically target the surface antigen of cancer cells and kill them in an
MHC-independent manner (Zhou et al. 2013)

b. TCR-modified T cell immunotherapy where the modified TCR-expressing T cells (TCR-T)
respond to tumour cells expressing the target antigen (An et al. 2014).

Inhibition of the immune checkpoints to control an effective immune response against the
tumour. Normally, to prevent any unwanted damage caused by activated T cells to surrounding
tissues, the immune system uses a variety of mechanisms called ‘check- points’ that modulate
the duration and amplitude of the immune response. This dampens the immune response and
protects against damage because of inflammation and autoimmunity. This is achieved primarily
by upregulation of ‘co-inhibitory’ receptors that act to ‘turn off’ activated T cells. Eventually, it
is the balance between co-stimulatory and co-inhibitory signals that dictates the destiny of
activated T cells. The receptor/ligand nature of T cell activation/inhibition means that these
interactions can be manipulated using agonistic or antagonistic antibodies. Theoretically,
immune checkpoint inhibitors should “remove the brakes” on most T cell-mediated immune
responses. Examples are:

a. Anti-CTLA-4 checkpoint inhibitors: Lung cancer can stimulate abnormal expression of CTLA-
4 in T cells, and these CTLA-4 aberrant T cells exhibit an anergic phenotype. (Reck et al.
2013; Lynch et al. 2012; Creelan and Antonia 2013). Activated CD8* T cells express a protein
receptor named cytotoxic T-lymphocyte antigen-4 (CTLA-4), which also binds B7 with high
affinity, limiting further T cell activation by CD28 (Zielinski et al. 2013; Declerck and
Vansteenkiste 2014).

b. Anti-PD-1 checkpoint inhibitors: PD-1 is a surface receptor member of the B7-CD28
superfamily. It is expressed on many cell types, including activated T cells, B cells, and NK
cells. The binding of PD-1 with PD-L1 or PD-L2 leads to decreased cytokine production,
reduced proliferation, and cell lysis. In many tumours, PD-1 is up-regulated in lymphocytes

infiltrated in tumour, and many tumours have increased PD-L1 expression ('PD-1 inhibitors
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raise survival in NSCLC' 2014; Topalian et al. 2012; Hamid et al. 2013; Dolan and Gupta
2014).

c. Anti-PD-L1 checkpoint inhibitors: PD-L1, the ligand for PD-1, is a member of the B7
superfamily and is involved in the negative regulation of the immune response. PD-L1 is
expressed in T and B cells, macrophages, and DCs and is upregulated in a range of solid
tumours, including NSCLC (Herbst et al. 2014; Brahmer et al. 2012). PD-L1 expression has
been reported to be associated with vascular invasion and higher-grade differentiation

(Yang et al. 2014).

1.6 Exosomes
Extracellular vesicles (EVs) are small, membrane-bound structures that are released from cells into
the surrounding environment. EVs can be classified into several types based on their origin, such as
exosomes, microvesicles, and apoptotic vesicles (Van Niel, d'Angelo, and Raposo 2018; Théry et al.
2018) . Exosomes, which range in size from 30-150 nm, are secreted within the multivesicular
endosomes (MVEs), fused with the cell surface, and then released, making them intermediates
within the endosomal system (Colombo, Raposo, and Théry 2014; Kalluri and LeBleu 2020).
Different from exosomes, microvesicles (50-1000 nm) are secreted directly through ectocytosis,
which allows the release of plasma membrane vesicles [(Muralidharan-Chari et al. 2010; Stahl and
Raposo 2019). The key difference between microvesicles and exosomes is that the intracellular

membrane is not involved during the secretion of microvesicles (Kalluri and LeBleu 2020).

| have chosen to study exosomes and no other EVs as they are tumour specific, available in the
blood stream and stable at 4 °C for 96 h or at -80 °C for even longer time (Ge et al. 2012; Kosaka,
Iguchi, and Ochiya 2010) and they are protected from degradation by a highly stable lipid bilayer
membrane (Kahlert and Kalluri 2013). These features qualify exosomes as potential biomarkers for
early diagnosis in cancer biology.

Exosomes are 30-100 nm extracellular vesicles secreted by all cell types (Thery, Zitvogel, and
Amigorena 2002; Frydrychowicz et al. 2015; Kalluri 2016). There were first discovered 40 years ago
when it was reported that, in reticulocytes, transferrin receptors associated with small (~50 nm)
vesicles which are literally discarded from maturing blood reticulocytes into the extracellular space
(Harding and Stahl 1983; Pan et al. 1985). The name “exosome” was invented a few years later by
Rose Johnstone, although the term had in fact been used a few years earlier, when referring to
other membrane fragments isolated from biological fluids (Trams et al. 1981).

Exosomes may be present in various biological fluids such as blood, urine, bronchoalveolar lavage,

etc. (Frydrychowicz et al. 2015; Kalluri 2016; Ge et al. 2012; Hu, Drescher, and Chen 2012).

34



Chapter 1

There are two types of exosomes:

a) those immunologically active which contribute in antigen presentation, immune activation,
immune suppression, and immune surveillance (Raposo and Stoorvogel 2013), and

b) those containing genetic material which facilitates genetic communication between cells
(Greening, Gopal, Xu, et al. 2015; Kosaka, Iguchi, and Ochiya 2010).

Exosomes have key role in tumour microenvironment remodelling, immune escape promotion and

tumour development (Fontana et al. 2013; Ostrowski et al. 2009). The following mechanisms of the

biogenesis of exosomes have been described (figure 6):

1. The endosomal sorting complex required for transport (ESCRT) dependent mechanism involves
formation of intracellular endosomes from inward budding, generation of multi-vesicular
bodies (MVB), fusion of them with plasma membrane, and release of exosomes into
extracellular space (Pan et al. 1985; Harding, Heuser, and Stahl 1983). ESCRT mechanism
comprised of four protein complexes and accessory proteins that sequentially bind future
exosome cargos and form intraluminal vesicles containing those cargos (Colombo, Raposo, and
Thery 2014; Christ et al.).

2. Exosomes formation implicates synthesis of ceramide which induces vesicle curvature and
budding (Trajkovic et al. 2008).

3. Tetraspanin-mediated organization of specific proteins such as the amyloidogenic protein and
the pre-melanosome protein is involved in their biogenesis (Theos et al. 2006; van Niel et al.
2011).

Secretion of exosomes is affected by physical, chemical factors and biological stimuli (Ostrowski et

al. 2009; Savina et al. 2003; Bobrie et al. 2011). Molecular regulators of exosome release include

the GTPases, RAB27a, RAB27b, RAB35, RAIA, P53, nSMase2, cortical actin regulator cortactin, and

fusion regulator synaptotagmin-7 (Hsu et al. 2010; Li et al. 2014; Hyenne et al. 2015; Sinha et al.
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uptake of exosomes (Zhang et al., 2015b)
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2016). A recent study suggested that in NSCLC cell line microRNAs (miR-134 and miR-135b) could

regulate YKT6, a key molecule in the regulation of exosome release (Ruiz-Martinez et al. 2016).

The database (Exocarta) indicates that exosomes contain, 9769 proteins, 3408 mRNAs, 2838
miRNAs and 1116 lipids (Hannafon and Ding 2013; Mathivanan et al. 2012; Mathivanan and
Simpson 2009; Kahlert et al. 2014; Valadi et al. 2007; Balaj et al. 2011).

Proteins that were isolated in exosomes play role in biogenesis, antigen presentation, membrane
transport and fusion. Some are immunoglobulin, heat shock proteins, integrins and tetraspanins
(Kowal, Tkach, and Thery 2014; Simons and Raposo 2009; Runz et al. 2007; Ciravolo et al. 2012).
Many of these proteins are common to all cell types, some others are distinct for a certain cell
alteration or carcinogenesis process and can be useful for the identification of the origin of these
vesicles and thus can be an adequate biomarker to get more information from the tumour of origin.
Furthermore, the study of the lipids is interesting due to their role in the internalization process of
exosomes and to the bioactive function of some of them such as prostaglandins and leukotrienes
(Record et al. 2014).

Nucleic acids (miRNAs and mRNA, IncRNAs, tRNAs and viral RNA) were also found in exosomes. The
short single-stranded and non-coding miRNA molecules act by regulating gene expression as
oncogenic or tumour suppressor function. They are involved in progression, cellular differentiation,
apoptosis or cell signalling (Ratajczak et al. 2006; Gusachenko, Zenkova, and Vlassov 2013; Valadi
et al. 2007; Yanaihara et al. 2006; Rabinowits et al. 2009; Giallombardo et al. 2016; Wang et al.
2016).

Small fragments of single-stranded DNA (Balaj et al. 2011) and large fragments of double stranded
genomic DNA (Kahlert et al. 2014) were also identified.

The composition of exosomes is different by cell type (Huang et al. 2013; Al-Nedawi et al. 2009;
Clark et al. 2016). Although many of these proteins are common to all cell types, some others are
responsible for a certain cell alteration or carcinogenesis process and can be useful for the
identification of the origin of these vesicles and thus can be an adequate biomarker to get more
information from the tumour of origin. The study of the lipids may be important due to their role
in the internalization process of exosomes and to the bioactive function of some of them such as
prostaglandins and leukotrienes (Record et al. 2014).

Subsequently, they are released from cell surface, they fused with recipient cells' plasma
membranes and transfer their contents into recipient cell's cytoplasm (Zhang et al. 2015; Mincheva-

Nilsson and Baranov 2014; Wileman, Harding, and Stahl 1985).
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1.6.1 Exosomes in lung carcinogenesis

Exosomes contain molecules that promote intercellular communication by transferring relevant

molecules (Raposo and Stoorvogel 2013; Castellana, Toti, and Freyssinet 2010; Castellana et al.

2009). The following mechanisms were described in exosomes induced carcinogenesis (Figure 7):

a.

Epithelial mesenchymal transition (EMT) which is characterized by epithelial characteristic loss
and mesenchymal phenotype acquisition (Greening, Gopal, Mathias, et al. 2015). EMT is
associated with malignant transformation and tumour progression (Thompson, Newgreen, and
Tarin 2005; De Craene and Berx 2013; Scheel and Weinberg 2012; Thiery 2002). This is achieved
by reduced expression of adhesion components, cell-matrix components, molecules
participating in cell polarity or increased expression of cytoskeleton remodelling proteins and
various proteases (Thiery and Sleeman 2006; Hugo et al. 2007; Kalluri and Weinberg 2009;
Nieto 2011; Radisky 2005; Guarino 2007).

Oncogenic cell transformation, which is facilitated by transfer of exosomal cargo, that
subsequently can activate signal pathway and direct cell transformation (Al-Nedawi et al. 2008;
Hao, Ye, et al. 2006; Xiao et al. 2014).

Angiogenesis, which is induced by cytokines and growth factors (Weis and Cheresh 2011;
Ribeiro et al. 2013; Hood, San, and Wickline 2011; Ekstrom et al. 2014; van Balkom et al. 2013;
Mineo et al. 2012). An example is miR-21 could which activates STAT3, that increases VEGF
expression, and ultimately induces angiogenesis and malignant transformation of human
bronchial epithelial cells (Liu et al. 2016). Other examples are miR-9 which activates JAK-STAT
signal pathway and subsequently stimulates angiogenesis (Zhuang et al. 2012), and miR-210
which is derived from lung adenocarcinoma and regulates ephrin-A3 that stimulates
angiogenesis in stromal cells (Cui et al. 2015).

Reprogramming of the pre-metastatic niche and inducing metastasis though extracellular
matrix remodelling and recruitment of pro-carcinogenic factors at secondary metastatic sites
(Hood, San, and Wickline 2011; Peinado, Lavotshkin, and Lyden 2011; Peinado et al. 2012). Pre-
metastatic niche preparation required two components, exosomes and CD44v dependent
assembling of soluble matrix (Jung et al. 2009). Exosomal integrins a6b4 and a6b1 were also
linked to lung metastasis (Hoshino, Costa-Silva, Shen, Rodrigues, Hashimoto, Tesic Mark,
Molina, Kohsaka, Di Giannatale, Ceder, Singh, Williams, Soplop, Uryu, Pharmer, King, Bojmar,
Davies, Ararso, Zhang, Zhang, Hernandez, Weiss, Dumont-Cole, Kramer, Wexler, Narendran,
Schwartz, Healey, Sandstrom, Labori, et al. 2015).

Immune response modification in the tumour microenvironment by antigen presentation
modulation, immune activation, immune suppression, immune surveillance, and intercellular

communication (Greening, Gopal, Xu, et al. 2015). Tumour derived exosomes can transfer
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miRNA to instruct selected lymph nodes and modulate pre-metastatic organ cells (Rana,
Malinowska, and Zoller 2013). Lung cancer derived exosomal miRNAs (miR-21 and miR-29a)
could activate TLR7 and TLR8 on immune cells, leading to NF-kB activation and pre-metastatic
inflammatory cytokines release (Fabbri et al. 2012). Exosomes released from dendritic cells
(DCs) and tumours can carry tumour antigens, which can promote immunity (Guo et al. 2008),
and ultimately eradicate tumours (Hao, Bai, et al. 2006) by CD4fI T cell (Taieb et al. 2006) and
CD&fI T cells (Hao et al. 2007). In human immune cells, exosomal miR-21/29a derived from lung
cancer cells, could act as TLR's ligands which may lead to tumour growth and metastasis (Fabbri
et al. 2012). In addition, exosomes expressing FasL from activated CD8fl T cell could activate
ERK and NF-kB pathways, resulting in increased MMP-9 expression and lung metastasis (Cai,
Yang, et al. 2012). Tumour derived exosomes can transfer miRNA to instruct selected lymph

nodes and modulate pre-metastatic organ cells (Rana, Malinowska, and Zoller 2013).
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Figure 7: The role of exosomes in lung Carcinogenesis (Zhou et al., 2017)

1.6.2 Exosomes as biomarkers in lung cancer
Exosomes have been proposed as potential tools for tumour diagnosis and treatment as they are
tumour specific, available in the blood stream and stable at 4 °C for 96 h or at -80 °C for even longer

time (Ge et al. 2012; Kosaka, Iguchi, and Ochiya 2010). Furthermore, they are protected from
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degradation by a highly stable lipid bilayer membrane. These features qualify exosomes as potential

biomarkers for early diagnosis (Kahlert and Kalluri 2013).

1.6.2.1 Exosomal surface protein
Nowadays, it is recognised that multiple protein markers could predict neoplasia (Melton 2004).
There are many proteins on the membrane surface of exosomes (Thery et al. 2001; Wilson et al.
2014), and some of them (CD91, CD317 and EGFR) have already been suggested to be potential
markers in NSCLC (Rabinowits et al. 2009; Ueda et al. 2014; Yamashita et al. 2013).
In 2015, an extracellular vesicle array with 37 antibodies was used to capture exosomes directly
from the plasma of NSCLC patients (Jakobsen et al. 2015). A year later, in a similar study, 49
antibodies protein profiling of exosomes was evaluated from different lung cancer stages and
histology. CD151, CD171, and tetraspanin-8 were the strongest markers. In addition, increased
tumour aggressiveness was correlated with the presence of CD151 (Sandfeld-Paulsen, Jakobsen, et
al. 2016).
Exosomes containing EGFR, KRAS, basigin, carcinoembryonic antigen-related cell adhesion
molecule 6, claudinl, claudin3, and RAB family proteins were also found in blood, urine (Li et al.
2011) and pleural effusion (Park, Choi, et al. 2013).
Lung cancer survival is also associate with specific proteins in exosomes (Sandfeld-Paulsen,

Aggerholm-Pedersen, et al. 2016).

1.6.2.2 Exosomal miRNA

Circulating miRNAs from lung cancers may be diagnostic markers (Yanaihara et al. 2006).

A study published in 2009 identified 12 miRNAs (miR-17, miR-3p, miR-21, miR-106a, miR-146, miR-
155, miR-192, miR-203, miR-205, miR-210, miR-212, miR-214) in NSCLC (Rabinowits et al. 2009). In
another study, six miRNAs (miR-151a-5p, miR-30a-3p, miR-200b-5p, miR-629, miR-100, miR-154-
3p) were thought could function as markers to differentiate lung adenocarcinoma from lung
granuloma (Cazzoli et al. 2013). Recently, decreased expression of exosomal miR-30b and miR-30c
was shown to be relate to squamous cell carcinoma (Reclusa et al. 2016). Furthermore, miR-21 and
miR-155 were found in recurrent tumour versus primary tumour or non-tumour bearing animals
and a mathematical model was designed to establish a multiple miRNA marker (miR-21, miR-205
and miR-155) for early detection of NSCLC (Lai and Friedman 2016). Exosomal miRNA expression is
also associated with survival rate of lung cancer patients as specific miRNA (miR-23b-3p, miR-10b-

5p and miR-21-5p) was associated with poor survival (Liu, Yu, et al. 2017).
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1.6.3 Exosomes in cancer therapy
In recent years, exosomes have been suggested as potential diagnostic, prognostic biomarkers, and
therapeutic tools in cancer due to their ability to:
i) target specific tissues of the body,
ii) i) carry specific surface molecules which naturally occur in human cells (e.g., MHC
molecules) or incorporate new molecules on their surface (e.g., EGFR) (Johnsen et al.
2014) and,
iii) iii) carry a variety of active part of molecules, such as tumour specific antigens
(Mahaweni et al. 2013), RNA (Chaudhuri et al. 2011), proteins and peptides (Gross et
al. 2012).
Furthermore, exosomes can stimulate the immune system for the development of cancer vaccines.
Exosomes are advantageous over conventional nano-carriers for drug and gene delivery. As
exosomes contain endogenous protein and RNA materials, other exogenous biological materials
could also be loaded into them (Lai et al. 2013).
Because of their small size, they can escape clearance by the mononuclear phagocyte system, hence
prolonging their circulation time for passive targeting to cancer and inflammatory tissues. Passive
targeting relies on the enhanced permeability and retention (EPR) effect, in which nanoparticles
with sufficient long circulation in the blood can accumulate in the tumour tissues due to the leaky
tumour vasculature and impaired lymphatic drainage (Fang et al. 2015).
As gene delivery systems, exosomes can deliver their cargos directly into the cytosol, avoiding the
lysosomal/endosomal pathway (van den Boorn et al. 2011). Consequently, they increase
transfection efficiency. Likewise, the ability to transfer genetic materials among cells indicates that
exosomes can be used to deliver multiple miRNAs for rapid gene expression in the targeted cells.
Furthermore, antigen presenting cells (APCs)-derived exosomes are resistant to complement
factors through the surface expression of the complement-inhibitory proteins CD55 and CD59
(Clayton et al. 2003).
Moreover, in cancer immunotherapy, exosomes have an advantage over dendritic cell (DC)-based
immunotherapy because of their ability to avoid the suppressive effects by IL-10 and TFG-f
secreted by tumour cells which decreased the number and biological functions of DCs (Quah and

O'Neill 2005)

2 miRNA

The first small RNA, lin-4, was discovered in 1993 through a genetic screening in nematodes. Later
in the same year, the regulation of lin-14 by lin-4 was discovered, which demonstrated the

regulatory function of small RNAs (Lee, Feinbaum, and Ambros 1993; Wightman, Ha, and Ruvkun
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1993). The shorter lin-4 RNA is now recognized as the origin of an abundant class of small regulatory

RNAs, known as microRNAs (miRNAs).

2.1 Biogenesis of miRNA
miRNAs are short non-coding RNAs of 20-24 nucleotides that play important roles in almost all
biological pathways in mammals and other multicellular organisms. Although many aspects of the
miRNA biogenesis pathway and suppressive mechanisms are still obscure, the key processes have
been characterized.

For most miRNAs, primary miRNA transcripts are generated by RNA polymerase I, either as

separate transcriptional units or embedded within the introns of protein coding genes. In the

microRNA gene or intron
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nucleus, the microprocessor complex containing the RNase Ill enzyme Drosha trims the primary
transcript to release the pre-miRNA hairpin that is subsequently exported to the cytoplasm by
exportin 5.

In the cytoplasm, a protein complex including DICER and TRBP further trims the pre-miRNA to
produce the single-stranded mature miRNA, which subsequently incorporates into the RNA induced
silencing complex (RISC), holding key proteins such as AGO2 and GW182. The mature miRNA then

induces post-transcriptional gene silencing by tethering RISC to partly complementary sequence
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motifs in target mRNAs predominantly found within the 30 untranslated regions (UTRs) (Bartel
2009; Fabian and Sonenberg 2012; Saj and Lai 2011). As a single miRNA may target up to several
hundred mRNAs, aberrant miRNA expression may affect a multitude of transcripts and profoundly
influence cancer related signalling pathways. Although initially described in 1993 (Lee, Feinbaum,
and Ambros 1993; Wightman, Ha, and Ruvkun 1993), it was not before their characterization in
several species in 2001 (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) that the

importance of miRNA in normal physiology and pathology began to emerge (Figure 8).

2.2 Functions of miRNA
The main mechanism of action of a miRNA appears to be gene regulation (Bartel 2004), hence
miRNA is complementary to a part of one or more messenger RNAs (mRNAs).
In animals, miRNA is usually complementary to the 3’-UTR, while in plants is complementary to
coding regions of mRNAs. The binding between miRNA and its mRNA target, inhibits protein
translation and occasionally assists degradation of the mRNA. In this scenario, the binding between
miRNA and its mRNA and the consequential formation of a double-stranded RNA triggers the
cleavage of the mRNA transcript with a mechanism very similar to RNA interference. In other
instances, the miRNA complex blocks the protein translation machinery or prevents the protein
translation, leaving the mRNA untouched.
It is acknowledged that a single miRNA might bind many target genes, about 200. It is likely that, in
mammals, miRNAs may regulate up to 20-25% of genes (Chaudhuri and Chatterjee 2007; Doran
and Strauss 2007). The genes can be varied in their function; miRNAs potentially regulate the
expression of about one-third of human mRNAs (Lim et al. 2005) and other non-coding RNAs (Calin,
Pekarsky, and Croce 2007).
miRNAs are encoded in the genome and play an essential role in the timing of the embryonic
development and determine cell destiny, as they can act at multiple levels inducing chromatin
modifications, RNA cleavage, and regulate mRNA translation of genes involved in cell growth,
proliferation, and apoptotic pathways.
From their transcriptional birth to their degradation, cellular mRNAs are coated with proteins in
messenger ribonucleoprotein (MRNP) complexes. These complexes control every aspect of the life
of the mRNA, from pre-mRNA processing to mRNA localization, translation, and turnover. On the

other hand, miRNAs assemble into ribonucleoprotein complexes (miRNPs).

Two theoretical models to explain the mechanism of miRNA action have been described (Figure 9).
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The one-step model predicts a scenario where the binding of the miRNP to the target mRNA would
create a targeting signal that directs the mRNP:miRNP complex to the processing bodies (P-bodies)
which are distinct foci within the cytoplasm of the eukaryotic cell consisting of many enzymes
involved in mRNA turnover. This is viewed as an act of condemning them for either degradation
(Bagga et al. 2005) or translational repression, as P-bodies lack ribosomes and translation factors
(Teixeira et al. 2005). Prior to entry into the P-bodies, the mRNAs must be cleared of the ribosomes

and other translation factors.
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Figure 9: Models of miRNA function (PILLAI, 2005)

The two-step model views the localisation to P-bodies because of translational repression. It
favours translational initiation block by miRNA as a primary event, with the re-localization to the P-
bodies coming later to store the mRNP. It is believed that although the translational repression
machinery inhibits protein synthesis, the subsequent sequestration in P-bodies is what could
further enforce this repression due to its translation incompetent environment. It is difficult to fit
into this model the data on the presence of miRNAs on polysomes, as any mechanism that retains
messages on polysomes goes against the idea of P-bodies formation. It remains a possibility that
the presence of miRNAs:mRNAs on polysomes might reflect a state where mRNAs that are being
actively translated are in the process of being engaged by these miRNAs for repression. Otherwise,
these miRNAs might be in large aggregates that sediment in the range of polysomes. However, in
the absence of data supporting any of these possibilities, an effect on other steps of translation or

proteolysis of nascent polypeptides may be the mechanism.
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2.3 Therapeutic applications of miRNA
There are two strategies aiming to use miRNA as a therapeutic tool in cancer.
The first aims to inhibit oncogenic miRNAs by using miRNA antagonists, such as anti-miRs, locked
nucleic acids (LNAs), or antagomiRs (Krutzfeldt et al. 2007). Antagonists are single-stranded RNA
molecules, approximately 21-23nt long, which act through complementary base pairing with
miRNAs. Anti-miRs which contain cholesterol, conjugated via a 2’-O-methyl linkage, known as
antagomiRs, are fully complementary to the mature miRNA sequence and contain several
phosphorothioate moieties to increase stability. To increase nuclease resistance, anti-miRs harbour
phosphorothioate backbone linkages that promote plasma protein binding, thereby reducing
clearance of the anti-miRs by glomerular filtration and urinary excretion, which facilitates tissue
delivery of anti-miRs in vivo (Levin 1999; Krutzfeldt et al. 2005).
The second strategy is miRNA replacement which involves the reintroduction of a tumour
suppressor miRNA mimicking to restore a loss of function (Bader, Brown, and Winkler 2010).
Delivery systems, administration routes, dosage concerns and off-target effects remain major
challenges to overcome for the development of miRNA-based therapies for cancer and other
disease. Another challenge is the current regulatory gap for both nanomedicines and RNAi-driven
therapies, especially the lack of clear regulatory and safety guidelines for quality control and safety

(Reda El Sayed et al. 2021)

2.4 miRNA as biomarkers

Various studies investigated the possible efficacy of miRNA expression profiles as biomarkers of
cancer diagnosis, prognosis, and response to treatment.

The diagnostic and prognostic potential of miRNAs as cancer biomarkers relies on their high stability
and resistance to storage handling. Serum miRNAs remain stable after being exposed to severe
conditions such as boiling, extreme pH levels, extended storage, and up to 10 freeze thaw cycles
(Chen et al. 2008). Furthermore, miRNAs are preserved in human serum samples stored for ten
year (Zhu et al. 2009), and in unrefrigerated dried serum blots (Patnaik, Mallick, and Yendamuri
2010).

This stability is partially explained by the discovery of lipoprotein complexes, including small
membrane vesicles of endocytic origin called exosomes or microvesicles (30-100 nm), containing
miRNAs (Valadi et al. 2007). Another mechanism possibly involves the nSMase2 pathway which
suggest that high density lipoprotein (HDL) transports circulating miRNAs and can alter gene
expression by transferring miRNAs to recipient cells (Vickers et al. 2011). Other possibilities include

protection by chemical modifications or association with protein complexes such as RNA-binding
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protein nucleophosmin 1 (Wang, Zhang, et al. 2010). Moreover, it has been demonstrated the
association of Argonaute2 (the effector of target mRNA silencing by miRNAs) with plasma and
serum miRNAs influences their stability (Arroyo et al. 2011).

To use miRNAs as cancer biomarkers, it is crucial to determine the source of the tumour specific
miRNAs in body fluids and establish a signature capable of differentiating diseased from healthy
states. Likewise, it is important to clarify whether the differential expression between tumour and
normal tissues is related solely to the tumour or is a response mediated by the affected organ or
system.

Identifying, in my project, a group of miRNAs that could contribute to carcinogenesis or could be

used as biomarker.

3 Macrophages in Immune Response in Cancer

The immune system protects attacks of foreign invaders, such as bacteria, viruses, parasites, and
cancer cells. Once it recognises “foreign” antigens, it triggers chemical and physiological processes
called the immune response.

The immune response incorporates innate and adaptive immunity. The components of the innate
response include antigen-presenting cells (APCs) like macrophages (M), dendritic cells (DCs) that
are responsible for phagocytosis, digestion, and presentation of pathogen-derived antigens on the
cell surface, and natural killer (NK) cells that directly destroy infected or transformed cells.
Adaptive immune response is based on activation of specific B- and T- lymphocytes. The T-cell and
B-cell responses include the production of memory cells against the pathogen enabling quicker
immune response in future challenges (Kindt et al. 2007). T-cells are highly specialised cells that not
only coordinate (T-helper or Th) or suppress (T-regulatory or Treg) the immune response, but also
destroy infected cells (T-cytotoxic or CTL). B-cells secrete antibodies which mark infected cells or
pathogens to promote their elimination from the organism. There are few recognised mechanisms
in evading immune response in cancer:

Loss of TAA: Cancer cells could express antigens which are recognised as non-self to trigger an
immune response. Such tumour associated antigens (TAA) are either mutated cellular proteins, or
molecules with differences in post-translational modifications (Finn 2012). TAA derived peptides
produced by the proteasome are presented through major histocompatibility complex (MHC |
complex) on the cell surface and recognised by CTLs resulting in tumour cell killing. The strategies
used by tumours to escape this destruction include the impairment of the executory capacity of the
immune system and hiding from recognition by immune cells through the loss of TAA.
Malfunctioning antigen presentation can be caused by the downregulation of the antigen

processing mechanism which may affect the MHC-I pathway and other involved proteins like the
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proteasome subunits LMP2 and LMP7 (latent membrane proteins), the transporter associated with
antigen processing, and tapasin (Garrido et al. 1997; Hicklin, Marincola, and Ferrone 1999; Johnsen
et al. 1999; Restifo et al. 1993; Rotem-Yehudar et al. 1996). When the expression of TAA is
downregulated, CTL no longer recognise the tumour cells (Maeurer et al. 1996).

Immune suppressive cytokines created by cancer or non-cancer cells in the tumour
microenvironment suppresses the anticancer immune response. Amongst these cytokines are
transforming growth factor (TGF)-B, interleukin (IL-1, IL-6, IL-10), and type | interferons (IFNs)
(Pasche 2001; Lind et al. 2004; Matsuda et al. 1994). TGF-B and IL-10 can shift the balance from a
Th1 response executed by cytotoxic T-cells towards an antibody-based Th2 response (immune
deviation) (Maeda and Shiraishi 1996). Vascular endothelial growth factor (VEGF) has also the
ability to suppress proper T-cell development and function (Ohm et al. 2003).

Induction of immune tolerance may also appear through downregulation of co-stimulatory
molecules on APCs. Engagement of the T-cell receptor (TCR) in the absence of co-stimulation
induces anergy or tolerance in T-cells (Staveley-O'Carroll et al. 1998). Tumours also eliminate
tumour specific CTLs by expressing ligands to death receptors which trigger T-cell apoptosis (Bogen
1996).

Activation of immune suppressor cells: Advanced cancer induced immunosuppression results in
the induction and activation of immune suppressor cells like myeloid-derived suppressor cells
(MDSCs) and Treg cells. Treg cells generally suppress the activity and proliferation of effector T-cells
(Shevach 2002), maintain immune tolerance to self-antigen, and are critical in the suppression of
autoimmune diseases. Tumour derived Tregs have comparatively higher suppressive activity than
naturally occurring Tregs (Yokokawa et al. 2008; Gasparoto et al. 2010). The induction and
activation of cancer antigen specific Treg seem to be the major mechanism of tumour immune

escape (Vinay et al. 2015).

3.1 Macrophages

Ilya Mechnikov, a bacteriologist, first described macrophages a century ago. The mononuclear
phagocyte system (MPS) consists of diverse phagocytic cell types derived from bone marrow and
yolk sac progenitors (van Furth and Cohn 1968; Schulz et al. 2012).

Monocytes (Mo) and macrophages (M) are involved in central processes of the MPS including
innate immune functions. They support adaptive immunity and tissue homeostasis (van Furth and
Cohn 1968; Auffray, Sieweke, and Geissmann 2009).

Mo are precursors of resident macrophages. They differentiate upon entering the tissue which is
under the control of local environmental signals (Mosser and Edwards 2008; Gordon and Taylor
2005). They are found in the blood and spleen, but they are generated in the bone marrow from
haematopoietic stem cells (HSC) in a sequential process of differentiation and commitment steps
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(Auffray, Sieweke, and Geissmann 2009; Geissmann et al. 2010) called monopoiesis. They are also
produced by extra-medullary haematopoiesis in the spleen and are increased under inflammatory
conditions and cancer (Robbins et al. 2012; Cortez-Retamozo et al. 2012). Monopoiesis is closely
regulated by micro-environmental signals, modulating gene expression in developing cells and
leading to the often irreversible, phenotypic, and functional modifications associated with
hematopoietic differentiation, (Figure 11).

Early-phase monopoiesis progresses via distinct proliferative progenitor stages, such as common
myeloid progenitors (CMP) and granulocyte/macrophage progenitors (GMP) (Akashi et al. 2000),
to the macrophage dendritic cell progenitor (MDP) which serves as a common precursor for Mo,
Me and DCs. During late-phase monopoiesis, the MDP gives rise to monocytes (Fogg et al. 2006;
Auffray et al. 2009).

These bone-marrow derived monocytes lose their proliferative potential and can subdivide by
expression of chemokine receptors and additional cell surface markers into “classical” Ly6C"e" and
“non-classical” Ly6C'®" monocytes (Geissmann et al. 2010; Ziegler-Heitbrock et al. 2010). However,
the two subsets can also be distinguished by functions such as the patrolling behaviour found in

Ly6"" but not Ly6Che" Mo (Auffray et al. 2007).
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The developmental relationship between those subsets is not understood (Geissmann et al. 2010).
Studies have demonstrated that Ly6C"&" monocytes shuttle between the blood and bone marrow

and eventually lose expression of Ly6C, suggesting a linear conversion model of Ly6Che" into Ly6C'ow
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monocytes within the bone marrow (Varol et al. 2007). Alternatively, a different model is possible
in which the monocyte subsets arise independently from each other from a common progenitor,
however evidence to support this model is limited (Geissmann et al. 2010).

The monocyte subsets are mobilized from the bone marrow into the blood stream and form a local
reservoir in the spleen which are remobilised in response to injury or inflammation. They play
paramount role in tumour progression through promotion of angiogenesis, induction of
invasiveness and metastasis and regulation of the tumour microenvironment.

In the steady state, blood Mo are recruited to different tissues and give rise to populations of
monocyte derived macrophages (Mo-M@) and monocyte derived DCs (Mo-DCs) involved in tissue
development and maintenance of homeostasis. These populations are distinct from yolk sac-
derived macrophages (YS-Mo), renewing locally and independently from Mo, and DCs derived from
common DC progenitors.

In inflammatory conditions, Mo mobilization and recruitment to tissues is augmented, leading to
generation of populations of inflammatory macrophages and Mo-DCs supporting innate and
adaptive immune response.

Mo-Me are phenotypically and functionally diverse from YS-Me, which represent a major fraction
of F4/80* macrophages in some tissues. These YS-M¢@ develop independently of the transcription
factor MYB, renew locally, and persist in tissues in adult mice independently from HSC in contrast

to monocyte-derived macrophages (Schulz et al. 2012).

In response to chemotactic signals which guide further Mo differentiation, monocytes are
mobilized from the bone marrow and spleen and recruited to target tissues (Shi and Pamer 2011).
Due to distinct expression of chemokine receptors (such as CCR2 and CX3CR1), the Mo subsets have
diverse migratory properties (Geissmann, Jung, and Littman 2003; Shi and Pamer 2011; Shi et al.
2011; Serbina and Pamer 2006).

Following tissue recruitment, Mo are polarized by the local microenvironment and differentiate
into resident macrophages under the control of multiple tissue specific factors. This differentiation
process is accompanied by vast phenotypic, functional, and morphological changes, establishing a
spectrum of diverse macrophage populations throughout the body (Mosser and Edwards 2008;
Gordon and Taylor 2005).

M@ can colonise every organ and have specific functions under tissue homeostasis including
phagocytosis of apoptotic cells, growth factor production and induction of angiogenesis (Pollard
2009; Schafer and Werner 2008).

In response to inflammation, they are used for pathogen clearance, followed by a phase of tissue

repair and wound healing which promotes restoration of homeostasis (Schafer and Werner 2008).
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In cancer, CCL2 was identified as the first tumour derived factor (TDF) that induced chemotaxis in
monocytes (Bottazzi et al. 1983). CCL2 is produced by tumour cells and their associated stromal
cells. It is presently acknowledged as the TDF responsible for recruiting circulating monocytes from
the blood into a variety of human tumours (Sica et al. 2012; Pollard 2004). Qian and colleagues also
demonstrated that metastatic tumour cells and target site stromal cells also produce CCL2 (Qian et
al. 2011). Eventually Mo give rise to immunosuppressive tumour associated macrophages (TAMs)
and monocytic myeloid derived suppressor cells (M-MDSCs) at the tumour site, promoting tumour

progression and immune evasion.

3.2 Macrophage polarisation
Tissue macrophages were originally categorized, according to their polarisation status, on a linear
scale from pro-inflammatory or M1-macrophages (classically activated) to anti-inflammatory or
M2-macrophages (alternatively activated), originally defined as the two extreme ends of the scale

(Gordon and Martinez 2010; Biswas and Mantovani 2010; Sica et al. 2008) (Figure 11).

M2 M1

M2d M2ec M2b M2a M1
Induced by: Induced by: Induced by Induced by Induced by:
L6 IL-10+TGF-B ICATLR/IL1-R ligands IL-d+IL-13 LPS#IFN-y or THF
’ Produce;
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VEGF IL-10 iL-1 IL-10 Reactive ox i
10 YEEN spacies
TGF-B IL-& TGF- 1-12 high
;;:2 1E-10 IL-1ra TE
Tora TNF-a IL-10 low
THF-a
Function: Function: Function: Eunction: Function:
Tumaor associated macrophage  Immunoregulation Control metastasis Induce Th2 responsa Control metastasis
Promote angiogenesis Tissue remodeling Suppress tumor growth Promotes type Il inflammation Supprass tumor growth
hatrix deposition Induce Thl rasponsa Killing parasites Induce Thl responsa

Figure 11: Macrophages polarisation and subtypes (Weagel et al, 2015)

Recently, alternative classification systems have been proposed which are based on macrophage’s
function and relative contribution to tissue development and remodelling as well as immune
responses, reflecting the functional plasticity of macrophages in response to different stimuli
(Mosser and Edwards 2008).

M1 Phenotype: M1-macrophages are destructive, phagocytic, produce large amounts of reactive
oxygen and nitrogen species, and promote a Thl response (Sica and Mantovani 2012a). This

response is usually seen during microbial infections.
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M1-macrophages secrete high levels of inflammatory cytokines, IL-12, and IL-23. IL-12 induces the
activation and clonal expansion of Th17 cells, which secrete high amounts of IL-17, consequently
contribute to inflammation (Hao et al. 2012). The M1 phenotype is characterized by increased
glycolysis, glucose metabolism and is skewed towards the oxidative pentose phosphate pathway,
decreased oxygen consumption, and the production of large amounts of radical oxygen and
nitrogen species, as well as inflammatory cytokines (Blagih and Jones 2012; Haschemi et al. 2012).
Inflammatory signals such as IFN-y, TNF- a, IL-18 and LPS can polarise macrophages to the M1
phenotype in vitro (Urban et al. 1986; Wong et al. 2010). LPS or IFN-y can interact with Toll-like
receptor 4 (TLR4) on the surface of macrophages inducing the Trif and MyD88 pathways, inducing
the activation of transcription factors IRF3, AP-1, and NFkB and thus activating TNFs genes,
interferon genes, CXCL10, NOS2, IL-12, etc. which are necessary in a pro-inflammatory response
(Baccala et al. 2007).

M1 macrophages initiate the induction of the STAT1 transcription factor which targets CXCL9,
CXCL10, IFN regulatory factor-1 (IRF-1), and suppressor of cytokine signaling-1 (Hardison et al.
2012).

In the tumour microenvironment, Notch signalling plays an important role in the polarisation of M1
macrophages, as it allows transcription factor RBP-J to regulate classical activation.

Several miRNAs have been shown to be highly expressed in M1 polarised macrophages, particularly
miRNA-155, miRNA-125, miRNA-378 (Banerjee et al. 2013; Lodish et al. 2008; Squadrito et al. 2013).
miRNA-155, is upregulated when macrophages are transitioning from M2 to M1, and M1
macrophages overexpressing miRNA-155 are generally more aggressive and are associated with
reduction of tumours (Cai, Yin, et al. 2012). Moreover, miRNA-342-5p has been found to foster a
greater inflammatory response in macrophages by targeting Aktl in mice. This miRNA also
promotes the upregulation of Nos2 and IL-6, both of which act as pro-inflammatory signals for
macrophages (Wei et al. 2013). miRNA-125 and miRNA-378 have also been shown to be involved

in the classical activation pathway of macrophages (M1) (Squadrito et al. 2013).

In the context of cancer, M1-macrophages are playing an important role in the recognition and
destruction of cancer cells, and their presence usually indicates good prognosis. Following
recognition, cancer cells can be destroyed through several mechanisms, including contact-
dependent phagocytosis and cytotoxicity (e.g., cytokine release such as TNF-a) (Sinha, Clements,
and Ostrand-Rosenberg 2005). Nonetheless, environmental signals from tumour
microenvironment or tissue-resident cells, can polarise M1 macrophages to M2 macrophages and
that repolarising macrophages to an M1 can benefit the immune system to reject tumours
(Guiducci et al. 2005). Until recently, M1 macrophages were thought to be the only functional

macrophages and that anti-inflammatory molecules were inhibitory to their function. However,
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nowadays we understand that anti-inflammatory molecules did not inhibit macrophage function

but provide and alternative activation of them.

M2 Phenotype: M2 macrophages are anti-inflammatory and aid in the process of angiogenesis and
tissue repair. They express scavenger receptors and produce anti-inflammatory cytokines such as
IL-10 (Biswas et al. 2006). They also upregulate certain MHC-II molecules but are incapable of
efficient antigen presentation.
The M2 phenotype is characterised by increased fatty acid intake and fatty acid oxidation,
decreased flux towards the pentose phosphate pathway, increased overall cell redox potential,
upregulated scavenger receptors and immunomodulatory cytokines.
Expression of IL-10 by M2 macrophages promotes a Th2 response which in turn upregulate the
production of IL-3 and IL-4. IL-4 is an essential cytokine in the healing process because it contributes
to the production of the extracellular matrix. In addition, anti-inflammatory signals in the tumour
microenvironment such as adiponectin and IL-10, promote an M2 state and enhance an M2
response (Hao et al. 2012). Macrophages that are deficient in Notch signalling express an M2
phenotype regardless of other extrinsic inducers (Wang, He, et al. 2010). M2 macrophages have
different subsets and each one is stimulated by a different set of molecules and different activation
responses.

e M2a are usually cite described as profibrotic. They mainly induce a Th2 response and promote
type Il responses in response to IL-4 and IL-13 (Orme and Mohan 2012). IL-4 and IL-13 bind to
IL-4R and activate the Jak/Stat6 pathway, which regulates the expression of CCL17, ARG1, IRF4,
IL-10, SOCS3, etc., which are genes associated with an anti-inflammatory response.

e M2b are likewise involved in Th2 activation and immune regulation, and they are often referred
as regulators. These macrophages over express IL-10, CCL1, IL-1 and IL-6 (Murray et al. 2014).

e M2c are involved in immune suppression, tissue repair and matrix remodelling and described
as deactivated. M2c macrophages polarize in the presence of IL-10 and TGF-. They upregulate
IL-10 and TGF-B production and express CD163 and CD206 as well as several scavenger
receptors (Chanmee et al. 2014; Lu et al. 2013).

e M2d or tumour associated macrophages (TAM) exhibit functions that could help tumour
progression, hence promoting its growth (Chanmee et al. 2014). The presence of these in most
solid tumours adversely correlates with successful treatment and longer survival (Steidl et al.

2010).

3.3 Tumour-Associated Macrophages (TAM)
In the tumour micro-environment (TME), TAMs originate from the monocyte lineage influenced by

factors expressed by stromal cells and the neoplastic cells. The chemokine CCL2 (tumour derived
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chemotactic factor) is the most important (Bottazzi et al. 1983). Other factors like fibronectin,
fibrinogen, cleavage products of extracellular matrix proteins, and a variety of chemokine and
cytokines (VEGF, PDGF and M-CSF) are also involved in the recruitment of monocytes (Balkwill
2004). Angiotensin Il was proposed to increase the production of TAMs, which foster tumour
growth (Cortez-Retamozo et al. 2013). However, there are conflicting reports about the cellular
origin of TAMs in the TME and the identification of the principal molecule responsible for TAM
differentiation from their precursors. A study described that TAMs are phenotypically and
functionally different from the traditional M2 phenotype. TAMs in the mouse model of mammary
cancer were differentiated from CCR21 inflammatory monocytes and their differentiation
depended on the Notch signalling pathway via the transcription factor RBPJ (Franklin et al. 2014).

When macrophages are recruited to the TME, the immune functions of macrophages are
suppressed, and the tumour cells lose their “off switches” due to intrinsic mutations resulting in
lack of response to positional data. This helps the tumour’s growth and survival of cancer cells by
promoting inflammation and angiogenesis which has subverted the adaptive immune responses
resulting in tumour cell migration and metastasis (Pollard 2004; Zhang et al. 2012).

Unlike macrophages from healthy tissues, which are capable of presenting TAAs, lysing tumour
cells, and stimulating the antitumor functions of T-cells and NK cells, TAMs in the TME lack these
activities, leaving the host without the ability to construct an effective anti-tumour immune
response (Lewis and Pollard 2006). Studies have shown that tumour derived molecules (cytokine,
growth factors, chemotactic molecules, and proteases) influence TAMs functions (Gordon 2003a).
The antitumor activity of TAMs is likely to be suppressed by hypoxia in the TME, as this stimulates
potent immunosuppressive factors such as IL-10 and PGE2 (Noman et al. 2011). These factors
impair the immune cell development and inhibit the antitumor activity of TAMs by acting on the
primitive stages of their development from the embryonic stem cells. Hypoxia also plays a major
role in inhibiting the ability of the macrophages for phagocytosis and antigen presentation. In the
hypoxic regions within TME, TAMs upregulate the expression of MMP7 which has cleaved the Fas
ligand from the adjacent cells. This made the tumour cells not just less responsive to the
chemotherapeutic agents, but also promotes lysis by the natural killer cells and the T-cells (Noman
et al. 2011; Fingleton et al. 2001).

Increased radiation levels result in increased density of TAMs and subsequently in increased
production of proangiogenic cytokines and vascular recruitment within the tumour therefore
regrowth of the tumour (Russell and Brown 2013; Wang et al. 2013).

TAMs can enhance tumour cell proliferation, invasion, and metastasis, stimulate angiogenesis, and
inhibit the T-cell mediated anti-tumour immune response, thus promoting tumour progression

(Qian and Pollard 2010; Grivennikov, Greten, and Karin 2010). Clinical data indicated that increase
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accumulation of TAMs in the tumour indicates a poor prognosis for cancer patients (Noy and Pollard
2014). TAMs in the TME look like alternatively activated macrophages (M2 phenotype) with pre-
tumour functions, such as promoting tumour cell proliferation, survival and dissemination (Pollard
2004). Tumours with < 10% of TAMs density demonstrated better prognosis (Bingle, Brown, and
Lewis 2002), and increasing infiltration of TAMs was directly linked with advanced tumour
prognosis and metastasis (Zhang et al. 2012). The TAMs recruit chemokine and CSF-1 in excess
which is proportional to the prognosis (Ueno et al. 2000; Smith et al. 1995). More than about 80%

of tumours have shown a positive correlation between the poor prognosis and TAMs.

TAMs may introduce malignancy by enhancing traits required for a cell to promote tumour genesis
includes self-sufficiency from external growth signals, insensitivity to negative growth signals,
sustained angiogenesis, resistance to apoptosis, limitless replicative potential and acquisition of
tissue invasiveness (Hanahan and Weinberg 2000). The enhancement of tumour initiation,
progression and metastasis by TAMs might be facilitated by six factors: (Pollard 2004)

1. Chronic inflammation which, in TME, is through the ROS and reactive nitrogen species that
renders the macrophage mutagenic. The recruitment of growth factors and cytokines also
stimulates the proliferation and survival of mutated premalignant cells thus initiating malignant
changes (Coussens and Werb 2002; Balkwill, Charles, and Mantovani 2005; Pollard 2009). This
low grade inflammation without clear clinical consequences, results in an increased risk of
cancer due to chronic infection or persistent irritation, which was called “smouldering
inflammation” (Mantovani et al. 2008).

2. Intravasation: TAMs enhance intravasation through the signalling of CSF-1 and EGF receptors
on macrophage and tumour cells.

3. Matrix remodelling: Macrophages are initially found at the invasive front of the tumour and at
the points of basement membrane breakdown during the malignant transition, suggesting that
the exploitation of normal matrix remodelling activities enables them to egress into the stroma
(Lin et al. 2002; Wyckoff et al. 2004).

4. Tumour cell invasion: Increased macrophage density is associated with increased migration of
tumour cells into the blood vessels resulting in invasion of the primary tumour (Wyckoff et al.
2004; Leek and Harris 2002). The TNF dependent MMP induction in macrophages plays a
significant role in enhancing the invasiveness of the tumour cells. The production of IL— by the
TAMs also induces the process of metastasis (Mytar et al. 2003; Giavazzi et al. 1990).

5. Angiogenesis: Macrophages play a key role in angiogenesis, creating an environment which
maintain the tumour and promotes metastasis by encouraging tumour cell motility. This
process is regulated by local factors including angiogenic factors such as Interleukin 8 (IL-8),

basic Fibroblast Growth Factor (bFGF), Vascular Endothelial Growth Factor (VEGF), and
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Transforming Growth Factor Alpha (TGF-a) (Folkman and Shing 1992; Friesel and Maciag 1995;
Olofsson et al. 1996). The stroma enriched in growth factors, cytokines and angiogenic factors
directly interacts with tumour cells and expresses angiogenic factors. This interaction promotes
the expression of IL-8 in tumour cells and in the stroma (Kelly et al. 1994). Upon activation,
TAMs release a variety of growth factors, proteolytic enzymes, cytokines, and inflammatory
mediators which act as important factors in angiogenesis (Fukumura et al. 1998). TAMs,
localised in the hypoxic regions into the TME, promotes the expression of HIF-1 and HIF-2. This
ends in activation and over-expression of a specific pro-angiogenic program which correlates
with the increase in the vascularity of the tumours (Lewis et al. 2000).

Seeding at distant places: Gene expression profiling of tumour cells which have migrated
macrophages suggests that macrophages might help to elicit a particular “invasion signature”
of gene expression in these cells (Condeelis, Singer, and Segall 2005). This signature detects the
tumour cells as neither proliferating nor apoptotic. The genes in the invasion signature implied
that the tumour cells could communicate with macrophages during invasion. Based on this
signature, a TME invasion model was proposed in which carcinogenesis directs the
development of microenvironments within the tumour, which presumably results from the
stable gene expression patterns seen by tumour profiling. These stable expression patterns
might lead to increase inflammation and macrophage involvement in cancer progression and
to the invasion of TME, which in turn would cause transient gene expression patterns in
malignant cells that support invasion. An early and uniform expression of certain genes could
lead to the random appearance, in time and location, of an invasion microenvironment,
resulting in recurrent episodes of invasion and micro-metastasis that augments the frequency

as the tumour progresses (Wang et al. 2005).

54



Chapter 1

4 Hypothesis

There is increasing evidence indicating that exosomes contribute and support cancer progression
by transporting oncoproteins/mRNAs/miRNAs/DNAs and immune suppressive molecules to
modulate a pro-carcinogenic phenotype.

Understanding recipient cell function and regulation by exosomes will focus on specific mechanisms
of targeting and delivery, uptake, and transfer, including modulation of key signalling pathways in
various recipient cells both in vitro and in vivo.

The susceptibility of exosomes to direct, promote or suppress immune activity is dependent upon
the host cells, state of the host cells, recipient cells and the microenvironment where these
interactions take place.

Furthermore, the transfer of molecules between cells during immune cell interactions has been
reported. Recently a novel mechanism of transfer of proteins and small RNA between T cells and
APCs has been described, involving exchange of exosomes during the formation of the
immunological synapse (Gutierrez-Vazquez et al. 2013). However, their regulatory effects in vivo

remain largely unknown, especially in humans.

| hypothesise that:

The differential expression of specific exosomal miRNAs derived from Non-Small Cell Lung Cancer
tumour alters the phenotype of macrophages.

The project aims to:

A. Identify and compare exosomal miRNA cargo in NSCLC tumour samples and their non-

cancerous (healthy) part of the lung.

B. Transfection of healthy subject’ macrophages with exosomal miRNA

C. Determine whether exosomal miRNA derived from NSCLC samples affects the phenotype

of macrophages of healthy subjects.
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4.1 Project outline

1. Identification and comparison of exosomal miRNA cargo in NSCLC tumour and their non-
cancerous (healthy) samples part of the lung.
1.1. Culture of A-549 cell line (lung cancer adenocarcinoma) in Ultroser-G 2% (Fetal Bovine
Serum free culture media; to avoid exosomal contamination from FBS)
1.2. Optimisation of exosome isolation method from supernatant (SN) from cell line
1.3. Isolation of miRNA from exosomes derived from A-549 cell line supernatant.
1.4. Characterisation of miRNA of exosomes derived from A-549 cell line supernatant.
1.4.1. Quantification (spectrophotometric analysis)
1.4.2. Quality control
1.4.2.1. Characterisation of miRNAs with Bioanalyzer (size)
1.4.2.2. Real time RT and gPCR of miRNA in exosomes using as control
housekeeping genes RNU/GAPDH (ribosomal RNA)
1.5. Further characterisation of exosomes
1.5.1. Western blot (CD*®® as membrane protein marker of exosomes; Calnexin as control
protein marker, which is present in Human Embryonic Kidney cells (HEK)- 293)
1.5.2. Direct visualisation of exosomes with Transmission Electron Microscopy (TEM)
1.6. Exosome isolation from supernatant of tumour samples (TDE) and their healthy lung tissue
(NDE) from subjects identified in TargetLung cohort who have NSCLC (55 paired samples)
1.7. Sequencing of
1.7.1. Small RNA (miRNA) of all the exosomes (TDE and NDE)
1.7.2. Small RNA (miRNA) of additional exosomes from extra samples tumour and paired
healthy lung tissue of the same subject with NSCLC
1.7.3.Normalisation and quality control of sequencing results
1.7.4.Bioinformatics analysis of sequencing results (DEseq2)

1.7.5.Comparison of differential expressed exosomal miRNA in TDE vs NDE (all exosomes)

2. Transfection of healthy subject’ macrophages with exosomal miRNA
2.1. Isolate and grow of peripheral blood mononuclear cells (PBMC) from healthy donors PBMC
derived macrophages.

2.2. Staining of exosomes derived from supernatant form A-549 cell line
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2.3. Transfection of PBMC derived macrophages with exosomes from SN of tumour cells (A549
culture) with different exosomal RNA concentrations for a period of 24 and 48 hours
2.4. Monitoring of exosomes uptake by macrophages with
2.4.1. Fluorescence-activated cell sorting flow cytometry (FACS) (fluorescent labelling of
exosomes)
2.4.2. Confocal (direct visualisation to assess the presence of exosomal cargo within
macrophages)
2.5. Exosome isolation from supernatant of tumour samples and their healthy lung tissue from
subjects identified in TargetLung cohort who have NSCLC
2.6. Transfection of macrophages derived from two separate healthy donors, with exosomes
derived from NSCLC tumour sample (four experiments), using as control the following:
2.6.1. Transfected macrophages derived from the same healthy donors with exosomes
derived from the normal lung tissue of the same subject with NSCLC
2.6.2. Transfection of macrophages derived from the same healthy donors with no

exosomes, but phosphate buffered saline (PBS)

Determine whether exosomal miRNA derived from NSCLC samples affects the phenotype of
macrophages of healthy subjects.
3.1. Sequencing of
3.1.1. Ribosomal (mRNA) of all macrophages transfected with tumour derived exosomes
(TDE), healthy derived exosomes (NDE) and phosphate buffered saline (PBS)
3.1.2. Small RNA (miRNA) of all macrophages transfected with TDE, NDE and PBS
3.1.3. Normalisation and quality control of sequencing results
3.1.4. Bioinformatics analysis of sequencing results (DEseq2)
3.1.5. Comparison of
3.1.5.1. Differential expressed exosomal miRNA in TDE vs NDE (exosomes used on
macrophages)
3.1.5.2. Differential expressed mRNA of macrophages exposed to TDE or NDE
3.1.6. prediction of mRNA cargo in macrophages exposed to TDE and NDE
3.1.6.1. Corelation of predicted mRNA against differential expression of mRNA
from lung cancer tumour associated macrophages (TAM) vs their paired
macrophages in normal lung (NTAM)
3.1.7.1dentification of pathways related to differential expressed miRNA between TDE vs

NDE with QIAGEN IPA software analysis.
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Chapter 2: METHODS

1 Material and Methods

1.1 List of methods

Sample collection and processing by Mr Ben Johnson and team

Culture of A549 human lung adenocarcinoma cell line by Anastasios Lekkas

Tissue sample preparation By Eva Garrido and her team

Isolation of exosomes

Exosome isolation by ULTRACENTRIFUGATION by Anastasios Lekkas

Exosome isolation by ExoQuickTC by Anastasios Lekkas

Characterisation of Exosomes

Western blot by Anastasios Lekkas

BCA Protein Assay by Anastasios Lekkas

TEM (Transmission Electron Microscopy) by Mr Toby Mellows

Fluorescent labelling of exosomes by Toby Mellows

miRNA extraction from exosomes by Anastasios Lekkas

Quantification of miRNA- Spectrophotometric analysis by Anastasios Lekkas
Electrophoretic assay- Bioanalyser by Anastasios Lekkas

miRNA and mRNA Reverse Transcription (RT) and real time quantitative Polymerase Chain
Reaction (qPCR) analysis by Anastasios Lekkas

Real time gPCR by Anastasios Lekkas

miRNA Sequencing and small RNA libraries by Mr Toby Mellows

Macrophages

Isolation of peripheral blood mononuclear cells (PBMCs) from whole blood and consequent
culture of macrophage cells by Anastasios Lekkas

RNA (miRNA and mRNA) extraction from macrophages by Anastasios Lekkas
Quantification of miRNA and mRNA in macrophages - Spectrophotometric analysis by
Anastasios Lekkas

Quality assessment Electrophoretic assay- Bioanalyser

Exosome transfer by Anastasios Lekkas

Fluorescence Activated Cell Sorting (FACS) by Rocio Nunez-Martinez

Monitoring macrophage exosome uptake by flow cytometry by Rocio Nunez-Martinez
Confocal Microscopy by Rocio Nunez-Martinez

RNA sequencing macrophages exposed to TDE and NDE
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Organisation of sequencing data, Data preparation (codes), Labelling and identification of
all small RNA (codes), Identification of mature miRNA (codes), Combining all our miRNA
datasets in one (codes), Quality Control (QC) of Sequencing Data, Filtering of Sequencing
Data, Unsupervised filtering, Exploratory data analysis for quality control, Basic quality
control plots (Boxplots), Principle component analysis, Interquartile range versus median
plot (IQR), Hierarchical clustering, Normalisation, Differential expression analysis using
DESeq2, Gene sequencing enrichment analysis by Mr Ashley Heinson

Ingenuity Pathway Analysis by Anastasios Lekkas

1.2 List of Reagents

All TagMan® gPCR primers

Alexa Fluor™ 546 Phalloidin (#A22283, Thermo Fisher Scientific Inc)

BCA Protein Assay Kit (#23225. Thermo Fisher Scientific Inc)

Blocking agent (#RPN 2125, GE Healthcare Life Sciences)

BSA (Bovine Serum Albumin) nuclease free (#B9001S, New England Biolabs)

Calnexin Antibody (H-70) (#sc-11397, Santa Cruz)

CD14 magnetic beads (#130-050-201, Miltenyi Biotech)

Chloroform (#C232, Sigma-Aldrich)

DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) (#D1306, ThermoFisher Scientific)
D-MEM Medium with GlutaMAX™-| (#061965-059, GIBCO, Invitrogen)
DMEM-Dulbecco's Modified Eagle's Medium, 2mmol/L L-glutamine

ECL Advance Western Blotting Detection Kit (#RPN2135, GE Healthcare Life Sciences)
Ficoll-Paque™ PLUS (#1440-03, GE Healthcare Life Sciences)

GAPDH (#4352934, Applied Biosystems™, USA)

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (# A-
11001, ThermoFisher Scientific)

Gelatin (Sigma G1393)

High Capacity cDNA Reverse Transcrption Kit (#4374967, Applied Biosystems)

mouse anti-rabbit 1gG-B (#sc-2491, Santa Cruz)

MS Columns (#130-042-201, Miltenyi Biotech)

MultiScribe™ Reversr Transcriptase, 50U/l (# 1011098, Applied Biosystems™, USA)
NuPAGE® Novex4-12% Bis-Tris Gel 1.0nm, 10 well (#NP0321BOX)

NuPAGE® Transfer buffer 20x (NuPAGE®NP00061)
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e QIAzol Lysis Reagent (#79306, QIAGEN sciences, USA)

e Random Hexamers (#N12470) Applied Biosystems)

e Rh GM-CSF (#11343127)

e RNase Inhibitor, 20u/ul (#P02429, Applied Biosystems™, USA)

e RNU44 (#4427975, assay id 001094, Applied Biosystems™, USA)

e RPMI Medium 1640 with GlutaMAX™-| (#72400-054, GIBCO, Invitrogen)

e TagMan® Universal PCR MasterMix, No AmpErase UNG (#3464341, Applied Biosystems)
e TagMan® MiRNA Reverse transcription kit (#4366596, Applied Biosystems)
e TRI-Reagent Solution (#AM9738, Applied Biosystems™, USA)

e Tween20, Molecular Grade (#41116134)

e Ultroser™ G serum substitute (#15950-017, PALL Life Sciences)

e Water, Ultrapure DNAse/RNAse-Free distilled water (#10977035)

e 100nM dNTPs (with dTTP) (#1003037, Applied Biosystems™, USA)

e 10x Reverse Transcription Buffer (#1004081, Applied Biosystems™, US

1.3 List of kit

e Exosome RNA and Protein Isolation Kit (ThermoFisher Scientific; catalogue number:
4478545)

e ExoQuick TC 50ml (#EXOTC50A-1-SBI, Stratech Scientific Ltd)

e Exo-Glow Kit (System Biosciences)

e miRNeasy Micro Kit (#217084, QIAGEN)

e NEBNext® Small RNA Library Prep Set for lllumina® (Multiplex Compatible) (#E7580, New
England BiolLabs® Inc)

1.4 List of equipment
e Agilent 2100 Bioanalyser
e Centrifuge 5417R (eppendorf, UK)
e Centrifuge 5810R (Eppendorf, UK)
e Centrifuge Sorvall®Legend T (Kendro Laboratory, Products, Germany)
e DNA Engine, Tetrad™ 2 thermal cycler (Bio-Rad Life Sciences, Ca, USA)
e FEl Tecnai T12 Transmission Electron Microscope
e FACSCalibur (BD Biosciences)

e Leica TCS-SP8 Laser Scanning Confocal Microscope
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e ND-1000 Nanodrop® spectrophotometer (NanoDrop Technologies Inc, DE, USA)
e XCell Surelock™ Mini-cell
e VersaDoc (QuantiOne software) gel imager

e  7900HT Fast Real-Time PCR (Applied biosystems®, USA)

2 Protocol

2.1 Patient selection
Subjects with lung cancer were recruited into the Experimental Cancer Medicine Centre (ECMC)
funded study, “Tissue analysis for stratifying therapy in proliferative lung diseases”.
The study was sponsored by University Hospital Southampton NHS Foundation Trust and supported
by National Institute for Health Research (NIHR) and Health Research Authority (HRA). The study
was approved by the Southampton and South West Hampshire Local Ethics Committee REC

Reference Number 14/5SC/0186. All subjects provided written consent form.

2.1.1 Inclusion criteria

For the prospective collection of sputum, bronchoscopic lavage, lung/tissue/lymph node biopsies,

peripheral blood and where possible pulmonary vein blood and bone marrow:

e Suspected diagnosis of lung cancer, lung fibrosis, lung nodules, other lung diseases or healthy
lungs

e Patient aged 18 or over.

e Patients with the ability to understand the study requirements and provide written informed
consent.

e Patient scheduled to undergo diagnostic procedure — Bronchoscopy/EBUS/CT or ultrasound
guided biopsy/Thoracic surgery.

e Patients with pulmonary nodules who consent to research bronchoscopy.

e 2.1.2. Exclusion criteria

e Patient deemed medically unfit for sample collection.

e Patient has contraindication for any study specific procedure.

e The absence/withdrawal of consent

2.1.2 Healthy Volunteers
Volunteers who had no diagnosis of respiratory disease were recruited by advertisement and by

using the database of volunteers held by the respiratory department.
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2.1.3 Patients’ demographics/characteristics
“Tissue analysis for stratifying therapy in proliferative lung diseases” is a large ongoing study. All
samples used in this project were from patients recruited into this study.
Exosomes were isolated from fifty-five subjects and their miRNA content was studied. The average
age was 71 years old. The oldest patient was 84 years old and the youngest 51 years old. The
number of female subjects was 29, (Figure 12). Most of the patients were female 53% with marginal

difference from male counterparts.

Distribution by sex

= Female = Male

Figure 12:Demographics by sex

The smoking status, comorbidities and histology report was documented. Almost half of the

patients were either smokers (47%) or ex- smokers (5%) (Figure 13).

Smoking history

= Ex-smokers = Smokers ‘

= Non- smokers

Figure 13: Demographics by smoking history

The performance status was documented according to WHO classification published in 1982 (Oken
et al. 1982). The WHO performance status classification categorises patients as:
e 0:able to carry out all normal activity without restriction

e 1:restricted in strenuous activity but ambulatory and able to carry out light work
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e 2:ambulatory and capable of all self-care but unable to carry out any work activities; up and
about more than 50% of waking hours

e 3:symptomatic and in a chair or in bed for greater than 50% of the day but not bedridden

e 4: completely disabled; cannot carry out any self-care; totally confined to bed or chai

Most of the patients had performance score zero to one (Figure 14).

Performance Status

= PS=0
= PS=1

PS=2

Figure 14: Demographics by Performance status

Respiratory comorbidities, such as COPD and pulmonary fibrosis, identified in histological
specimens, were documented. The majority had mild COPD, likely reflecting their smoking status.

Interestingly some had fibrotic changes, admittedly at early stages (Figure 15).

Respiratory
COPD Co-morbidities

= mild

N

N

moderate

= COPD = Fibrosis

Severe

Figure 15: Demographics by COPD and Pulmonary fibrosis

Most lung cancers were adenocarcinoma. Total adenocarcinoma cases were 60%, squamous lung
cancer cases were 38% and one case was a mixed type adeno-squamous. In all the patients with
lung cancer, 53% had stage | NSCLC, 27% had stage Il NSCLC, 16% had stage lll NSCLC, one with
metastatic (stage IV, and one with possible two separate primaries (same pathology in both

specimens (adenocarcinoma) (Figure 16).
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Histology Stage

= Adenocarcinoma
= Squamous

= Adenosquamous
= X2 primaries

\
<

Figure 16: Demographics by histology and stage

In female patients, 52 % were found to have NSCLC stage |, 24% stage I, 17% stage lll, and 3% stage
IV. One patient had two separate primaries (one stage lll, and the second one stage I).

In male subjects, 54% had stage | NSCLC, 8% stage Il and 38% stage Ill. The majority had squamous
cell carcinoma, though the difference with those with squamous cell was not significant, (Figure

17).

Stage in female Stage in male

= X2 primaries

4

Figure 17: Stage in females and males
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In male subjects the proportion of adenocarcinoma was 54%, but in females was 66%. Squamous

cell carcinoma in males was identified in 46% of the cases and in 31% in females.

Histology in female subjects Histolgy in male subjects

1

|

= Adenocarcinoma
= Adenocarcinoma

Squamous

Squamous

Adenosquamous

Figure 18: Demographics by histology in females and males

Survival, recurrence, the presence of genetic mutations such as EGFR, ALK, PDL-1 and SMP-2 genetic
analysis when available were also recorded. The subjects were recruited between 2014-2016,

Appendix 1

2.2 Sample collection and processing

2.2.1 A549 lung adenocarcinoma cell line
A549 human lung adenocarcinoma cell line was cultured in foetal bovine serum free medium
(500m| DMEM-Dulbecco's Modified Eagle's Medium, 2mmol/L L-glutamine, 2 % Ultroser G).
The frozen cell line was transferred on ice in the m.s.c. Defrosting process occurred quickly, and 8
ml of medium was used to dilute the cells and transfer them in a 15-ml sterile container (falcon).
Subsequently, centrifugation occurred at 1500 RPM for 3 minutes, the supernatant was discarded,
and 2 ml of medium was used to transfer the cells in a petri dish (25 cm?). The passage of cells was

documented.

2.2.2 Tissue sample preparation (performed by collaborators in TargetLung Study)
Tumour and normal lung tissue stored immediately after biopsy on ice. Afterwards, the tissue
sample was placed in petri dish and 1ml of cRPMI 1640 (complete Roswell Park Memorial Institute
Media) was added.
Mechanical disaggregation took place by dicing the tissue specimen with a scalpel. Any blood clots
were removed, and the contents were placed into a new universal container. Subsequently, 10 pL
Liberase DL and 10 pL of DNASE (10 pl/ml) were added and re-suspended. The specimen was placed

into incubator at 37°C for 15 minutes.
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MACs miltenyi Biotec smart trainer (70 um) was connected on to a new universal container to
magnetically isolate cells. The sample was placed into a new universal container and with a syringe
was passed through. 20 ml cRPMI was placed into the old universal container and this was poured
through strainer. The specimen was centrifuged at 1500 rpm for 5 minutes. The supernatant was
poured off and was filtered using Fisher Scientific filter (0.22 um). The filtered supernatant was
stored in -80°C freezer in a labelled universal container.

Tissue disaggregation and macrophage isolation for purified population analysis. NSCLC tumour
specimens and specimens from matched normal lung from the same patients were collected after
general anaesthesia and surgical resection. A representative portion of each specimen was
immediately formalin-fixed and used for paraffin-embedding and generation of tissue microarrays
(TMA), for determination of tumour infiltrating lymphocytes (TILs) score by CD8*staining, as
described in the Immunohistochemistry and TIL score determination. The rest was immediately
processed for tissue disaggregation and macrophage isolation as follows. Briefly, samples were
collected in cold RPMI (supplemented with penicillin/streptomycin, L-glutamine and Na*-pyruvate)
and processed immediately after resection. Tissue was minced with a scalpel and digested
enzymatically with 0.15 WU/mL of D-Liberase (Roche) and 800 U/mL of DNase | (Sigma-Aldrich) for
15 min at 37°C. Then it was disaggregated into a single-cell suspension by passing it through a 70 um
strainer and rinsing with cold buffer (1x phosphate-buffered saline (PBS), 2 mM EDTA, 0.5% bovine
serum albumin (BSA)). Red blood cells were lysed using an ammonium chloride-based lysing
reagent (BD Pharm Lyse solution, BD Pharmingen) for 15 min on ice.

Quality control: Cells were counted for viability using Trypan Blue (Sigma-Aldrich). Around 5 million
cells, when available, were stained for Fluorescent Activated Cell Sorting (FACS) as follows: FcR non-
specific binding was blocked using FcR block (Miltenyi) for 30 min on ice. Then a cocktail of
prelabeled antibodies was added: glycophorin-A (Pacific Blue, BioLegend #349108, dilution 1/50),
CD45 (fluorescein isothiocyanate, BiolLegend #304038, dilution 1/66), CD14 (APC-H7, BD
Biosciences #641394, M@P9, dilution 1/20), HLA-DR (Allophycocyanin-APC, BD Biosciences
#347403, L243, dilution 1/80). Cells with antibodies were incubated on ice for 20 min. For FACS
sorting, cells were stained with DAPI (Sigma) for live/dead gating. Gating strategy used was as
follows: singlets ->glycophorin-A~ (to remove possible residual red blood cells)/DAPI- (live cells) -
>CD45* ->HLA-DR*/CD14* Sorting was performed using a BD FACS Aria Il Cell Sorter (BD
Biosciences). Purified macrophage populations were then collected in Trizol-LS (Sigma-Aldrich) and

stored at —80°C until RNA extraction was performed.
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2.3 Exosomes

2.3.1 Isolation
Exosomes are 30-100 nm extracellular vesicles secreted by all cell types (Thery, Zitvogel, and
Amigorena 2002; Frydrychowicz et al. 2015; Kalluri 2016) and play important role in tumour
microenvironment remodelling, immune escape promotion and tumour development (Fontana et
al. 2013; Ostrowski et al. 2009). They contain molecular components that can support intercellular
communication by transferring relevant molecules (Raposo and Stoorvogel 2013; Castellana, Toti,
and Freyssinet 2010; Castellana et al. 2009). Extracellular vesicles are spherical particles with
phospholipid bilayers released by various cell types in vivo. Generally, extracellular vesicles are
classified according to their cellular origin and biogenesis into microvesicles, exosomes, and
apoptotic bodies (Szatanek et al. 2015). Exosome isolation and characterization are still considered
major scientific challenges (Szatanek et al. 2015), and identifying the optimal technique to isolate
exosomes is essential for further biomarker and therapeutic discoveries. Traditionally, differential
ultracentrifugation (UC) has been accepted as a trustworthy technique for isolating exosomes from
biological fluids (Jeppesen et al. 2014). Nevertheless, several commercial kits have been launched
to isolate and study exosomes. Compared to UC, these kits are less time consuming, less technique
sensitive, more compatible with small volumes of biological samples, and do not necessitate special
equipment. Prior to downstream proteomic and genomic analyses, using exosomes isolated by
these methods, comprehensive characterization using parameters such as size, yield, zeta potential
(electrical potential at the slipping plane), and exosomal RNA quality and quantity is necessary
(Hoshino, Costa-Silva, Shen, Rodrigues, Hashimoto, Tesic Mark, Molina, Kohsaka, Di Giannatale,
Ceder, Singh, Williams, Soplop, Uryu, Pharmer, King, Bojmar, Davies, Ararso, Zhang, Zhang,
Hernandez, Weiss, Dumont-Cole, Kramer, Wexler, Narendran, Schwartz, Healey, Sandstrom, Jgrgen
Labori, et al. 2015).
Two different techniques were used for exomes precipitation and isolation.
The first method was ultracentrifugation. Nevertheless, despite several attempts at the
optimisation period, isolation of exosomes was inconsistent in trial samples (supernatant from
A549 culture cell line).
The second method used to precipitate and isolate exosomes was a polymer based (Exoquick™),

which was used according to the manufacture’s guideline.
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2.3.1.1 ULTRACENTRIFUGATION (UC)

The supernatant from tissue samples or cells cultures was carefully removed and spun at 1500 rpm
for 10 min. Subsequently, it was collected and twice filtered through 0.22/um, Fisher Scientific
filters. A further spin took place at 5000 rpm for 10 min.

The supernatant was collected and the pellet, containing cells, was discarded. The supernatant was
spun further at 7500 rpm for 30 min and was collected. This was spun at 24000 rpm for 70 min,
(Figure 19). The supernatant was discarded and the pellet containing exosomes and contaminating
proteins was washed with Phosphate Buffered Saline (PBS). The solution was placed in the rotor

and was spun at 24000 rpm for 70 min. The pellet, contained the exosomes, was re-suspend in PBS.

Rotor (Beckman) SW 41 or 40 (swinging bucket)
Tubes (Beckman) Polyallomer
Max vol/tube (ml) 12

Max vol/rotor (ml) 72

rpm for 10,000x g 7,500
rpm for 12,000x g 8,200
rpm for 100,000x g 24,000
rpm for 110,000x g 25,000

Figure 19: Ultracentrifugation- Rotor characteristics

This method was time consuming, andit took up to 8 hours to isolate exosomes by
ultracentrifugation. Repeated attempts did not isolate significant amount of RNA therefore it
thought impossible to achieve absolute separation. Ultracentrifugation has been considered the
gold standard for exosome isolation, but the method is time-consuming, requires large sample
volume inputs. Additionally, UC doesn’t isolate the cleanest exosome preparations it once was

thought to produce.

2.3.1.2 ExoQuick™
Volume-excluding polymers such as polyethylene glycols (PEGs) are routinely used for precipitation
of viruses and other small particles (Lewis and Metcalf 1988). This principle, or perhaps differential
solubility in alternative solvents, was applied in my study to precipitate exosomes. The precipitate

was isolated using low-speed centrifugation and filtration.
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System Biosciences offers a patented reagent named ExoQuick™, which was added to conditioned
cell media, that precipitated the exosomes. The reagent was optimised specifically for cell culture.
By tying up water molecules, the reagent forces less soluble components such as exosomes out of
solution, and the exosomes are conveniently collected by low-speed centrifugation.

The concept behind this method is the formation of a mesh-like polymeric web that captures
extracellular vesicles of a certain size, usually between 60—180 nm, which are later pelleted at low
centrifugal speeds. This method uses poly-ethyleneglycol (PEG) polymer, which precipitates

exosomes.

We collected supernatant from adenocarcinoma lung cancer cells as per protocol outlined in
section 2.3.1, of chapter 2 and supernatant from tumour and normal lung biopsies as described in

section 2.3.2 of chapter 2. This was centrifuged at 3000 x g for 15 minutes to remove cell debris.

| transferred 10-20 ml of supernatant to a sterile vessel (falcon) and add the appropriate volume of
Exosome Precipitation Solution to it. Following that, we refrigerate overnight (at least 12 hours).

The tubes were not rotated during the incubation period.

| centrifuged the ExoQuick™/supernatant mixture at 1500 x g for 30 minutes at 4°C. Following
centrifugation, the exosomes appeared as a beige pellet at the bottom of the tube. We aspirated
supernatant and spun down residual ExoQuick™ solution by further centrifugation at 1500 x g for
5 minutes. We removed all traces of fluid by aspiration, taking great care not to disturb the

precipitated exosomes in pellet. Finally, we re-suspended exosomes pellet in 1ml of PBS.

Though ultracentrifugation is a well-established and valid process to separate and isolate
exosomes, it was impossible to achieve absolute separation due to potential contamination of
proteins and nucleic acids therefore the preferred used method for exosomes isolation was

ExoQuick™.

ExoQuick is considered a better method than ultracentrifugation for exosome isolation due to
several advantages:

1. Simplicity and Convenience: ExoQuick kits provide a straightforward and user-friendly method
for exosome isolation. The process involves adding the reagent to the sample, incubating, and then
centrifuging to collect the exosomes. Ultracentrifugation, on the other hand, is a more complex and
time-consuming process that requires specialized equipment and expertise.

2. Time-Efficiency: ExoQuick kits enable faster isolation of exosomes compared to
ultracentrifugation. The entire process can be completed within a few hours, whereas

ultracentrifugation may take several hours or even overnight.
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3. Preservation of Exosome Integrity: ExoQuick helps maintain the integrity and functionality of
exosomes during isolation. It minimizes the exposure of exosomes to high shear forces and other
potential damaging factors. Ultracentrifugation, which involves prolonged high-speed spinning,
may cause structural damage or aggregation of exosomes.

4. Scalability: ExoQuick kits offer scalability, allowing the isolation of exosomes from both small and
large sample volumes. This flexibility is particularly beneficial for researchers working with limited
starting material or larger-scale experiments.

5. Enhanced Yield: ExoQuick kits are known to provide higher exosome yields compared to
ultracentrifugation. They efficiently precipitate exosomes without co-precipitation of

contaminants, resulting in purer exosome samples.

For all the above reasons, | decided to use Exoquick™ for EV isolation method. Additionally the
amount of starting material in my experiments was low and it was anticipated that the downstream
application will be influenced by the need to remove all or only distinct groups of non-EV

components.

2.3.2 Characterisation

2.3.2.1 Western blot
Western blots are in wide use across a broad range of scientific and clinical disciplines. Their ability
to clearly show the presence of a specific protein both by size and through the binding of an
antibody makes them well-suited for evaluating levels of protein expression in cells, and for
monitoring fractions during protein purification. This method was used to confirm the presence of
exosomes.
Exosomes and HEK control cells were lysed in NP-40 lysis buffer. Lysates were centrifuged at 1300
RPM in a bench top centrifuge at 4 °C. Supernatant was then collected. Protein concentration was
quantified in 5 pul of sample, using the Bicinchoninic Acid assay (BCA) protocol.
In 30 ul of the sample, | added 1:4 loading buffer. Loading Buffer (4x) contains, 200 mM Tris-HCL
(pH 6.8), 400 mM DTT (reducing agent), 9% SDS, 0.2% Bromophenol blue, 40% glycerol and 12%
beta-mercaptoethanol. The buffer precipitates the sample (glycerol), colours (bromophenol blue)
and cleans it (detergent). | boiled the mixture for 5 minutes at 100°C and span it for 10 seconds and
then placed it on ice prior to use.
The samples were run using NUPAGE® MOPS SDS Running Buffer. NUPAGE® MOPS SDS Running
Buffer (20 x NUPAGE in 1lt of distilled water) was used with NUPAGE® Novex Bis-Tris Gels. Running
Buffer (MOPS) works for > 14-200 kDa.
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Running NuPAGE Gels: A precast gel (NuPage® Novex 4-12% Bis-Tris Gel 1.0mm, 10 well in the
manufacturer’s electrophoresis system XCell Surelock™ Mini-cell) was rinsed with water, the
tape on back of gel was peeled off and the comb removed. The wells were washed a total of
three times with 1 X running buffer using a pasteur pipette. | filled the sample wells with buffer
and removed all air bubbles. | set up X Cell Il mini cell apparatus as per instructions, filling the
middle buffer chamber with 200 ml running buffer and checked for leaks. Subsequently, | add
the remainder of buffer to the outer buffer chamber.

In one well | placed 5ul of ladder, and in subsequent wells 25ul of the exosome lysed sample.
In one well, | placed extract from HEK (Human Embryonic Kidney cells) which was used as
control for our experiment.

| ran initially at 60V constant voltage, until stacked, to confirm that protein molecules were
“running”. Following that, | increased the voltage to 120V until completion, approximately for
60 minutes.

Electroblotting: Protein samples were then transferred onto 0.2 um Polyvinylidene difluoride
(PVDF) membrane membrane during 60-75 min at 30 V constant voltage, using the XCell I™
Blot Module within the XCell Surelock™ Mini-Cell using NUPAGE transfer buffer.

| prepare NUPAGE transfer buffer (1000 ml) contained 50 ml 10 X transfer buffer stock, 80ml
CH30OH and H,0 to a final volume of 1000 ml. PVDF membrane was prepared by pre-wetting for
30 seconds in methanol, then rinsed briefly in H,0, and then soaked in 50 ml transfer buffer for
5-10 minutes. | pre-soaked the blotting pads and four pieces of filter paper in transfer buffer
(no air bubbles). After opening the gel cassette, | removed the wells with the knife. | placed a
piece of pre-soaked filter paper on the gel, leaving the foot uncovered (making sure there were
no trapped air bubbles). Following that | cut the foot off the gel using a knife. | wetted the
surface of the gel with transfer buffer and position the pre-soaked PVDF membrane on the gel
(no air bubbles). | placed two pieces of pre-soaked filter paper on top of the PVDF membrane.
| assembled the sandwich in the transfer apparatus. | filled the chamber with 200 ml transfer
buffer until the gel/membrane was just covered (no more). Finally, | filled the outer buffer
chamber with 650 ml de-ionized water (necessary to dissipate heat during the transfer) and ran
the unit at 30 V constant voltage for 60-75 min.

Blocking and antibody incubation: Blocking is a very important step in the immunodetection
phase of Western blotting because it prevents non-specific binding of antibody to the blotting
membrane. | blocked the membrane with blocking agent (Tropix I-block 0.2% in PBS) for 60
minutes at 25°C (room temperature) in a shaker. Following that, | put the membrane in a plastic
film, and added primary antibody (CD63 antibody (H-193) or Calnexin Antibody (H-70)) in
dilution of 1:200 of rabbit polyclonal IgG supplied at 200 pg/ml (Santa Cruz). The film was sealed
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and incubated at 4°Cin a shaker overnight. After overnight incubation, | washed the membrane
three times with PBST (PBS and 0.1% Tween) for 10 minutes, at room temperature.
Subsequently, | incubated the membrane with the secondary antibody (goat anti-rabbit) in
dilution of 1:2000 supplied at 400 pg/ml (Santa Cruz), whilst shaking for 60 min, at room
temperature. Afterwards, | washed the membrane three times in PBST for 10 minutes each
time. | prepare ECL mix (following the proportion of solution A and B provided by the
manufacturer) and incubate the membrane for 1-2 minutes before an image was obtained with
VersaDoc (QuantiOne software) gel imager (10 exposures, 20 seconds/exposure).

As there are no exosome specific markers, proteins that are enriched in exosomes, from all
different cellular origins, are commonly used for exosome detection. These proteins are
tetraspanins (e.g., CD9, CD63 and CD81), cytoskeleton associated protein (e.g., ezrin) and
proteins involved in multi-vesicular biogenesis (e.g., Tsg101 and alix). Other proteins that are
also commonly detected in exosomes are Flotillin, Hsc70 and different rab proteins etc. There
are also cell specific proteins found in exosomes such as A33 (intestinal epithelial cells), CD3 (T
cells) and MHC class Il antigen presenting cells. Thus, depending on from what cell type the
exosomes are released from, the markers for detection may vary. As other compartments of
the cell can also produce vesicles, it is usually recommended to determine the presence of
proteins from these compartments such as the endoplasmic reticulum (e.g., calnexin and
Grp78) and the Golgi apparatus (e.g. GM130). Calnexin is a 67kDa integral protein which is
expressed in the endoplasmic reticulum, a type of organelle found in eukaryotic cells that forms
an interconnected network of flattened, membrane enclosed sacs or tube-like structures
known as cisternae. Endoplasmic reticulum occurs in most types of eukaryotic cells but is
absent from red blood cells and spermatozoa. Accordingly, lack of these proteins indicates no
or little contamination of vesicles of other compartments in the sample studied. For my
experiment, | used Calnexin to confirm no or little contamination of exosomes. Human
embryonic kidney cells (HEK) were used to extract protein content containing Calnexin, as

positive controls for the Western Blot.

2.3.2.1.1 BCA Protein Assay

To calculate the appropriate amount of protein needed for Western blot | used the the

bicinchoninic acid assay (BCA assay). This is known as the Smith assay, after its inventor, Paul Smith,

is a biochemical assay for determining the total concentration of protein in a solution (0.5 pg/mL

to 1.5 mg/mL). The total protein concentration is exhibited by a colour change of the sample

solution from green to purple in proportion to protein concentration, which can then be measured

using colorimetric techniques, (Figure 20).
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Vial Diluent (pL) BCA (uL) Final ug/ml
A 0 300 of stock 2000

B 125 375 of stock 1500

C 325 325 of stock 1000

D 175 175 of B 750

E 325 3250fC 500

F 325 3250f E 250

G 325 3250f F 125

H 400 3250f G 25

| 400 0 0= Blank

Figure 20: BCA, diluent and protein concentration pug/ml in BCA assay

The principle of this method is that proteins can reduce Cu*? to Cu*! in an alkaline solution (the
biuret reaction) and result in a purple colour formation by bicinchoninic acid.

The BCA assay primarily relies on two reactions. First, the peptide bonds in protein reduce Cu?* ions
from the copper sulfate to Cu* (a temperature dependent reaction). The amount of Cu?* reduced is
proportional to the amount of protein present in the solution. Next, two molecules of bicinchoninic
acid chelate with each Cu* ion, forming a purple-coloured complex that strongly absorbs light at a
wavelength of 562 nm.

The amount of protein present in a solution can be quantified by measuring the absorption spectra
and comparing with protein solutions of known concentration (Smith et al. 1985).

Exosomes were thawed on ice and lysis was performed by adding lysis buffer (2%NP-40, 2% TritonX,
20 mM Tris HCI pH 7.5, and protease inhibitors) to exosomes samples in 1:1 proportion. Tubes were
kept on ice. Following incubation on ice for 15 min, | spun at 13000 rpm at 4°C for 10 min. The
supernatant, which contained the protein extracts, was kept and the pellet was discarded. |
aliquoted 17ulL for BCA assay and kept extracts on ice. All reagents, tubes and extracts were always
kept on ice. Centrifugations were always at 4°C. | got a 96-plate wells and pipetted 5uL of standard
and sample onto the wells. | added 100uL of the VW mix reagent 1 part of B (blue) to 50 of A
(transparent) volume of VW= 100uL x (number of samples x 2+ 9x3 (standard in triplicates) + 10%)
and read at 562nm (540-590) in the plate reader.

A standard curve with the BCA values was made and the sample values were interpolated in the

curve. | diluted A and B reagent at 50:1 (the mixture turned bright green) and pipetted 100uL into
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BCA standard curve
y = 0.0005x + 0.1905
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Figure 21: BCA standard curve for calculation of total protein needed to add in gel

each well of a 96-well plate (in duplicate for each standard and in triplicate for each sample).

Eight BCA standards were made by diluting 2mg/ml aloumin standard into the buffer used to make
the protein extract. BCA standard is the standard that we use to make a curve where | will
interpolate the values from our protein extract readings. | added 5pul of standard to appropriate
wells and incubate the plate for 30 min at 37°C. Wells turned various shades of purple, (Figure 21).
Finally, | read in plate reader at 540 nm with graph standards and plot sample absorbance values
on best fit line to determine the concentrations. | averaged the three samples to get more accurate
concentration. The bicinchoninic acid assay (BCA assay), was used to calculate the amount of total
protein need to put in each well to avoid overloading the gel, ensuring | loaded approximately the
same amount of protein for each sample. 30ul from each sample containing exosomes derived from
supernatant of A549 cell line was used. This contained between 29-55 pg of protein. This was
loaded in each well. Protein content was measured from 5ul sample, as described in section 6.3.1.1

with BCA assay.

2.3.2.2 TEM (Transmission Electron Microscopy)
Negative staining is an established method, used in diagnostic microscopy, for contrasting a thin
specimen with an optically opaque fluid. This process surrounds the particles with electron dense
materials and reveals the surface by the contrast between the stain (Cheng et al. 2018) and the
specimen. With this technique, the background is stained, using heavy metal salts, leaving the
actual specimen untouched, and thus visible. This contrasts with 'positive staining', in which the
actual specimen is stained. The electron beam subsequently crosses the biological material easier

than the surrounding space. The result resembles an inverted traditional TEM image.
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Since this is the opposite of the normal positive staining effect, it is called negative staining. In the
case of transmission electron microscopy, opaqueness to electrons is related to the atomic number,
e.g. the number of protons. Exosomes have a low electron scattering power.

Ammonium molybdate was used as negative stain. This was chosen because it scatters electrons
strongly and adsorbs to biological matter well.

The pelleted exosomes that were isolated with Exo-quick™ were re-suspended in 100 pl H20 and
a 35 ul sample was fixed with glutaraldehyde 1:10. | deposit 5 pl of re-suspended pellet on Formvar-
carbon coated EM grids for 2 minutes. Excess fluid was removed with Whatman (no.1) filter paper
so that a thin film is left behind over the exosome side of the grid.

| added 5 pl for 10 minutes of 5% Ammonium Molybdate (heavy metal negative stain salt) and 1%
Trehalose (sugar to reduce specimen flattening upon drying of the grid and to reduce beam
damage, providing higher image contrast). Exosomes were spread on a glass slide and mixed with
the negative stain and allowed to dry. The grid was then dried before viewing.

When viewed with the microscope the exosomes appeared light against the dark surrounding
background.

Digital images were taken with FEI Tecnai T12 Transmission Electron Microscope at 30000 x

instrumental magnification using a monochrome CCD camera.

2.3.2.3 NTA analysis

Nanoparticle tracking analysis (NTA) is a method for visualizing and analysing particles in liquids
that relates the rate of Brownian motion (random motion of particle suspended in a medium) to
particle size. The rate of movement is related only to the viscosity and temperature of the liquid; it
is not influenced by particle density or refractive index. NTA allows the determination of a size
distribution profile of small particles with a diameter of approximately 10-1000 nanometres (nm)
in liquid suspension.

The technique is used in conjunction with an ultramicroscope (microscope with a system that lights
the object in a way that allows viewing of tiny particles via light scattering and not light reflection
or absorption) and a laser illumination unit that together allow small particles in liquid suspension
to be visualized moving under Brownian motion. The light scattered by the particles is captured
using a charge-coupled device (CCD) or an electron-multiplying CCD camera over multiple frames.
Computer software is then used to track the motion of each particle from frame to frame. The rate
of particle movement is related to a sphere equivalent hydrodynamic radius as calculated through
the Stokes-Einstein equation (for diffusion of spherical particles through a liquid with low Reynolds
numbers ( a dimensionless quantity that helps predict fluid flow patterns in different situations by

measuring the ratio between inertial and viscous forces). The technique calculates particle size on
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a particle-by particle basis, overcoming inherent weaknesses in ensemble techniques such
as dynamic light scattering (Filipe, Hawe, and Jiskoot 2010). Since video clips form the basis of the
analysis, accurate characterization of real time events such as aggregation and dissolution is
possible. Samples require minimal preparation, minimizing the time required to process each
sample.

NTA currently operates for particles from about 10 to 1000 nm in diameter, depending on particle
type. Analysis of particles at the lowest end of this range is possible only for particles composed of
materials with a high refractive index, such gold and silver. This is a limited factor for exosomes.
Particle number and size distribution in samples could be determined by nanoparticle tracking
analysis (NTA) using a NanoSight NS300 system (Malvern Technologies, Malvern, UK) configured
with a 488 nm laser and a high sensitivity scientific CMOS camera.

Furthermore, is it likely that NTA overestimates the amount of EVs due to the presence of
lipoproteins and protein aggregates and highlights a limitation in using particles/UC to determine

EVs/UC when dealing with small volume samples.

3 miRNA

3.1 miRNA extraction

The Total Exosome RNA and Protein Isolation Kit (ThermoFisher Scientific; #4478545) was used for
the isolation of RNA from pre-isolated exosomes. The kit allowed recovery of RNA purified from
exosome preparation. One portion of the sample was subjected to organic extraction, followed by
immobilization of RNA on glass-fibre filters to purify total RNA or enrich for small RNA species
(miRNA).

The kit uses acid-Phenol:chloroform extraction to provide a front-end RNA purification step
followed by a final RNA purification over a glass-fibre filter. It relies on the phase separation
between nucleic acids which are dissolved in the upper aqueous phase, and proteins which are
dissolved in phenol. Ethanol is added to samples that are passed through a filter cartridge
containing a glass-fibre filter which immobilizes the RNA. The filter is washed, and the RNA is eluted
with a low ionic strength solution. Most of the RNA contained in purified exosomes ranges in size
from 15-500 nt.

| added 1X PBS to the exosome sample in an RNase free tube so that the total volume is 200pL.
When processing > 200uL, | kept the 2X Denaturing Solution and the acid-phenol: chloroform
proportionate to the starting sample volume. Subsequently, | added one volume of 2X Denaturing
Solution and mixed thoroughly. The 2X Denaturing Solution was pre-warmed at 37°C to dissolve

precipitate, if necessary. The mixture was incubated on ice for 5 minutes. One volume of acid-
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phenol:chloroform was added to each sample. The volume of acid-phenol:chloroform was equal to
the total volume of the sample plus the 2X Denaturing Solution. The samples were mixed by
vortexing for 30—60 seconds. Centrifugation was performed for 5 minutes, at maximum speed
(210,000 x g) at room temperature to separate the mixture into aqueous and organic phases. |
carefully removed the aqueous (Gounant et al. 2014) phase without disturbing the lower phase or
the interphase and transferred it to a fresh tube. The volume recovered was noted.

RNA isolation was performed on the aqueous phase from acid-phenol:chloroform extraction.
Nuclease-free water was pre-heated to 95°C for use in eluting the RNA from the filter at the end of
the procedure.

| added 1.25 volumes 100% ethanol to the aqueous phase and mixed thoroughly. For each sample,
we placed a filter cartridge into one of the collection tubes, supplied in the kit, and pipetted 700uL
of the lysate/ethanol mixture onto the filter cartridge. For sample volumes >700 uL, | applied the
mixture in successive applications to the same filter. Finally, | centrifuged at 10,000 x g for 15
seconds, or until the mixture has passed through the filter. | discarded the flow-through, and

repeated until all the lysate/ethanol mixture was passed through the filter.

The next and final step was to wash the RNA. | added 700uL RNA Wash Solution 1 (working solution
mixed with ethanol) to the filter cartridge. | proceeded to centrifuged at 10,000 x g for 15 seconds
to pull the solution through the filter. | discarded the flow-through from the collection tube and
replaced the filter cartridge into a collection tube. | applied 500uL Wash Solution 2/3 (working
solution mixed with ethanol) and drew it through the filter as in the previous step. | repeated with
a second 500 pL of Wash Solution 2/3. After discarding the flow-through from the last wash, |
replaced the filter cartridge in the same collection tube and centrifuge the assembly at 10,000 x g
for 1 minute to remove residual fluid from the filter.

The RNA was eluted by transferring the filter cartridge into a fresh collection tube (supplied in kit)
and apply 30uL of preheated (95°C) nuclease-free water to the centre of the filter. | centrifuged for
30 seconds to recover the RNA. The eluate, containing the RNA was placed on ice for immediate

use, or was stored at —80°C.

3.2 Quantification- Spectrophotometric analysis
A 2ul aliquot of each miRNA sample was analysed using a ND-1000 Nanodrop® spectrophotometer
using manufacturer’s instructions. The concentration of RNA was calculated by analysing the
absorbance of UV light at a wavelength of 260nm. Each reading was performed in duplicates. If
duplicates differed by 10% the miRNA sample was mixed again, and RNA concentrations were re-

calculated.
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3.3 Quality assessment

3.3.1 Electophoretic assay

Bioanalyser is an electrophoretic assay based on traditional gel electrophoresis principles that have
been transferred to a chip format. This method was used to confirm the quality and size of extracted
RNA.

Predominately, two chips were used; a small RNA chip for the detection of 6-150 nt in size such as
miRNA with total RNA of 10-100 ng/uL; and a nano RNA chip for the analysis and quantitation of
concentration of total RNA between 25-500 ng/puL and mRNA (25-250 ng/uL). Pico RNA was also
used for estimation of very small RNA concentration and mRNA concentration at the range of 250—

5000 pg/ul or total RNA 50-5000 pg/pl.
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Figure 22: Image of electrophoretic assay. The ladder serves as a reference or marker to estimate
the size of the nucleic acid fragments in the samples based on their migration distance during
electrophoresis.

The Agilent 2100 Bioanalyser was used for this assay. The electrophoretic assay is based on the
traditional gel electrophoresis principles that have been transferred to a chip format. The chip
format dramatically reduces separation time as well as sample and reagent consumption. The
system provides automated sizing and quantitation information in a digital format. On chip gel
electrophoresis is performed for the analysis of RNA. The chip accommodates sample wells, gel
wells and a well for an external standard (ladder). Micro-channels are fabricated in glass to create
interconnected networks among these wells. During chip preparation, the micro-channels are filled
with a sieving polymer and fluorescence dye. Once the wells and channels are filled, the chip
becomes an integrated electrical circuit. The 16-pin electrodes of the cartridge are arranged so that

they fit into the wells of the chip. Each electrode is connected to an independent power supply that
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provides maximum control and flexibility. Charged biomolecules like DNA, RNA, or protein/LDS
micells are electrophoretically driven by a voltage gradient which is like slab gel electrophoresis.
Because of a constant mass to charge ratio and the presence of a sieving polymer matrix, the
molecules are separated by size. Smaller fragments migrates faster than larger ones. Dye molecules
intercalate into DNA or RNA strands or protein/LDS micells. These complexes are detected by laser-
induced fluorescence. Data is translated into gel-like images (bands) and electropherograms
(peaks). With the help of a ladder that contains components of known sizes, a standard curve of
migration time versus fragments size is plotted. From the migration times measured for each
fragment in the sample, the size is calculated. Two markers (for RNA only one marker) are run with
each of the samples bracketing the overall sizing range. The “lower” and “upper” markers are
internal standards used to align the ladder data with data from the sample wells. This is necessary
to compensate for drift effects that may occur during a chip run.

For RNA assays, quantitation is done with the help of the ladder area (Figure 22). The area under
the ladder is compared with the sum of the sample peak areas. The area under the “lower” marker
is not taken into consideration. For total RNA assays, the ribosomal ratio is determined, giving an
indication on the integrity of the RNA sample.

The RNA integrity number (RIN) is utilized to estimate the integrity of total RNA samples based on
the entire electrophoretic trace of the RNA sample, including the presence or absence of
degradation products. RNA integrity number (RIN) is an algorithm for assigning integrity values to
RNA measurements. The integrity of RNA is a major concern for gene expression studies and
traditionally has been evaluated using the 28S to 18S rRNA ratio, a method that has been shown to
be inconsistent. This inconsistency arises because subjective, human interpretation is necessary to
compare the 28S and 18S gel images. The RIN algorithm was devised to overcome this issue. The
RIN algorithm is applied to electrophoretic RNA measurements, typically obtained using capillary
gel electrophoresis, and based on a combination of different features that contribute information
about the RNA integrity to provide a more universal measure. RIN has been demonstrated to be
robust and reproducible in studies comparing it to other RNA integrity calculation algorithms,
cementing its position as a preferred method of determining the quality of RNA to be analysed.
Traditionally RIN>8 suggests good quality RNA. The 2100 software plots fluorescence intensity
versus size/migration time and produces an electropherogram for each sample. The data are

displayed as a densitometry plot, creating a gel like image.
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3.3.2 miRNA and mRNA Reverse Transcription (RT) and real time quantitative Polymerase

Chain Reaction (qPCR) analysis

Reverse Transcription-quantitative Polymerase Chain Reaction (RT-gqPCR) is a highly sensitive
method of quantifying gene expression by measuring the expression of RNA (miRNA or mRNA) in a
sample. It is a two-step process involving first reverse transcription (RT) of RNA into complementary
DNA (cDNA) and then amplification and quantification of cDNA with gPCR. The process is done in
real time (real time qPCR) which allows quantification of the original RNReverse transcription is a
process whereby mRNA is reverse transcribed into cDNA by reverse transcriptase. The poly (A) tail
at the 3’ end of the mRNA attracts the RT primer which can either be oligo dTs, random primers or
gene specific primers each of which they have their own characteristics. The RT primer provides the
3’-0OH group which is necessary for initiation of cDNA synthesis. Triggered by the 3’OH group,
reverse transcriptase uses the RNA as a template and by adding individual nucleotides at 3’ end
builds a single cDNA strand, figure. At this stage there is RNA:cDNA hybrid, and because RNA
contains Uracil in place of Thymine, the original RNA strand must be replaced to create the desired
double stranded cDNA (ds cDNA). The RNA strand is digested using enzyme RNAse followed by DNA
polymerase which builds the other strand

of the ds cDNA using the remaining RNA pieces on the RNA:cDNA hybrid as the template. The result
of reverse transcription is double stranded cDNA (ds-cDNA). The general principles of reverse
transcription need special consideration under certain situations. The miRNAs are too short,
approximately 17-24nt, for standard quantitative PCR which requires a transcript (cDNA) length of
more than twice the forward and reverse primers, >40 nt. miRNAs also do not contain a polyp (A)
tail like mRNA. The specially designed miRNA stem loop primers overcome these two deficiencies
by binding to mature miRNA in place of Poly (A) tail and adding length during the RT reaction. Extra
length and a higher melting temperature are also provided by a “hooked” tail on the forwards
primer during the gPCR reaction. During the RT reaction, the RT primer/RNA duplex results in >100
times improved efficiency compared with traditional RT primers, and greater discrimination
between similar miRNAs and precursor miRNAs through base stacking and special constraints.

(Chen et al. 2005). The looped RT primer is disrupted by the reverse primer during gPCR.
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The miRNA RT was performed using a high-capacity cDNA reverse transcription kit with specific
loop primers for each miRNA being measured. RNU and GAPDH used as housekeeping genes

following manufacturer’s instructions. 5ng of RNA was used in the RT reaction (this amount was
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Figure 23: Schematic presentation of RT process

kept consistent for samples that were compared to each other). Following RT, cDNA was diluted

1:10 and stored at -20°C until gPCR was performed (Figure 23, 24).

A G RT thermal cycling condition
1. 10x Reverse Transcription buffer 0.75 uL Step 1: 30 mins at 16°C
2. dNTPS (100mM) 0.075 plL €p L: 30 mins a
3. 5xspecific hexamers 1.5 uL Sten 2: 30 mins at 42°C
4. RNAse inhib 20u/pL 0.094 pL €p ;38 mins a
Multiscribe(RT enzyme 50u/uL) 0.5 plL . .
5. RNA (10ng/ul) 0.5 uL Step 3: 5 mins at 85°C
6. RNase free H,O 4.081 pL .
Step 4: samples at 15°C
Total 7.5 uL until removed

Figure 24: RT recipe and thermal cycling conditions

Real time-q PCR is a process that identifies, amplifies, and quantifies DNA targets by utilising a

thermostable DNA polymerase to increase DNA to detectable levels (Figure 25).
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miRNA qPCR

qPCR TagMan® buffer (2x) 2.50 pL
TagMan® primer (20x) 0.25 L

cDNA 0.70 pL (undiluted)
H.0 1.55 uL
Total 5.00 uL

Figure 25: miRNA real time PCR recipe

It follows the general principle of PCR, and its key feature is that the amplified DNA is detected as
the reaction progresses in real time. PCR is based on thermal cycling: repeated cycles of heating
and cooling of the reaction of DNA melting and enzymatic replication of the DNA. By adding primers
(both forward and reverse) that are complimentary to the sequence of interesting cDNA
constructed in the RT reaction, a target gene can be amplified by the DNA polymerase enzyme.
Initially the temperature is raised, denaturing the ds-cDNA into individual strands, following which
the reaction is cooled to allow primer annealing (Figure 26). As the solution cools, DNA polymerase
synthesises new DNA strands (polymerisation) by adding nucleotides commencing from the primer.
Each time the process is repeated, the number of DNA sequences doubles so that after 40 cycles
there are over 1 billion copies of the original sequence. Each strand is used as a template for DNA
synthesis by the DNA polymerase. This cycle of temperature change is it repeated 40-50 times giving

an exponential amplification of the DNA of interest.

Temperature Time Function
95°C 10 Denaturing and enzyme
wL min activation
ayeles 95°C 15 Denaturing
sec
60°C 1 min Annealing/extension/data
collection

Figure 26: qPCR thermal cycling condition and functions

DNA quantification relies on the activation and measurement of a fluorescent product. There are

two ways in which this is achieved; probed based (e.g Tagman®) or intercalator/dsDNA binding
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(e.g SYBR Green®, Lux® primers and hybridisation probes). In this project, we used Tagman®
probes.

Reactions were performed following manufacturer’s instructions and using Tagman® Universal
PCR Master Mix, No AmpErase® UNG on the Real-time PCR machine.

Tagman® real time gPCR requires a pair of specific forward and reverse primers and a specific MGB
(minor groove binder probe).

Tagman® MGB probes takes the name from the thermostable Tag Polymerase and video game
PacMan at the time that this technique was developed, and which shares a common action of slicing
up the enemy (hydrolysing the MGB probe in this case). The probe consists of a fluorophore
reporter dye (R) (6-carboxyfluorescein, FAM) which is covalently attached to the 5’ end of an
oligonucleotide probe, a non-fluorescent quencher (NFQ) and a minor grove binder (MGB) attached
to the 3’end of the probe. The probe is designed to anneal to the DNA within a region between the
forward and reverse primers and whilst the whole probe is intact and the NFQ is in close proximity
to the reporter, fluorescence is suppressed by Forster-type energy transfer. During amplification,
the probe binds specifically to a complementary sequence on the template between the forward
and reverse primer sites. The DNA polymerase enzyme also has 3’exonuclease activity. It on cleaves
probes that are hybridised to the target resulting in the separation of the reporter dye from the

NFQ. This renders free to fluoresce (Figure 27).
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Figure 27: schematic representation of gPCR

During polymerisation, the Taq polymerase moves from the 5’ end towards the 3’ end building the

nascent strand by adding nucleotides and extending the primer. On reaching the probe, the
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exonuclease activity of Tag polymerase hydrolyses the phosphodiester bonds, releasing the probe
from the DNA template and breaking the probe into pieces releasing the reporter. Free from the
suppression of the NFQ fluorescence emitted by the transporter can be detected and quantified by
the PCR cycler. The intercalator based method utilises the light absorbance changes and
characteristics of a non-specific DNA binding dye, SYBR® Green® as it is binding not specifically to
dscDNA. The main advantage of SYBR® Green® is the non-specific RT reaction which means the

cDNA can be used for multiple gene targets. Another advantage is the cheaper cost.

Gene quantification: The 7900HT Fast Real-Time PCR (Applied biosystems®, USA) was used for
gPCR. Analysis was conducted using the ABI PRISM® 7900HT Sequence detection system (SDS) v2.3

software (Applied biosystems®, USA, copyright 2005).

The threshold was calculated automatically for all samples but was checked manually to ensure
that this was set at an appropriate level within the exponential phase of the PCR.

The cycle number at which the fluorescence crossed the threshold value is called the Ct value.
Samples were analysed in triplicate where possible.

Calculations were only performed for those samples with two or more reliable CT values. The values
where ignored if the application plot was erroneous or the CT value duplicate samples was >1 cycle
difference.

Gene expression was calculated using the comparative Ct (24¢t) method. The comparative method
calculates the relative difference (fold difference) in gene expression between the sample and a
control.

The first step in the calculation is to normalise the Ct value for the gene of interest within each
sample against a constitutively expressed endogenous control (the house keeper gene), ACt. This
is done to correct for differences in the amount of cDNA introduced at the start of the reaction for
each sample. The house keeper genes used were RNU44 or GAPDH. The second step is to calculate
the AACt, which is the difference in the ACt between each sample and the average ACt for all
controls. The AACt is incorporated into the final calculation, 2"22%t, which results in the relative fold
difference, or relative expression in the gene of interest between the sample and control sample.
Fold difference= 224t

ACtsampIe‘Athontrm= AACt

Ctgene of interest(sample) — Cthouse keeper gene (sample)= ACtsample

Ctgene of interest(control) — Cthouse keeper gene (control)= Athontrol
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Fold differences in gene expression was calculated using the comparative Ct method. The Ct value
is the cycle number at which exponential amplification curve) of fluorescence) crosses the threshold

mark (Figure 28).

A. Calculating Relative Copy Numbers B. Changes in Copy Number Compared to Reference
AC
Relative Copy Number = eff 4C ~ 24C eff ™ e ~2 (AC (Test) - AC (Ren)
eff A€ (Reh
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Figure 28:Calculating Ct value in qPCR process

A difference between two Ct values of 1 unit (=1 PCR cycle) represents a 2-fold difference in the
expression of the gene and of 2 units, a fourfold difference in gene expression. The ACt value is the
result of the gene of interest Ct value minus the Ct value of the housekeeping gene (e.g., GAPDH).
The housekeeping gene is normally stably expressed in each cell. The AACt is the ACt of the sample
of interest relative to baseline/control sample. Relative gene expression or fold induction can then

be calculated by exponential transformation of AACt:2(24¢t

3.4 miRNA Sequencing and small RNA libraries

Small RNA library (preparation of cDNA library for sequencing) for RNA sequencing, was performed
using NEBNext® Small RNA Library Prep Set for lllumina® (Multiplex Compatible) in Clinical and
Experimental Sciences Academic Unit of University of Southampton by Mr Toby Mellows, PhD

research student.

3.4.1 Library preparation
Amplified dsDNA was subjected to library preparation using TruSeq Nano DNA library prep kit
(Hlumina). Samples were subjected to end-repair during 30 min at 30°C. Size selection was
performed using Agencourt AMPure XP beads in two steps: removal of large DNA fragments
(>450 bp) with a ratio 1.6:1 of diluted beads:sample; removal of small DNA fragments (<150 bp)

with a ratio 1:3.1 of undiluted beads:sample. DNA of interest was recovered in TE; 3’ ends of 150—
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450 bp DNA fragments were adenylated using A-Tailing Mix during 30 min at 37°C followed by
enzyme deactivation. Then, lllumina adapters were ligated using Ligation Mix 2, Resuspension
Buffer and the appropriate barcoded adapter in each case. As a last step, two sets of clean ups were
performed using AMPure XP Beads: first in a 1.2:1 ratio and next in a 1.1:1 ratio. DNA was eluted
with TE and PCR amplified using PCR Primer Cocktail and Enhanced PCR Mix as follows: 3 min at
95°C, and 8 cycles of 20 s at 98°C, 15 s at 60°C and 30 s at 70°C. As a final step, the final amplified
libraries were cleaned up using Sample Purification Beads. The size of the library was determined
by HS-DNA Agilent Bioanalyzer (150-450 bp). The amount of library was determined by Nanodrop
and dsDNA Quantifluor. Quality checks were performed comparing with aliquots taken from the

>450 bp and <150 bp fractions.

3.4.2 RNA-sequencing and data analysis

Sequencing of miRNA and mRNA was performed in La Jolla Institute for Allergy and Immunology at
La Jolla University of California San Diego by the team of Dr Pandurangan Vijayanand.

The single-end reads (50 bp length) generated by HiSeq2500 that passed lllumina filters were
filtered for those aligning to tRNA, rRNA, adapter sequences and spike-in controls. The reads were
then aligned to UCSC human genome (hg19) using TopHat (V.1.4.1)(Trapnell, Pachter, and Salzberg
2009). DUST scores were calculated with PRINSEQ Lite (V.0.20.3) (Schmieder and Edwards 2011)
and low-complexity reads (DUST >4) were removed from the BAM files. The alignment results were
parsed via the SAMtools(Li et al. 2009) to generate SAM files. Read counts to each genomic feature
were obtained with the HTSeq-count program (V.0.6.0) (Anders, Pyl, and Huber 2015) using the
‘union’ option. After removing absent features (zero counts in all samples), the raw counts were
then imported to R/Bioconductor package DESeq2 (Love, Huber, and Anders 2014)to identify
differentially expressed genes (DEGs) among samples. DESeq2 normalizes counts by dividing each
column of the count table (samples) by the size factor of this column. The size factor was calculated
by dividing the samples by geometric means of the genes. This brought the count values to a
common scale suitable for comparison. P values for differential expression were calculated using
negative binomial test for differences between the base means of two conditions. These p values
were then adjusted for multiple test correction using the Benjamini-Hochberg algorithm to control
the false discovery rate (V.1.14.1). We considered genes differentially expressed between two
groups of samples when the DESeq2 analysis resulted in an adjusted p value (FDR) <0.05 and the
fold-change (FC) in gene expression was >2 or <1/2 (log,FC>|1]|), and only genes filtered by mean
expression 210 normalized counts across the samples were considered.

Cluster analyses including principal component analysis (PCA) and hierarchical clustering were

performed using standard algorithms and metrics. The t-SNE was generated using the top 3000
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hypervariable genes, as calculated in DESeq2 (V.1.16.1); this allowed for unbiased visualization of
the DESeq2 normalized count data, using package Rtsne (V.0.13). To apply log; base
transformation, a pseudocount (+1) was added to all the countable before log transformation. This
is a usual procedure so genes with value 0 return 0 after log. Adding one does not bias the initial
non-zero counts since we are expressing RNA-sequencing (RNA-seq) data as proportions.
Weighted correlation analysis was completed using WGCNA (V.1.61)(Langfelder and Horvath
2008) from the Log,DESeq2 normalized count data matrix and the function TOMsimilarityfromExpr
(beta=5) and exportNetworkToCytoscape, weighted=true, threshold=0.05.

Networks were generated in Gephi using Fruchterman Reingold and Noverlap functions. The size
was scaled according to the average degree as calculated in Gephi. The colour was then curated
given a significant (defined by WGCNA) correlation with STAT1. Differential expression was
completed as above, correcting for a batch using DESeq2. Significant genes were selected based on

adjusted p value (FDR) <0.05 and the FC in gene expression was =2 or <1/2 (log,FC = |1]).

4 Macrophages

4.1 Isolation of peripheral blood mononuclear cells (PBMCs) from whole blood and consequent

culture of macrophage cells

Monocytes were isolated from human peripheral blood using CD14* Microbeads, as per
manufacturer’s instructions. Monocytes are CD14* and are magnetically labelled with CD14
microbeads. When magnetic labelled onto MACS® column, CD14* cells were retained within it and
were afterwards eluted.

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood by density
gradient centrifugation using Ficoll-Paque™PLUS. Typically, the number of PBMC was
10x10"6PBMCs/10mL blood.

| diluted whole blood in PBS (1:1 dilution). For my experiment, | diluted 54ml of blood with 54 ml
PBS.

Density gradient separation: | carefully pipette on top of Ficoll in a ratio approximately 1:4
(Ficoll:diluted buffy), avoiding mixing of sample and Ficoll. | centrifuge at 2000 rpm for 20 min at
room temperature with no centrifuge brake. The layers from top to bottom of the tube were
plasma/PBMCs, lymphocytes, platelets (as a white halo or disc)/Ficoll/red blood cells. PBMCs were
removed using a serological pipette (Pasteur). To remove cell debris and platelets, we washed 2-3
times with PBS. Centrifugation took place during washes: 1st wash at 1500 RPM for 10min and the
remaining washes (2nd and 3rd) at 1200 rpm for 10 min. All washes were performed at room

temperature.
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The PBMCs/lymphocytes were then re-suspended in 80 ml MACS buffer (500ml PBS+ 2ml| EDTA+
7.14 BSA.

| counted the number of cells present in 10 pL of the solution were PBMC and lymphocytes were
re-suspended. Cells were counted by using a haemocytometer. | added 15-20ul of cell suspension
between the haemocytometer and cover glass using a P-20 Pipetman. | counted the number of cells
in all four outer squares divide by four (the mean number of cells/square). The number of cells per
square x 10* = the number of cells/ml of suspension.

| proceed to magnetic separation of PBMC. | added 10 puL CD14* Microbeads per 107 total cells,
mixed well and incubated for 15 minutes at 4°C. After labelling, cells were washed following
addition of 2ml of MACS buffer by centrifugation at 1200 rpm (300xg) for 10 minutes and re-
suspended up to 102 cells in 500 pL of MACS buffer. CD14* cells were separated by positive
selection, using MS MACS columns (prepared by rinsing with buffer 500 pL). The column was
washed 3 times with MACS buffer to remove unlabelled cells. The column then removed from the
magnetic field and monocytes eluted into a collection tube using 1ml of MACS buffer. A final wash
was performed with PBS at 1000 rpm for 5 minutes.

Isolated monocytes were counted and placed in RPMI 1640 with GlutaMax™-I, supplemented with
FBS 10% DMSO at concentration of 1x10" PBMCs/mL and placed in 24 wells plate (1ml/per well)
and in 8 wells plate well 400 uL/well which was later used for confocal.

To obtain monocyte derived macrophages, monocytes were cultured for 5 days with 500u/ml of
GM-CSF (initially 2000u/ml, followed the next day by 500 u/ml).

PBMCs pellet cells were stored after re-suspension in FBS 10% DMSO and subsequently placed in a

cryovial and were frozen.

4.2 RNA (miRNA and mRNA) extraction from macrophages

RNA was extracted with miRNAeasy Micro Kit by QIAGEN. This method combines
phenol/guanidine-based lysis of samples and silica-membrane based purification of total RNA
produced by QIAGEN. QlAzol Lysis Reagent was included in the kit used. This is a monophasic
solution of phenol and guanidine thiocyanate, designed to facilitate lysis of tissues, to inhibit
RNases, and to remove most of the cellular DNA and proteins from the lysate by organic extraction.
In summary, cells and lung samples were homogenized in QlAzol Lysis Reagent. After addition of
chloroform, the homogenate was separated into aqueous and organic phases by centrifugation.
RNA partitioned to the upper, aqueous phase, while DNA partitions to the interphase and proteins
to the lower, organic phase or the interphase.

The upper, aqueous phase was extracted, and ethanol was added to provide appropriate binding

conditions for all RNA molecules from approximately 18 nucleotides upwards. The sample was then
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applied to the RNeasy MinElute spin column, where the total RNA bound to the membrane and
phenol and other contaminants were efficiently washed away. High-quality RNA was then eluted in
a small volume of RNase-free water.

The process started with the addition of 700 pl QlAzol Lysis Reagent to the mix and then we
vortexed it. The tube containing the homogenate was placed on the benchtop at room temperature
(15-25°C) for 5 min. This step promoted dissociation of nucleoprotein complexes. Following this, |
added 140 ul Chloroform to the tube containing the homogenate and capped it securely. | shook
the tube vigorously for 15 s for subsequent phase separation. The tube containing the homogenate
was placed on the benchtop at room temperature for 2—3 min. Centrifugation took place for 15 min
at 12,000 x g at 4°C. Following centrifugation, the centrifuge was heated up to room temperature
(15-25°C). After centrifugation, the sample separated into 3 phases: an upper, colourless, aqueous
phase containing RNA; a white interphase; and a lower, red, organic phase. DNA and protein are in
the underlying two layers. The upper aqueous phase was transferred to a new collection tube
(supplied by the manufacturer).

| added 1.5 volumes of 100% ethanol and mixed thoroughly by pipetting up and down several times.
We pipetted up to 700 pl of the sample, including any precipitate that may have formed, into a
RNeasy Mini spin column in a 2ml collection tube (supplied) and centrifuge at 28000 x g (10,000
rpm) for 15 seconds at room temperature (15-25°C). Afterwards, we discarded the flow-through,
added 700 pl Buffer RWT to the RNeasy Mini spin column and centrifuged for further 15 seconds
at 28000 x g (210,000 rpm) to wash the column. The flow-through was discarded. | pipetted 500 pl
Buffer RPE onto the RNeasy Mini spin column and centrifuged for 15 seconds at 28000 x g (10,000
rpm) to wash the column. The flow-through was also discarded. | added another 500 pl Buffer RPE
to the RNeasy Mini spin column and centrifuge for 2 min at 28000 x g (=10,000 rpm), to dry the
RNeasy Mini spin column membrane. The long centrifugation dries the spin column membrane,
ensuring that no ethanol is carried over during RNA elution, as residual ethanol may interfere with
downstream reactions. Following centrifugation, | removed the RNeasy Mini spin column from the
collection tube carefully, so the column did not contact the flow-through as otherwise, carryover
of ethanol occurs. | placed the RNeasy Mini spin column into a new 2 ml collection tube (not
supplied), discarded the old collection tube with the flow-through and centrifuged in a micro-
centrifuge at full speed for 1 min. This step was aiming to eliminate any possible carryover of Buffer
RPE or if residual flow-through remained on the outside of the RNeasy Mini spin column. |
transferred the RNeasy Mini spin column to a new 1.5 ml collection tube (supplied), pipetted 30 pl
RNase-free water directly onto the RNeasy Mini spin column membrane and centrifuged for 1 min

at 28000 x g (210,000 rpm) to elute the RNA.
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4.2.1 Quantification of miRNA and mRNA - Spectrophotometric analysis

A 2yl aliquot of each RNA sample was analysed using a ND-1000 Nanodrop® spectrophotometer
using manufacturer’s instructions. The concentration of RNA was calculated by analysing the
absorbance of UV light at a wavelength of 260nm. Each reading was performed in duplicates. If
duplicates differed by 10% the RNA sample was mixed again and RNA concentrations re-calculated.
For mRNA, the 260nm/280nm absorbance ratio was used to assess purity, and samples used if ratio
>1.8.

The NanoDrop Spectrophotometer from NanoDrop Technologies is designed for measuring nucleic
acid concentrations in sample volumes of 1pl. The key to this advanced spectrophotometer is its
unique sample retention technology that overcomes the need for cuvettes when taking
measurements. This is accomplished by placing the sample directly on top of the detection surface
and using the surface tension to create a column between the ends of optical fibres. Thus, the
measurement optical path is formed. The sensitivity range for DNA detection is between 2 and 3700
ng/ul. The spectral range of the device is 220 to 750nm and it is possible to scan all the wavelengths.
260/280: This is the ratio of sample absorbance at 260 and 280 nm. The ratio of absorbance at 260
and 280 nm is used to assess the purity of DNA and RNA. A ratio of approximately 1.8 is generally
accepted as “pure” for DNA; a ratio of approximately 2.0 is generally accepted as “pure” for RNA.
If the ratio is appreciably lower in either case, it may indicate the presence of protein, phenol or
other contaminants that absorb strongly at or near 280 nm.

260/230: This is the ratio of sample absorbance at 260 and 230 nm. This is a secondary measure of
nucleic acid purity. The 260/230 values for “pure” nucleic acid are often higher than the respective
260/280 values. They are commonly in the range of 1.8-2.2. If the ratio is appreciably lower, this

may indicate the presence of co-purified contaminants.

4.2.2 Electophoretic assay
Bioanalyser electrophoretic assay was used to confirm the quality and size of extracted RNA as

described in section 3.3.1 of chapter 2.
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4.3 Monitoring Macrophages exosome uptake

Two separate experiments took place to confirm macrophages exosome uptake.

4.3.1 Fluorescence Activated Cell Sorting (FACS)- Monitoring macrophage exosome uptake by
flow cytometry
Macrophages were obtained as in section 4.1 of chapter 2 and were incubated with purified
fluorescently labelled exosomes. Subsequently, macrophages were collected 24h later, washed in

ice cold PBS and monitored by flow cytometry (Figure 29).
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Figure 29: Schematic presentation of FACS process
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The basic principle of flow cytometry is the passage of cells in single file in front of a laser so they
can be detected, counted, and sorted. Cell components are fluorescently labelled and then excited
by the laser to emit light at varying wavelengths. The fluorescence can then be measured to
determine the amount and type of cells present in a sample. Up to thousands of particles per
second can be analysed as they pass through the liquid stream. A beam of laser light is directed at
a hydro-dynamically focused stream of fluid that carries the cells. Several detectors are carefully
placed around the stream, at the point where the fluid passes through the light beam. One of these
detectors is in line with the light beam and is used to measure Forward Scatter or FSC. Another

detector is placed perpendicular to the stream and is used to measure Side Scatter (SSC). Since
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fluorescent labels are used to detect the different cells or components, fluorescent detectors are
also in place. The suspended particles or cells, which may range in size from 0.2-150 um, pass
through the beam of light and scatter the light beams. The fluorescently labelled cell components
are excited by the laser and emit light at a longer wavelength than the light source. This is then
detected by the detectors. The detectors therefore pick up a combination of scattered and
fluorescent light. This data is then analysed by a computer that is attached to the flow cytometer
using special software. The brightness of each detector (one for each fluorescent emission peak) is
adjusted for this detection. Using the light measurements, different information can be gathered
about the physical and chemical structure of the cells.

Generally, FSC can detect the cell volume whereas the SSC reflects the inner complexity of the
particle such as its cytoplasmic granule content or nuclear structure.

Fluorescence was monitored employing flow cytometry on a FACSCalibur (BD Biosciences). Green
staining (protein) was monitored in the FITC channel (FL1) and red staining (nucleic acid) was

monitored in the PE/PI channel (FL2). Control cells were those incubated with non-labelled PBS.

4.3.2 Fluorescent labelling of exosomes

Exosomes were labelled according to Exo-Glow Kit (System Biosciences), using the dual labelling kit
according to manufacturer’s instructions.

The Exo-Red exosome label is based on acridine orange chemistry and is a nucleic acid selective
fluorescent cationic dye. It is cell permeable and interacts non-covalently with RNA by electrostatic
attractions and DNA by intercalation (Figure 30). When Exo-Red associates with RNA, excitation
occurs at 460 nm and emission maximum occurs at 650 nm, producing a red fluorescence. Most of
the nucleic acid content of exosomes is small RNA (miRNA, IncRNA, etc.), hence application of Exo-
Red labels the internal exosomal RNAs and grants the ability to monitor RNA delivery to cells via
exosomes. When bound to DNA, Exo-Red is very similar spectrally to fluorescein, with an excitation
maximum at 502 nm and an emission maximum at 525 nm and will produce green fluorescence.
When Exo-Red is used to label exosomes that are added to target cells, the cells will initially
fluoresce red, for up to 2 hours. Within 2 hours, the Exo-Red will start to intercalate with

intracellular dsDNA, and the fluorescence will shift to green.

Label internal exosome RNAs red

OO

Binds single-stranded exoRNA, fluoresces red

Figure 30:Exo-Red chemical structure
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The Exo-Green stain is based on carboxyfluorescein succinimidyl diacetate ester (CFSE) chemistry.
CFSE is also membrane permeable. When CFSE enters exosomes, it is hydrolysed by esterases
within exosomes that remove the diacetate residues (Figure 31). This activates the CFSE to
fluoresce green and is then coupled to the amino ends of proteins. This approach allows to track
exosome protein transfer into target cells using fluorescent microscopy. The Exo-Green chemistry
typically takes approximately 2 hours to clearly visualise via fluorescent microscopy and will last
until the reagent has been completely hydrolysed by the cells. This may change due to the rate of

cell division.

Label internal exosome proteins green

Exo-Green CFSE CFSE-Proteins
NI BB )
o JL° [EI®
- -‘""-(-:.':_ 3l Protein~ NH & &
Esterase = Coupling to o
hydrolysis amino termini

Figure 31:Exo-Green

Exosomes corresponding to 500 ng of RNA were re-suspended in PBS to achieve a final volume of
250 plL. 12.5ul of 10x Exo-Red ad 12.5pl of 10x Exo-Green were added to the exosomes, mixed by
inversion and incubated at 37°C for 10 minutes. 50ul of ExoQuick™ reagent were added to stop the
reaction and labelled exosomes were placed on ice for 30 min to allow precipitation. Samples were
centrifuged for 3 minutes at 14,000 rpm in a micro-centrifuge. Samples were re-suspended in 500l
of PBS and excess of dye was removed employing Exosome Spin Columns (MW 3000), following
manufacturer’s instructions. Exosome Spin Columns (MW 3000) enable fast removal of
unincorporated dye from exosome labelling reactions. They also allow the user to perform buffer
exchange on the exosomes or to remove any low molecular weight (MW < 3000) admixtures from
the exosome preparation such as salts, nucleotides, and short oligonucleotides.

These columns allow exosomes to flow through and retain the unincorporated dye that may have
still be present in the exosome solution. As a control, the same procedure was performed in 500 pl
of PBS, which showed no remaining dye after column purification. The procedure was according to
the manufacturer’s instruction.

| tapped the column to settle the dry gel into the bottom of the spin column and hydrate the column
with 650 pL of PBS. We capped, vortexed, tapped out air bubbles, and hydrated at room
temperature for 5-15 min. Once rehydrated, the columns were stored at 4°C for up to 3 days. |

placed the spin column in a 2ml collection tube and spun the column at 750 x g for 2 min at room
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temperature to remove excess interstitial fluid, keeping track of the orientation of the column in
the rotor. Finally, | discarded the collection tube and immediately applied the exosome sample (20—
100 pl) directly to the centre of the gel bed at the top of the column. | placed the spin column in
the 1.5 ml elution tube and placed in the rotor, maintaining orientation. | spun the spin column in
the tube at 750 x g for 2 min at room temperature. The exosome sample were eluted into the

elution tube.

4.3.3 Confocal Microscopy
Confocal microscopy, also called confocal laser scanning microscopy (CLSM), is an optical imaging
technique for increasing optical resolution and contrast of a micrograph by means of using a spatial
pinhole to block out of focus light in image formation. Capturing multiple two-dimensional images
at different depths in a sample enables the reconstruction of three-dimensional structures (a
process known as optical sectioning) within an object. Light travels through the sample under a
conventional microscope as far into the specimen as it can penetrate, while a confocal microscope
only focuses a smaller beam of light at one narrow depth level at a time. The CLSM achieves a
controlled and highly limited depth of focus.
| used confocal to confirm that following exposure of macrophages to exosomes, exosomal cargo
was transferred within the macrophages.
Substrate preparation: A 12 mm diameter sterile (autoclaved) coverslip was placed in P24 plates.
This was incubated with Gelatin (Sigma G1393) at 0.2% in PBS during 1 hour at 37°C. The gelatine
was aspirated afterwards and was not washed. The cells were plated at appropriate concentration
two days before the staining.
Staining: The cells were washed with cold PBS once and fixed with PFA 3.5% in cold PBS 10 min at
4°C. As | wanted to detect intracellular epitopes, we permeabilise the samples with 250 pl of PFA
3.5% and L-a.- lysophosphatidylcholine (LPC) 100 ug/ml in PBS during 20 min at 4 °C. | washed with
cold PBS several times to remove well the fixative and/or permeabiliser. Cells were incubated with
primary antibody at the appropriate concentration in 1% BSA in PBS during 1 hour at 4 °C, except
for the negative control, that will have only BSA-PBS. The concentration was 20 pug/ml according to
the instructions of the manufacturer. Subsequently, they were washed once with cold PBS, and
then incubated with the secondary antibody at the appropriate dilution in BSA-PBS in a cold and
dark environment. The secondary antibody used was a-mouse IgG*'®@488 (green) diluted 1/250 in
PBS-BSA 1%, during 1 hour at 4 2C._Actin filaments were visualized by incubating the same
conditions with 5 U/ml PhalloidinA'exe 546/647 (red or far red).The samples were washed twice with
cold PBS. The following step took place to get rid of the background. DAPI was added during 5 min
at 10 pug/ml. (Usually the stock is at 100 pg/ml). A drop of prolong/DAPI was placed in the slide. The
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coverslip was placed upside down (cells facing down) carefully with the tweezers, then was sealed
with transparent nail polish and stored at -20°C in dark until the analysis moment. NOTE: It is better
to leave it o/n at RT (Cheng et al. 2018) and later at -20°C so the resin will dry better.

Everything was performed on ice, using cold PBS. The incubation was also protected from light and
in the fridge. The plate was kept as straight as possible and ensured that cells were not allowed to
dry (Figure 32).

Leica TCS-SP8 Laser Scanning Confocal Microscope was used at glycerol x63 magnification for
objective deeper imaging in Biomedical Imaging Unit at University of Southampton. The software

used was Leica LAS-X.

'
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Figure 32: Schematic illustration of staining in confocal microscopy
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Chapter 3: RESULTS

1 Identify and compare exosomal miRNA cargo in NSCLC tumour samples and their non-
cancerous (healthy) lung biopsy samples.

The first aim of the project was to identify, isolate, and compare exosomal miRNA cargo in NSCLC
tumour samples and the non-cancerous (healthy) lung sample from the same patient.
Firstly, | demonstrated the purification of exosomes (excluding other intracellular microvesicles)

and that these exosomes (from tumour or non-tumour lung tissue) contained microRNAs.

1.1 Optimisation and isolation of Exosomal microRNAs derived from lung tumour samples.

1.1.1 Exosomes Isolation.
For my study, | initially used two different exosome isolation techniques as described in section
2.3.1 of chapter 2. The aim was to identify the best technique for my experiment. | ran the first
extraction and purification experiments on non-clinical samples, avoiding the waste of valuable

samples from patients.

1.1.1.1 Exosomes Isolation by Ultracentrifugation.
This protocol included ultracentrifugation, in combination with sucrose density gradients or sucrose
cushions to float the relatively low-density exosomes. This was described in section 2.3.1.1 of
chapter 2. The ultracentrifugation approach had the following drawbacks. The method was highly
labour intensive and time consuming (up to 2 days per preparation, for a protocol with sucrose
gradients); | could not process more than six samples at a time (owing to limitations of the design
of ultracentrifuge rotors); the method required a large amount of starting material; and finally, the

exosome yields were low.

1.1.1.2 Exosome Precipitation.
The technique was described in section 2.3.1.2 of chapter 2. This method was the preferred option

as it was relatively quick and enabled high extracellular vesicles recoveries.

1.1.1.3 Characterisation of Exosomes
For this objective, | used different cell types such as A549 and HEK293T. | describe in this section
the experiments followed, to ensure that the method was rendering pure exosomes (TEM and
Western blot) and that those exosomes contained miRNA (Electrophoresis -Bioanalyser, Reverse

Transcription and Real Time qPCR).
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1.1.1.4 TEM (Transmission Electron Microscopy):

The pelleted exosomes, isolated with Exo-quickTC from supernatant of A549 cell line, were
processed as described in section 2.3.2.3 of chapter 2. Digital images were obtained with FEI Tecnai
T12 Transmission Electron Microscope at x 30000 instrumental magnification using a monochrome
CCD camera. T12 Transmission Electron Microscope at 30000 x instrumental magnification using a
monochrome CCD camera (Figure 33).

My results indicated that whole exosomes were obtained which were detectable by TEM, showing
the typical size and shape expected.

| then established whether the microvesicles seen coincided with exosomes as described in

previous literature. As there are no exosome specific markers, proteins that are enriched in

o e
20200 mrm

Figure 33: Exosomes viewed on TEM using FEI Tecnai T12 Transmission Electron
Microscope at 30000 x magnification with monochrome CCD camera. The image shows
round structures approximately the same size as those expected from exosomes.

exosomes from all different cellular origins, are commonly used for exosome detection. For my
experiment, | used CD63 tetraspanin which is commonly used as extracellular vesicles marker
proteins, for it has been shown to be selectively enriched in them. Calnexin was used as a control
to confirm no or little contamination of exosomes. Protein content was measured with BCA assay

as described in section 2.3.2.2. of chapter 2, (Figure 34)..
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Figure 34: BCA standard curve. In this method different passages of A549
cell line were used (P8-P12)

1.1.1.5 Western blot
CD63 membrane protein was used as marker of exosomes. Calnexin was the control protein
marker, which is present in Human Embryonic Kidney cells (HEK)- 293).
The results from BCA assay that was used to calculate the amount of protein needed for western
blot, are showing in figure 35. Subsequently | performed western blot assay. Detailed description
of western blot method was described in section 2.3.2.1 of chapter 2.
Following chemiluminescence of the proteins Calnexin and CD63 with VersaDoc digital gel imaging
system, QuantiOne analysis software (10 exposures, 20 seconds/exposure) was used to detect
those proteins.
The detection of CD63 protein enriched in exosomes, and the absence of the endoplasmic reticulum
protein calnexin was a strong indicator that the vesicles’ enriched pellet was indeed exosomes and

not contaminated vesicles from other cell compartments (Figure 36).
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80 kDa Calnexin
27kDa -~ cD63

Figure 35: Western blot (Calnexin and CD63 in HEK and cells from A549 cell line). The band reflect
the molecular weight (MW) of the protein identified in HEK used as control cell line (80 kDa) and
exosomes from A549 cell line (27kDa).

1.2 Confirmation of miRNA cargo in exosomes isolated from supernatant of lung cancer cell line
(A549).
So far, | demonstrated that the exosomes purified were indeed exosomes in shape, size, and
external markers, with no contamination for other internal vesicles. | subsequently determined
whether the exosomes that | had purified contained miRNA.
Exosomes were isolated from supernatant of adenocarcinoma A549 cell line, cultured in FBS free
medium. Different passages from A549 adenocarcinoma cell line (P8, P9, P12) were used, to
confirm that isolation of exosomes and extraction of their RNA cargo was consistent. A volume of
10-20 ml of supernatant was used to isolate exosomes with Exoquick™, as described in section
2.3.1.2 of chapter 2.
Total RNA was extracted with Exosome RNA and Protein Isolation Kit Invitrogen by ThermoFisher
Scientific, as described in section 3.1 of chapter 2. Exosomal RNA was measured as described in
section 3.2, by placing 1ul of RNA to ND-1000 Nanodrop® Spectrophotometer, using
manufacturer’s instructions.
The two quality control assays (Electrophoresis/Bioanalyser and Reverse Transcription/Real Time
gPCR) confirmed the presence of miRNA cargo in the isolated exosomes from A549 cancer cell line

are as follows:

1.2.1 Electrophoresis (Bioanalyser)
Electrophoresis assessed the size of the extracted RNA, as described in section 3.3 of chapter 2.
Agilent 2100 Bioanalyser, was used to confirm the size of the RNA extracted from exosomes. As
control, | used RNA extracted from NSCLC tumour cells. A nano RNA chip for the analysis of

concentration of total RNA (25-500 ng/uL) and mRNA (25-250 ng/uL) was used. The analysis of the
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exosomal RNA, isolated from supernatant of A549 cell line, suggested the presence of a small size
RNA. It is known that mature miRNA in humans is about 21-25 nucleotides in length. In contrast,
the NSCLC tumour cells sample, which was used as control, appeared to contain various sizes of

RNA (miRNAs, ribosomal RNA (rRNA), messenger RNA (mRNA) etc.) (Figure 36)
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Figure 36: Agilent 2100 Bioanalyser showing Nano RNA chip: Exosomal RNA from A549
line, Tumour RNA (control), Ladder. X- axis is referred to the number of nucleotides (nt)
and Y- axis to the fluorescence units of RNA in the sample.

1.2.2 Reverse Transcription and Real Time qPCR was used to confirm the presence of miRNA,
as described in section 3.3.2.
| proceeded in detection of miRNA 27-a, which is well documented to be present in lung cancer
tumours, including lung adenocarcinoma (Yang et al. 2016; Chae et al. 2017; Ma et al. 2015).
For normalisation, “housekeeping gene”, | chose RNU44 (small nucleolar RNA-snRNA), which is
highly abundant across the tissues (based on average cycle threshold in gqPCR). This process
confirmed there was no nucleolar or ribosomal RNA contamination in the extracted RNA from
exosomes derived from supernatant of A549 tumour cells.
RNU44, also known as U44 small nuclear RNA (snRNA) is considered good candidate for
endogenous control, because it shows good abundance and relatively stable expression (Gee et al.
2011). This non-protein coding RNA, is approximately 70 nucleotide in length, and is involved in
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processes such as site-specific modification of nucleotides in target RNAs (Mattick and Makunin
2005). The RNU44 is a member of the large C/D box family, thought to direct 2'-O-ribose
methylation in ribosome biogenesis (Kiss 2002).

The reasons that RNU44 is considered an appropriate normalisation gene in the study of miRNAs
with reverse transcriptase are:

a. It exhibits stable expression levels across different tissues and
experimental conditions (irrespective of variations in sample quality, RNA integrity, or experimental
procedures).

b. Itisrichly expressed in various tissues

c. Itis well-characterized and widely used for normalization across different
laboratories and experiments.

d. RNUA44 expression is independent of miRNA expression levels, meaning it
is not influenced by the abundance or specific regulatory mechanisms of miRNAs. This
independence is crucial for normalization purposes, as it ensures that RNU44 can accurately reflect
technical variations associated with reverse transcription efficiency without being affected by

changes in miRNA expression levels.

The cycle threshold (Cr) value is the cycle number at which, the exponential amplification curve of
fluorescence crosses the threshold mark, was noted.

This experiment suggested that RNU44 was not expressed in the exosomes sample though miRNA
27-a was expressed. The absence of RNU 44 suggested there was no cellular contamination and the
presence of mMiRNA 27-a that there was miRNA content in the isolated exosomes (figure 38). This
was a further demonstration that the exosomes purified were not vesicles from other internal

membranes that would contain RNU44, Figure 37.

Supernatant from AS49 exosomes | RMA (ngful) | Ctvalue for mi-RNA 272 Ctwalue for RNU
P& 30.1 311677745 Undetermined
(k] 57.3 31.3068075 Undetermined
P12 55.3 31.5126E3 Undetermined

Figure 37: In this figure the cycle threshold for miR-27a (Ct: 31.16-31.5) suggested the
presence of this miRNA in the exosomes isolated from A549 cell line where RNU44 (control)
was no detectable (Ct: undetermined).
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1.3 Exosomes isolation and miRNA extraction from supernatant of NSCLC lung tumour samples
and their paired normal lung samples
Following optimisation of exosome isolation from A549 cell line, exosomes were isolated from 110
samples; 55 were supernatant of NSCLC lung tumour specimen and 55 their paired normal-”
healthy” lung samples.
For this purpose, a volume of 10-20 ml of supernatant was used to isolate exosomes with
Exoquick™, as described in section 2.3.1.2 of chapter 2.
Total RNA was extracted with Exosome RNA and Protein Isolation Kit Invitrogen by ThermoFisher
Scientific, as described in section 4.2 of chapter 2. Exosomal RNA was measured as described in
section 4.2.1 of chapter 2, by placing 1l of RNA to ND-1000 Nanodrop® Spectrophotometer, using
manufacturer’s instructions.
Quality control with Electrophoresis assay (Agilent 2100 Bioanalyser) was used to assess the size (in
nucleotides) of the extracted RNA, as described in section 3.3.1 of chapter 2 (an example is entered
below).
Y-axis represents to the fluorescence units of RNA in the sample and X-axis represents the size
(number of nucleotides) of the extracted RNA. This is important as miRNAs contain up to 24
nucleotide (Figure 38).
The most important information is to be able to see the pick concentration of the RNA to be around
20-30 nucleotides as this offers an indirect confirmation that the sample contains RNA with length

of nucleotides that is usually associated with miRNA (Figure 39)
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Figure 38: Agilent 2100 Bioanalyser- Example of Small RNA chip showing for each sample
in the y-axis the RNA concentration (Tumour (T) and normal (N) lung samples from
subjects) and in x-axis the number of nucleotides.
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2 Sequencing and dataset analysis of small RNA (miRNA) of all the exosomes (TDE and NDE).

Extraction and quality control of miRNA from TDE and NDE was performed as described in section
3.1and 3.2 incan be seen in chapter 2. Subsequently miRNA library preparation for sequencing and
miRNA sequencing took place as described in section 3.3 of chapter 2.

Exosome small RNA sequencing data were analysed to identify the small RNA cargo differences
between exosomes derived from cancer tissue (TDE) compared with those from normal lung tissue
(NDE) retrieved from the same subject.

Subsequently, data were filtered to miRNA cargo to exclude other small RNA group. The process
aimed to identify those miRNAs which in isolation or as part of a group of tumour miRNAs could
dysregulate immune response pathways in cancer.

Small RNA-Sequencing was conducted on samples of exosomes isolated from lung tumours (TDE)
and their paired samples of exosomes from non-tumour lung samples (NDE), from the same
patients.

Reads were aligned to miRbase mature miRNAs using bowtie2 1.1.2. and counted using samtools
idxstats. This gave a total number of 89 samples for miRNA sequencing, from which 45 were from
the healthy lung and 44 from the tumorous part of the lung. The raw counts for the samples were
used for differential expression testing. A paired analysis was conducted.

Principal Component Analysis (PCA), hierarchical clustering, Inter Quartile Range (IQR)/ Median
plots and boxplots were employed to identify any outlying samples and potential batch effects
within this dataset. This process showed that four samples were outliers on at least two of these
plots hence were excluded from further downstream analysis.

Sequencing batch was included in the model of differential expression as a confounding variable
(identified in PCA plots).

The differential expression testing was conducted using the DESeq2 package method of
normalization and differential expression testing. The miRNAs that had Benjimani and Hochberg
FDR < 0.05 were determined to be truly differentially expressed between the two conditions (TDE

versus NDE). The codes are described in appendix and he following steps took place.

2.1 Differential expression with DESeq2:
All miRNAs were collated in one Excel spreadsheet by our bioinformatician who used R version
4.0.2. Labelling and identification of all small RNA, codes can be seen in appendix. ldentification of
mature miRNA, codes can be seen in appendix 3. All my miRNA datasets were combined in one,
and the process and codes can be seen in Appendix 2.
There are several methods commonly used in gene sequencing that offer quality control (QC)

metrics in sequencing data (Patel and Jain 2012). The commonest are the sequence analysis
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viewer (SAV) and FastQC analysis which reports for each sequencing lane (Sheng et al. 2017;
Reguant et al. 2018).

FASTQ was the method used in my gene sequencing data. This uses NGS QC package which is
applied before primary biological analysis. It provides a simple way to do quality control checks on
raw sequence data coming from high throughput sequencing pipelines. It reports multiple QC
metrics, which are reported with a traffic light warning system, normal (green), abnormal (orange)
or bad (red), making it relatively easy to interpret results.

The most useful plots are:

Per base sequence quality, which plots the Q-score of the raw sequence reads as a boxplot for each
cycle. Higher is always better, and a characteristic quality decay is seen in most runs.

Per base sequence content plots the proportion of each base at each cycle. In a random fragment
library from a "normal" genome someone would expect to see all four bases equally represented.
Deviation from normal base content can indicate issues with library quality, but equally some
genomes are very GC (guanine-cytosine) biased and some next generation sequencing (NGS)
applications also introduce a strong GC bias, e.g., Bis-seq. The fastq file extension associated with
the FASTQ stores is in a text-based format for a biological sequence (usually nucleotide sequence)
and its corresponding quality scores. The programme was developed by Welcome Trust Sanger
Institute.

FastQC was run on the trimmed reads and a QC report was included with each of the
libraries. Within each of those folders there was a file called 'run_step.sh', which was a shell script
containing the code that was run for that step. In the 'trim adapters' step, fastgc was run and
produced a file called ‘trimmed_fastqc.html'. The Raw Data were checked with FastQC report see
appendix 5.

Consequently, exploratory data analysis control was performed by looking at the data with various
quality control plots. The aim was to check that they were of suitable quality, and that the samples
were as | would expect. The idea was to be able to visualise more easily therefore identifying major
discrepancies between the samples. The analysis was also performed in two separate sets of data,

raw and filtered, ensuring that there was no significant discrepancy between those.

2.2 Filtering of Sequencing Data
Genes with very low counts across all libraries provide little confirmation for differential expression
and they interfere with some of the statistical estimates that are used later in the pipeline. They
also add to the multiple testing problem when estimating false discovery rates, reducing power to
detect differentially expressed genes. These genes should be filtered out prior to further analysis.

There are a few ways to filter out lowly expressed genes. When there are biological replicates in
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each group, in this case we have a sample size of 45 in each group, we favour filtering on a minimum

threshold present in at least 45 samples.

Unsupervised filtering of gene selection, unlike the supervised, will not have any labels to guide the
selection process. The data used in are therefore unlabelled. That makes it unbiased and serves as
an effective way to find the necessary insights into the classification process.

The main issue in unsupervised gene selection is that it does not consider the interaction amongst
the genes, making the resultant gene subset insignificant in the discrimination task. Unsupervised
analysis method clusters genes based on their expression profiles. In essence, filtering genes by
differential expression leads to a set of correlated genes that will essentially form a single or a few
highly correlated modules. It also completely invalidates the scale free topology assumption, so
choosing soft thresholding power by scale-free topology fit will fail. In our dataset analysis, we used
R version 4.0.2 for unsupervised filtering.

A miRNA is considered "expressed" in a library, if it has a raw read count of 5-10. However, it is
recommended, that filtering should be performed on copies-per-million (CPM) data rather than
raw counts directly, as the latter does not account for differences in library sizes between samples.
As a rule, a good threshold can be chosen by identifying a count of 10 or CPM>1.

Filtering on the counts directly, does not account for differences in library sizes between samples.
There was at least 1 count per million for each miRNA in at least half of all 45 samples (this was our
smallest group size). | used only pure counts cut off as | wanted to include as many miRNAs as
possible. | also kept a low cut off providing a minimum filter to try and keep as many miRNAs as
possible. This is of course an arbitrary cut off. A requirement for expression in two or more libraries
is used as each group contains two replicates. This ensures that a gene will be retained if it is only
expressed in one group. After removing the lowly expressed miRNA, the library sizes were

recalculated for each filtered dataset, although the differences are usually negligible.

2.3 Exploratory data analysis for quality control
| aimed to determine overall quality and identify possible outliers, which could bias further analysis.
| therefore visualise and summarize aspects of the data by using a few different methods such as
basic quality control plots, principal component analysis and interquartile range (IQR) versus

median plots. Details graphs can be reviewed in Appendix 3.

2.3.1 Basic quality control plots (Boxplots)
Boxplots were used to visualise the distribution and density respectively, of read counts across each

of the sample libraries. An example is in Figure 40, 41 though more could be seen in Appendix 3.
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R Filtered Sample Counts All Small RNA Hits
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Figure 41: The boxplot demonstrates miRNA RAW counts-copies per million in y axis per sample

(exosomes) in x axis. It is apparent that there are minimal discrepancies between different samples
of exosomes, which suggested that the raw counts are not different across all samples (red are from

tumour, blue from

IS:

2.3.2 Principle component analys

An important multidimensional scaling plot is a visualisation of a ¢ which determines the greatest

sources of variation in the data. A principle components analysis is an example of an unsupervised

analysis, where | don’t need to specify the groups. If my experiment was well controlled and has

worked well, what | hoped to see is that the greatest sources of variation in the data are the groups

| am interested in. It is a useful tool for quality control and checking for outliers. Principle

component analysis (PCA) was used to transform the multidimensional sequencing dataset to
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smaller, discrete sets of orthogonal principle components. The first principle component specifies
the direction with the largest variability in the data, the second component is the direction with the
second largest variation and so on. The PCA and plots were generated using the rgl package in R,

(Figure 42)

PCA Raw Counts Small RNA All Data
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Figure 42 Three-dimensional PCA plot showing the variation and clusters within the Limma
filtered dataset

2.3.3 Interquartile range versus median plot (IQR):
The interquartile range is a robust measure of variability in a similar manner that the median is a
robust measure of central tendency. Neither measure is influenced noticeably by outliers because
they don’t depend on every value. Additionally, it is excellent for skewed distributions. When we

have a normal distribution, the standard deviation tells us the percentage of observations that fall
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specific distances from the mean. However, this doesn’t work for skewed distributions, and the IQR
is a great alternative.

For each of the filtering methods, the IQR and median was calculated, using R, from the CPM miRNA
expression data for each sample library. The values were plotted on an XY graph along with
reference points for 1 standard deviation (SD) and 2 SDs of the mean. This allows visualisation of
the spread or variance in data across the samples. It also highlights potential outliers, by identifying
those with very large variance and therefore outside two SDs of the mean.

| did not log transform the data for the plot as | was looking for large outliers. The traditional way
is to log data so that extreme values won’t have as much of an impact on the plot. Nevertheless,
the same information (outliers) can be obtained without the need to log data as outlier would have

been obviously different from the other samples on the plot, (Figure 43, 44, 45).
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Figure 43: Interquartile range/median plots of median samples (exosomes). Blue are from healthy
lung sample and red from tumour
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IQR Median Plot of the Raw Counts Small RNA All Samples
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IQR Median Plot of the Raw Counts Small RNA All Samples
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2.3.4 Hierarchical clustering
Scatterplots facilitate rapid and simple comparisons of two datasets visual representations.
However, it is frequently necessary to identify groups of genes with similar expression profiles
across many experiments.
The most used technique for finding such relationships is cluster analysis, which is often used to
identify genes that may be functionally related. Such clusters often suggest biochemical pathways.
Hierarchical clustering group genes into small clusters and to group clusters into higher-level
systems.
The resulting hierarchical tree is easily viewed as a dendrogram (Kuklin et al. 2000; Eisen et al.
1998). It is meaningful to cluster data at the experiment level rather than at the level of individual
genes to identify similarities in overall gene expression patterns.
The hierarchical techniques are appropriate for such clustering, which is based on the pairwise
statistical comparison of complete scatterplots rather than individual gene sequences.
The data are represented as a matrix of scatterplots, ultimately reduced to a matrix of correlation
coefficients.
The correlation coefficients are then used to construct a two-dimensional dendrogram in the exact
same way as in the gene-cluster experiments previously described. This plot examines relationships

between samples.

113



Chapter 2

genes_filtered Euclidean Average

e il

NN i

Tl

W

r
000008

T
000052

T
000002

T
00005+

T
00000+

WbleH

0000S

S3NOSOX3 N 959 €8
SINOSOXI N 2z €8
SINOSOXT N EHS
SINOSOXI N 0L 12
SINOSOXT N €59 62
S3NOSOX3 N 669 6E
SINOSOXI N €24 758
S3NOSOX3 N 829 28
SINOSOXI N 12L 18
SINOSOXI N 269 22
ODLLOV SaW0s0Xa H E0Z 8E
SINOSOXI N 88716
S3NOSOX3 N 66 62
VOOVOL saWosoxs H 6L 82
S3NOSOX3 N 252 18
110DV SaWOsoXa H ZEL vE
191v90 SeW0s0xe H 0492
SINOSOXI N 0v9 52
SINOSOXT N 68% 61
S3NOSOXI N €85 12
SINOSOXI 17959 +8
SINOSOXI N 5697 LE
SINOSOXI N 85 €2
SINOSOXT N §2975¢
SINOSOXI N 10171
SINOSOXT N £99758
SINOSOXI N Pie 6L
SINOSOXI N 6.2 €L
S3NOSOXI N L0L 7€y
09IDLOSaWOSOXS H BET Z¥
SINOSOXI N €01 €6
VL0V Sewosoxs H €01 ZE
SINOSOXT N 612 1L
©1OVOV SoWosoxs 1796762
SINOSOXI N 2eb 2
S3NOSOX3 N €015
OVOVLO SIWOSOXS™ | GET |
0DOVLL SeW0s0Xe 1 6L L2
VVOLOV Sawosoxa™ 1 €02 L€
S3NOSOXI L €8s 22
S3NOSOX3 L 612 2k
SINOSOXI L7 2€1 96
1¥VYO0D SeWosoXa H 96 08
DOLOVO SAWOSOXS™LTE0S LY

S3NOSOXI N 2E} 56

heluster (*, *average")

SINOSOXI 1788 26

values_filtered

SINOSOXI L 6EV 02
VLOLLO SaWwosoxa H 961 9¢
OVL099SW0S0xS 1961 5E
S3NOSOX3 L7262 28
SINOSOXI L 0v9 92
SINOSOXI L 12L 28
SINOSOXI L 669 0%
SINOSOXI L €59 08
SINOSOXT L 21178
S3NOSOXI L €99 98
SINOSOXI L2047 vh
SINOSOXI 1759 %€
SINOSOXI L 72eL 8
SINOSOXI L ¥L9 vE
S3NOSOXI L 10K
SINOSOXT L ELLD
SINOSOXI L 06€E 84
S3NOSOX3 L 2eL s
SINOSOXI L7044 2L
SINOSOXI L ¥ie 9k
SINOSOXIT L v0L 2y
OLYOVO SeWosoXe™ L E0LIE
DOLL1O S3WIO0SOXS ™1 G0E G
S3NOSOXI L 66 08
SINOSOXI 17269 82
SINOSOXI L7 62 ¥k
S3NOSOX3 L €22 98
SINOSOXI L7 8L9 8¢
SINOSOXI L 6L 0L
SINOSOXI N 61176
DOVOLY SawWwosoxa™ 170,752
SINOSOXI L E0L 6
SINOSOXI N L4 L
SINOSOXI N 068 L1
SINOSOXI N 129 €8

WWVOLO SeWosoxe 1 psz g
DOVLOD SaWOSoXa H €05 8
009919 SeW0S0X8 H ST ¥
OVLO0 50W0S0X8 H G089
SINOSOXI N v0L by
SINOSOXI L €01 9y
SINOSOXI L7969 ¢€

S3NOSOX3 L 289 2

Figure 46 Euclidian average showing groups of samples tumour (T) or healthy lung (N) with similar expression profiles.

114



Chapter 3

°
-3
g
]
<
<
s
2
5
g
o
Fl
e
3

e eeen [ b

e el

i

Figure 47 Euclidian Pearson Average showing groups of samples tumour (T) or healthy lung (N) with similar expression profiles.

wbieH

SINOSOXI N 2L 1S
SINOSOXT N +0L Ly
SINOSOXI N 289 22
SINOSOXT N 8L92€
SINOSOXT N €2L 755
SINOSOXI N €59 62
SINOSOXI N 022 1L
SINOSOX3 N 22 €5
SINOSOXI N L0 €Y
SINOSOXT N ELLS
SINOSOX3 N 959 €8
V19110750W050%6 H 9617 9E
1¥VO09 $9W0SOXS H 96 0F
SINOSOX3 N €017 €6
VOLLOV 50WI0S0X0 H 801 28
VOOVOL SoWosoxe H 6.7 82
SINOSOXI N €016
SINOSOXI N 2eL 6
S3NOSOX3 1788 26
SINOSOXI N 252 18
00119V sewosoxe H g0z 8¢
SINOSOXT N 88716
SINOSOXT N 66 6L
9OV190750W0S0X H G089
191¥90 50W0S0%6 H 02792
L1091 sewosoxe  H ZEL vE
0OVLO9 58w0s0xa H €05 8y
00DDLO SAWOSOXS H YSZ vy
SINOSOXT L 2zL s
SINOSOXI N 62958
SINOSOXI N €85 12
SINOSOXI N 1oL L
SINOSOXT L7959 ¥8
SINOSOXT N 659 e
SINOSOXI N 0v9 52
SINOSOXT N 6V 61
SINOSOXI N L85 €2
SINOSOXI N €99 58
SINOSOXT L 252 ¢8
SINOSOXT N vLETSL
SINOSOXT N 622 €1
SINOSOXI N 669 6€
090D SBUI0SOXS H §ET 2
SINOSOXT N 616
SINOSOXT L el 8y
OLVOVO SBW0SOXS™LE0L™ LE
SINOSOXT L v0L 2y
SINOSOXT L1012
SINOSOXI N L9 €E
SINOSOXT L P29 vE
DOVOLY SeWOsOXe™170L52
SINOSOXT N L1 L
SINOSOXT N 06€ L1
SINOSOXI N Zeb 2y
VYVOLO SaW0S0xS L h5Z €Y
DLOVOY SaW0S0XS™ 1796 62
0DOVLLSOW0SOXS L 6L 42
SINOSOXI L 281 96
©OLL1O SeW0s0Xe™ 1608 Gy
SINOSOXI L 669 0F
SINOSOXI L €99 08
SINOSOXT L pLE oL
SINOSOXT L 752979¢
SINOSOXT L7559 28
SINOSOX3 L €04 +6
SIWOSOXT L €01 9%
SINOSOXT L2478
SINOSOXI L 299 82
SINOSOXI L 611 0L
SINOSOXT L 6.2 ¥l
SINOSOXT L 285 ¥2
SINOSOXT L L0L ¥
SINOSOXT L7829 8¢
SINOSOXT L €2, 95
SINOSOXT L EHL 9
SINOSOXT L 06 81
SIWOSOXT L €99 98
SINOSOXT L 042 2L
S3INOSOX3 L 66 08
SINOSOXT L 6EY 02
DOLOVO SOWOSOXS”L7E0S LY
VYOOV Sewosoxe™1 €07 2E
SINOSOXT N 612 1
OVOVLO Sewosoxe 1 87 Lk
SINOSOXT L 0v9 92
SINOSOXT L7€85 22
SINOSOXT L 612 2k
SINOSOXT L7 12L 28

OVLODD SaWosoxa | 961 §E

values,
heluster (*, "average”)

115



Chapter 2

2.4 Normalisation
DESeq2 performs an internal normalization where geometric mean is calculated for each gene
across all samples. The counts for a gene in each sample is then divided by this mean. The median
of these ratios in a sample is the size factor for that sample.
This procedure corrects for library size and RNA composition bias, which can arise for example when
only a small number of genes are very highly expressed in one experiment condition but not in the
other. As small numbers of replicates make it impossible to estimate within group variance reliably,
DESeq2 uses shrinkage estimation for dispersions and fold changes. A dispersion value is estimated
for each gene through a model fit procedure. Biological replicates of each experiment condition
need to be present to estimate dispersion properly. If there are no replicates, DESeq will estimate
dispersion using the samples from the different conditions as replicates.
DESeq?2 fits negative binomial generalized linear models for each gene and uses the Wald test for
significance testing. In addition to the group information, an additional experimental factor like
pairing to the analysis can be addeds.
DESeq2 detects automatically count outliers using Cooks's distance and removes these genes from
analysis.
It also automatically removes genes whose mean of normalized counts is below a threshold
determined by an optimization procedure. Removing these genes with low counts improves the

detection power by making the multiple testing adjustment of the p-values less severe.

2.5 Analysis
Differential expression analysis was performed by using the DESeq2 Bioconductor package. This
tool allows to have more than two experimental groups and account for a second experimental
factor.
The details include setting the parameters, data input, analysis output files, Library (DESeq2)-code,
setting up a DESeqgDataSet, performing differential expression testing, pull out VST transformed
normalized data, extracting only the genes differentially expressed with an FDR corrected p-value

<0.05, creating Volcano Plots (Figure 48). All codes can be found in Appendix 2.

116



Chapter 3

Small RNA-Seq Exosomes Tumour vs Healthy DES

Bioconductor package EnhancedVolcano
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Figure 48: Volcano plot. The x axis represents the effect change (in this case log2FC of miRNA when

compared between the two groups (tumour and healthy). The Y axis represents the statistical
significance -10log p-value. This visualises the magnitude and the statistical significance of changes.
The red labelled miRNAs are the significantly differentially expressed.

A heatmap was subsequently created using log2 Limma. Heatmap is a graphical representation that

visualises gene expression data. Limma (Linear Models for Microarray Data) is a statistical method

used in gene expression analysis. In this context, log2 refers to the log-transformed values of the

gene expression data code:

DESeq_Results Mormalized Expression_Counts lLog2 Limma_Batch Removed HEATMAP.

The heatmap bellow displays genes as rows and samples as columns. Each cell in the heatmap
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represents the expression level of a specific gene in a particular sample. The color of each cell
indicates the expression level, with higher expression levels shown in one colour (e.g., orange) and

lower expression levels in another colour (e.g., blue).

By using log2-transformed values, the heatmap highlights relative changes in gene expression,
making it easier to identify patterns and differences between samples or experimental conditions.
The heatmap suggested clustering of miRNA (upregulated or down regulated) in tumour versus
healthy specimens, indicating that the miRNA cargo is statistically different between those two

groups (Figure 49, 50).
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Figure 49:Heat map of clustering of miRNA (y axis-rows) and samples (x axis). The samples are colour
coded (red from tumour and blue from healthy. The purple coloured are down-regulated, orange are
up-regulated.
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Figure 50 Heat map of clustering of miRNA (y axis-rows) and samples (x axis). The samples are colour
coded (red from tumour and blue from healthy. The purple coloured is down-regulated though the
orange is up-regulated. Samples are also visualised in hierarchical clustering of samples (columns)
and miRNA rows.

2.6 Comparison of miRNAs in Tumour Derived versus Non-Tumour Derived Exosomes (TDE vs
NDE)
The differential expression testing and normalisation with DESeq2 package identified 465
differentially expressed miRNAs.
Exploratory data analysis was conducted with QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA)
software. This powerful bioinformatics tool uses extensive records maintained in the Ingenuity
Knowledge Base and identifies changes in pathways, upstream regulators, diseases, and functions
using the differentially expressed genes between samples.

The methodology that IPA follows involves formatting the pre-processed data as a table with miRNA
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identifiers and their corresponding expression values. Subsequently, these are imported into the
IPA software. Normalisation of the data accounts for variations in sample quality, RNA integrity,
and experimental conditions.

In IPA all statistical tests are performed using Fisher’s exact test to assess which biological
processes, are significantly associated with the genes in the dataset after filtering. The Fisher’s exact
test essentially tests whether the overlap between 2 gene sets is statistically significant.

The significance of the overlap is evaluated by p -values, which indicate the probabilities of getting
the observed overlap if the pathway is neither enriched nor depleted, e.g., under the null
hypothesis.

In my study, | set a significance level of p value <0.01. The probability of falsely calling an overlap
significant, increases with the number of tests. Since multiple pathways are tested for each analysis,
the Benjamini-Hochberg (B-H) method is used to control the false discovery rate (FDR).

Neither p -value nor FDR consider whether the genes are up regulated or down regulated in the
dataset.

The results in my analysis were filtered on human species and based on the experimentally
observed rather than predicted outcomes.

The comparison analysis ranks experimental core analyses results to determine the similarities and
differences in canonical pathways (CP), upstream regulators (UR), and diseases and biological
functions (DE) among other experimental observations analysed previously with QIAGEN IPA.
QIAGEN IPA maintains databases on interactions between genes and other molecules, categorised
by pathways and functions. In this type of core analyses, the enrichment or depletion of a pathway
or function is identified by the number of significantly differentially expressed genes within a
pathway or function:

Ingenuity maintains 302 curated metabolic and 390 signaling pathways. Canonical pathway analysis
predicts the changes in pathways base. Causative effects of upstream regulator proteins (including
miRNA) and their downstream genes derived from scientific literature, are compiled in the

Ingenuity Knowledge Base.

Upstream regulator analysis uses the observed expression changes of the downstream genes in the
dataset and predicts the changes of the upstream regulators.

Causal effects between genes and functions (e.g., cellular processes and biological functions)
deriving from literature are compiled. The analysis predicts the downstream functions that are
expected to change given the observed gene expression changes in the dataset. The input table
describing the result of a differential miRNA expression analysis was imported to IPA with the

following information:
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e  miRNA ID (identification)

e Mean expression among all samples

e Log2 fold change ratio of the miRNA expression between samples

e P -value/FDR of the differential-expression test between the two groups describing the
significance of the effect size
The following filtering criteria were applied in my analysis:

e FDR £0.05 (implies that less than 5% of significant tests will result in false positives)

e -1< log2 fold change ratio 21 (miRNA expression between the two groups was at least
double)

e Pvalue<0.1

After filtering with the above criteria, 140 miRNAs were identified. Of those 106 were down

regulated and 34 were up regulated, as seen in the Appendix 4.

The aim of my research was to study tumour (NSCLC) derived exosomes and their effect in
polarisation of macrophages towards M2 phenotype, therefore my analysis was focused
on the changes in the following related pathways, upstream regulators, diseases, and
functions:

1. Signalling Mechanisms and pathways in M2 polarisation

2. Signalling in NSCLC pathways

2.6.1 Macrophages’ polarisation pathways
IPA identified a variety of miRNAs which were differentially expressed and involved in signalling
pathways related to macrophages’ polarisation towards M2 phenotype. The most important
miRNAs were miR-21-5p, miR-100-5p, miR-101-3p, miR-126a-5p, miR-133a-3p, miR-149-5p, miR-
193a-3p, and miR-205-5p.

M2 macrophages are alternatively activated in response to IL-4/IL-10/IL13 and are mediated by
JNK-STAT axes. Naive macrophage is induced into M2 macrophage by IL-4, IL-13, IL-10, and IL-21
through interacting with specific receptors, such as IL-4Ra, IL-13Ra, IL-10R, and IL-21R.
Subsequently, related signaling pathways such as STAT6, STAT3, HIF-2a, KLF-4, PPARy, and IRF4 are
activated in the process and promotes the secretion of anti-inflammatory cytokines, such as TGF-3
and IL-10 (Wang et al. 2019; Colin, Chinetti-Gbaguidi, and Staels 2014; Martinez, Helming, and
Gordon 2009). They, in combination with LPS, activate Syc and PI3K to induce transcription of IL-10
and M2b phenotype. IL-10 and glucocorticoids activate M2c phenotype through STAT, NF-kB, and
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MKP-1 activation. MKP-1 indicates MAP kinase phosphatase-1; PI3K, phosphoinositide 3-kinase.

There are five primary signaling pathways associated with macrophage polarization. These are:
PI3K/AKT signaling pathway, TLRs/NF-kB signaling pathway, JAK-STAT signaling pathway, Notch

signaling pathway, and JNK signaling pathway. These pathways modulate macrophage polarization

individually or in conjunction with others (Figure 51)

; @ / /

Figure 51: Negative regulation between adjacent molecules is indicated by red lines, while
positive regulation is represented by arrows. Molecules that promote macrophage polarization
toward the M1 phenotype are depicted by blue arrows, and those that promote M2 polarization

are shown by pink arrows (Deng et al. 2023)

In my study, there were 8 statistically significantly differentially expressed miRNAs that affect four

of these pathways (Figure 52).
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Figure 52: Related signaling pathways for macrophage polarization. M2 macrophages alternatively
activated in response to IL-4/IL-10 are mediated by JAK-STAT axes and in response to LPS, are
mediated by the PI3K-AKT-mTORC2. Circled in red are those pathways affected by statisti ally
significant miRNA identified in my study.

2.6.1.1 PI3K/Akt/mTOR

At the PI3K/Akt/mTOR pathway miR-21-5p, miR-100-5p, miR-101-3p, miR-193a-3p and miR-205-
5p were identified to activate AKT though miR-126a-5p inhibits it.

This pathway (Figure 53) facilitates signals from multiple receptors including insulin receptors,
pathogen-associated molecular pattern receptors, etc.

The Akt pathway unites inflammatory and metabolic signals to regulate macrophage responses
modifying their activation phenotype. Akt is a family of three serine-threonine kinases (Akt1, Akt2,
and Akt3). Akt signalling pathway components have distinct and isoform specific roles in
macrophage biology and inflammatory disease regulation, by controlling inflammatory cytokines,
miRNAs, and functions including phagocytosis, autophagy, and cell metabolism (Vergadi et al.
2017). Akt activation is essential for M2 polarisation because inhibition of this molecule reverses
the upregulation of M2 genes (Covarrubias, Aksoylar, and Horng 2015; Byles et al. 2013; Weisser et
al. 2011; Zhao et al. 2021). Aktl ablation promotes M1 phenotype where Akt2 deficient

macrophages express elevated levels of the M2 transcription factor C/EBPB and the M2 markers
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Argl, Ym1 and Fizz1 (Arranz et al. 2012). Akt activation is linked in IL-12 and IL-13 signalling

pathway, PI3K/AKT signalling, production of NO.

A M2aActivationbyiL4  ©  M2b Activation ©  Mac Activation by IL-10
by IL-1R Ligands
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Figure 53: A, M2a polarization. Ligands IL-4 and IL-13 activate STAT6/IRF4 signaling pathway to
induce M2a phenotype in macrophages. B, M2b polarization. IL-1R ligands or immune
complexes (Essandoh et al. 2016b)

miR-100-5p activates p7056K, a TORC1-activated protein, which regulates IL-4 signaling and M2
polarization by modulating phosphorylation of Insulin Receptor Substrate-2 (Warren et al. 2016). It
also activates AKT in the MTOR (mechanistic target of rapamycin) part of the PI3/AKT/mTOR
metabolic pathway that couples nutrient sensing to regulation of metabolic processes. In a mouse
model, myeloid lineage-specific deletion of Tsc1 (Tsc1(A/A)) leads to constitutive mTOR complex 1
(mTORC1) activation. Tsc1(A/A) macrophages are refractory to IL-4-induced M2 polarisation but
produce increased inflammatory responses to proinflammatory stimuli. mTORC1-mediated
downregulation of Akt signalling critically contributes to defective polarisation. mTOR pathway
regulates macrophage polarisation (Byles et al. 2013). TSC2-mTOR pathway is a determinant in the
differentiation of monocytes in TAM M2 phenotype that promote angiogenesis (Chen et al. 2012).
miR-126a-5p also activates/phosphorylates EIF4EBP1 gene encoding a translation repressor
protein that competitively binds to eukaryotic translation initiation factor 4E (EIFAE) to inhibit EIF4E
complex assembly and thus the cap-dependent translation (Harris and Lawrence Jr 2003; Gingras,
Raught, and Sonenberg 1999). EIF4EBP1 acts as a crucial effector in mTOR signalling pathway and

plays a critical role in carcinogenesis. This protein is a major substrate of mTOR and acts as a crucial
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effector in mTOR signaling pathway. When mTORC1 is inhibited, hypophosphorylated EIFAEBP1
binds to and sequesters EIF4E. In response to the activated mTOR signalling pathway, EIF4EBP1
protein is phosphorylated, resulting in its dissociation from EIF4E and consequent initiation of
mMRNA translation, which promoters cell growth and proliferation (Thoreen 2013). The TORC1-
activated Proteins, p70S6K and GRB10, regulate IL-4 signaling and M2 Macrophage Polarization by
Modulating Phosphorylation of Insulin Receptor Substrate-2 (Warren et al. 2016). TSC2-mTOR
pathway is a determinant in the differentiation of monocytes in TAM M2 phenotype that promote
angiogenesis (Chen et al. 2012).

miR-133a-3p activates and miR-126a-5p inhibition of ERK1 in MSP-RON signaling pathway.
Macrophage-stimulating protein (MSP), a soluble protein mainly synthesized by the liver, is the only
known ligand for recepteur d'origine nantais (RON), which is a member of the MET proto-oncogene
family (Wang et al. 1997). MSP-RON signalling pathway is not only important in tumour behaviour
but also participates in the occurrence or development of many immune system diseases. MSP
binds to RON on the surface of tissue resident macrophages, thereby inhibiting inflammatory
response (Chen, Fisher, and Wang 1998). Activation of RON in macrophages results in the inhibition
of nitric oxide synthesis as well as lipopolysaccharide (LPS) induced inflammatory response.
Phosphorylation of Tyr1238 and Tyr1239 of RON activates ERK and PI3K/AKT and subsequently

mediates tumour proliferation and survival (Yao et al. 2013).

2.6.1.2 TLRs/NF-kB signaling pathway
miR-21-5p activates NF-kB targets genes that are involved in development and progression of
inflammation. This is a transcription factor who typically promotes M1 macrophages by activating
transcription of diverse genes and regulating inflammation (Liu, Zhang, et al. 2017). Several human
cancers have integral NF-kB activity due to the inflammatory microenvironment and oncogenic
mutations. Chronic inflammation promotes tumour growth by changing genetic sequences and
epigenetic states of the damaged tissue (Hanahan and Weinberg 2011). NF-kB directly also controls
Treg development by regulating FOXP3 (forkhead box P3, also known as scurfin) expression
(Facciabene, Motz, and Coukos 2012; Long et al. 2009). Treg infiltration into the tumour promotes
angiogenesis and leads to tumour immune escape through the release of TGF-f, IL-10, and IL-35
(Facciabene, Motz, and Coukos 2012). An inflammatory tumour microenvironment also TAMs to
switch from a M1 to M2 state. The inhibition of NF-kB in TAMs can revert them to a M1 state
(Hagemann et al. 2008). NF-kB protein p50 has been shown to suppress M1 and induce M2
polarisation of macrophage (Porta et al. 2009). NFkB signalling is involved in cellular immunity,

inflammation, regulation of cell differentiation, proliferation, and apoptosis (Kwon et al. 2016).
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2.6.1.3 JAK-STAT pathway
JAK (just another kinase or Janus kinase) STAT (signal transducer and activator of transcription)
signalling pathway transmits signals from IFN-y, IL-2, IL-4, IL-7, IL-9, IL-13, IL-15, and IL-21 via
cytokines receptors to reprogramme macrophages. IL-4, IL-13, and IL-10 reprogram macrophages
to the M2 phenotype (Figure 54).
miR-9-5p activates signal transducer and activator of transcription 3 (STAT3) which is associated
with M2 macrophage polarisation. It is the balance between activation of STAT1 and STAT3/STAT6
that controls macrophage activity and polarisation. Activation of STAT3, STAT6, PPARs, C/EBP-B,
IRF4, KLF4, GATA3 results in M2 macrophage (Lawrence and Natoli 2011; Molawi and Sieweke
2013; Sica and Mantovani 2012b; Gordon 2003a; Giurisato et al. 2018). A predominance of STAT3
and STAT6 activation results in M2 macrophage polarisation, associated with immune suppression
and tumour progression. IL-10 promotes M2 polarization through the induction of p50 NF-kB
homodimer, c-Maf, and STAT3 activities.
miR-126a-5p activates heparin binding EGF like growth factor (HB-EGF) which decreases LPS-
induced M1 polarisation and promotes M2 polarisation via STAT3 activation (Wei and Besner 2015).
Macrophages can also enhance the DNA damage response of nearby cells by releasing HB-EGF
(Geiger-Maor et al. 2015; Tanaka et al. 2005).
miR-155 inhibits IL-13Ra1 chain. This is essential for IL-13 to activate the M2 pathway (Sheikh et al.
2015). Macrophages express two distinct receptor complexes by which IL-4 can signal to induce the
M2 pathway. One is activated by signalling through type Il IL-4 receptor complexes which are
heterodimers composed of the IL-4Ra and IL-13Ral chain (Junttila et al. 2008) IL-13 fails to
upregulate expression of several STAT6-inducible genes in IL-13Ral-deficient macrophages.
Macrophages co-express yc and IL-13Ral and can respond to both IL-4 and IL-13. However, IL-4
preferentially uses y., not IL-13Ral, to mediate signal transduction in macrophages, whereas IL-13
uses the IL-13Ral chain, not y., to mediate signalling. If y. expression is diminished or absent in
macrophages, IL-4 can default signal through type Il IL-4 receptor complexes because the cells still
express the IL-13Ral chain. IL-13Ral chain is unessential in the case of the ability of IL-4 to induce
the M2 pathway.
miR-149-5p activated the Sarcoma gene (Src) which promotes M2 macrophage generation via the
IL-4/STAT6 pathway (Hu et al. 2018). It is now evident that micro/nano-net structure guides
elongated macrophage adhesion states via Src—ROCK signalling and switches macrophages towards
the M2 phenotype, which provides a cytoskeleton-oriented topography design for an ideal immune

response (Yang et al. 2021).
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Figure 54: STAT3, STAT6, and PI3K can drive M2 activation and SOCS3 inhibits STAT3 and PI3K.
SOCS3 expression can be induced by STAT3, NFkB, NOTCH1, PI3K, and MAP kinase activation
(Wilson 2014)

2.6.1.4 JNK/MAPK signaling pathway.

The MAPK pathway is a conserved tertiary kinase cascade, consisting of MKKK, MKK, and MAPK.
The JNK signaling pathway, an important branch of the MAPK pathway, is mainly involved in the
functional transformation of adipose tissue macrophages. In obesity, growth factors, cytokines, and
saturated fatty acids can activate JNK, leading to the transformation of macrophages into M1
phenotype. At the same time, macrophages also activate the M2 macrophage transcription factor
SMAD3, which limits the formation of M1 macrophages. (Deng et al. 2023).

miR-21-5p activates suppressor of Mothers against Decapentaplegic family 2 (Smad2) and family
3 (Smad3) are redundantly essential for the suppression of iNOS synthesis in macrophages by
regulating IRF3 and STAT1 pathways (Sugiyama et al. 2012). Both negatively regulate iNOS
induction in macrophages by suppressing multiple steps in the IRF3-IFN-B-STAT1 pathway.

The status of the basal Smad2/3 phosphorylation is different between M1 and M2 macrophages.
M1 macrophages are generated in the presence of the ALK4/5/7 inhibitor SB431542. The activin A-
triggered Smad signalling pathway has an important role in macrophage polarisation, because both
activin A blockade and inhibition of Smad2/3 activation shift the macrophage gene signature
toward the appearance of an anti-inflammatory phenotype, thus posing activin A as a critical
determinant for macrophage polarisation ((Sierra-Filardi et al. 2011). SMAD-PI3K-Akt-mTOR

pathway mediates BMP-7 polarization of monocytes into M2 macrophages (Rocher and Singla
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2013).

miR-133a-3p activates also PPAR signaling in the mitogen-activated protein kinase (MAPKs)
pathway are also protein kinases specific to serine and threonine. Their activation (ERK1/2, p38,
and JNK) is enhanced in M2b macrophages induced by granulin or ALD-DNA (Wang et al. 2019).
After dectin-1 binding to zymosan (a component derived from fungi), kinases ERK1/2 and p38 are
activated and induce M2b macrophage polarization by provoking mitogen and stress activated
protein kinase-1/2 (MSK1/2) (Daley et al. 2017). Mannose-binding lectin (MBL), a secreted pattern
recognition receptor with binding activity to DNA reduces macrophage M2b polarization by
inhibiting MAPK and NF-kB signalling (Wang et al. 2019). These advocate that the MAPK signal is a
positive modulator of M2b macrophage polarisation. Extracellular signal-regulated kinase 1/2 (ERK)
belongs to the mitogen-activated protein kinase (MAPK) family, which plays a role in signalling
cascades and transmits extracellular signals to intracellular targets. Activation of the ERK cascade
occurs in most cancer types, whereby activating mutations of this pathway are the most abundant
oncogenic factor across all cancer types (Khotskaya et al. 2017). Elevated ERK expression has been
detected in various human tumours, including lung cancer (Tang et al. 2017). Peroxisome
proliferator activated receptors (PPARs) are ligand-dependent transcription factors which are
structurally conserved members of the nuclear receptor superfamily (Escher and Wahli 2000).
PPARs influence a variety of cell signals including cellular differentiation and development,
homeostasis, and tumorigenesis (Chawla et al. 1994; Dubois et al. 2017; Mirza, Althagafi, and
Shamshad 2019). There are three isoforms: PPARa, PPARB/& and PPARy with distinct patterns of
function, tissue distribution, and expression in various cell types including immune cells PPARs also
regulate the functions of the innate immune system such as macrophage function and
differentiation (Olefsky and Glass 2010; Guri et al. 2010; Chawla 2010; Berger and Moller 2002).
PPARs also regulate the functions of the innate immune system such as macrophage function and
(Glass and Ogawa 2006; Chawla 2010). There is evidence that PPARS promotes Th2 cytokines,
suggesting its essential relationship with alternative activation of macrophages. IL-13 and IL-4 are

examples of Th2 cytokines that become active through STAT6 activation (Gordon 2003b).
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3 Transfection of healthy subject’s macrophages with exosomal miRNA

Tumour regulates immune response at local level by altering and controlling processes involved in
polarisation of tissue associate macrophages (Okabe and Medzhitov 2014; Alderton 2014;
Mantovani and Locati 2013; Pollard 2004). Additionally, miRNA in tumour may play a key role in
regulating T cells and anti-tumour T cell responses (Kohlhapp et al. 2015) therefore identifying

exosomal miRNA cargo that is involved in this process is one of the aims of this research project.

| isolated and grew peripheral blood mononuclear cells (PBMC) from healthy donors PBMC derived
macrophages as described in section 4.1 of chapter 2. Subsequently, exosomes derived from A-549
cell line supernatant were stained.
Transfection of PBMC derived macrophages with those exosomes occurred with different exosomal
RNA concentrations for 24 or 48 hours. The purpose was to identify the appropriate exosomal
concentration for macrophages transfection.
Exosomes isolation, from supernatant of tumour samples and their paired “healthy” lung tissue
from subjects identified in TargetLung cohort with NSCLC, took place.
Transfection of macrophages derived from two separate healthy donors, with exosomes derived
from NSCLC tumour sample (four experiments).
The control arm of the experiment was:

a. Transfection of macrophages derived from the same healthy donors with exosomes

derived from the normal/healthy lung tissue of the same subject with NSCLC
b. Transfection of macrophages derived from the same healthy donors with no exosomes,

but phosphate buffered saline (PBS)

3.1 Exosome transfer

Exosomes were isolated from 10 ml supernatant of A549 culture cell line. They were subsequently
re-suspended in 500 pl PBS of which 250 pl was used for protein isolation and 250 pl was used for
labelling according to Exo-Glow Kit (System Biosciences), as described in section 4.3.2 of chapter 2,
using the dual-labelling kit according to manufacturer’s instructions. The exosomal RNA was stained
with red dye (acridine orange) and the protein with green (CFSE).

Fluorescence activated cell sorting (FACS) and confocal microscopy was subsequently performed.
Both methods were used to prove that exosomes were not simply bound on the surface of
macrophages resulting in FACS changes but that indeed their cargo (e.g., protein and RNA) was

successfully transferred into the cells, depending on their initial concentration of exosomes. For
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that purpose, 100 pul of exosomes were labelled (~458ng RNA) and different concentrations of
exosomes (based on RNA measurements) were added to macrophages. | aimed to add the same
amount of fluid (50 pl) to macrophages, therefore in some samples the exosomes were diluted to
PBS to achieve this total volume.

| used three different concentrations of exosomes: 50 pl (containing ~230ng of RNA), 25 ul
(containing ~115ng of RNA) and 10 pl (containing ~45ng of RMA) to macrophages. All were diluted,
to a final 50 pl volume with PBS, if necessary, (Figure 55). Consequently, | transfected macrophages

with labelled exosomes for 24 hours.

TutalmﬂJ Exosomes?| pBSyul)a| RNAZ
volumeduljd  (ul)a
508 508 08 | -230ng?
508 258 258 | ~115ngd
508 103 408 | -45ngh

Figure 55: The total volume of fluid added to
macrophages was 50 pl, containing exosomes
and PBS. RNA concentration varied depending on
the concentration of exosomes added.

3.1.1 Confirmation of successful transfection of exosomes

Two methods were used to confirm successful exosomes transfer:

3.1.1.1 Fluorescence-activated cell sorting flow cytometry (FACS):
FACS of exosomes was used to monitor the uptake of exosomes in macrophages. In this experiment,
FACS suggested that macrophages acquired exosomal cargo when transfected with exosomes,
following 24 hours incubation period. More to this, it appeared that the uptake was increased by
increasing the concentration of exosomes concentration (based on RNA measurements) loaded on
to macrophages. Figure 56 shows that protein (green) and RNA (red) uptake by macrophages when
exposed to exosomes derived from supernatant of A549 cancer cell line, depends on the exosomes’
concentration. The higher the volume of exosomes, the higher the uptake. Though FACS technigque
is used to analyse and quantify various cellular parameters when it comes to monitoring the uptake

of exosomes in macrophages, there are certain limitations.

The small size of exosomes makes it challenging to accurately detect and quantify them using flow
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cytometry as the resolution and sensitivity of flow cytometers are typically optimised for larger
particles.

Flow cytometry relies on the detection of fluorescence signals, which can be affected by
background noise. Non-specific binding of fluorescently labelled antibodies or other reagents to
the cell surface or non-exosome particles can lead to false positive signals.

FACS primarily measures surface bound molecules or particles. While it is possible to label
exosomes with fluorescent markers to assess their binding to macrophage surfaces, accurately
quantifying internalized exosomes using flow cytometry is challenging.

Flow cytometry has also limitations in terms of the number of fluorescent channels available for
simultaneous analysis which can restrict the ability to assess multiple parameters related to
exosome uptake simultaneously.

The need for multiple labelling and detection steps can increase the complexity of the experimental
setup and limit the scope of comprehensive analysis.

Macrophages and other immune cells can exhibit autofluorescence, which can interfere with the
detection of exosomes thus complicating data interpretation. Spectral overlap between
fluorochromes used to label exosomes and other cellular markers can create challenges in
accurately quantifying exosome uptake within macrophages.

Determining the absolute number of internalized exosomes per cell using flow cytometry is difficult
due to the lack of a reliable internal reference standard.

While flow cytometry can provide relative measurements, absolute quantification often requires
additional techniques such as nanoparticle tracking analysis (NTA) discussed in section 2.3.2.4 or
electron microscopy discussed in section 1.1.1.4 of chapter 2.

In view of FACS limitations | proceed to confocal microscopy, described in section 4.3.3 of chapter

2.
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Figure 56: The uptake of protein (green) and RNA (red) by macrophages when exposed
to exosomes derived from supernatant of A549 cancer cell line, depends on the
exosomes’ concentration. The higher the volume of exosomes, the higher the

fluorescence.

3.1.1.2 Confocal microscopy
Isolation of exosomes from tumour SN (subject No 254), and from its paired “healthy” lung SN took
place using Exoquick™ method (section 2.3.1). Exosomal RNA was extracted using the Exosome RNA
and Protein Isolation Kit Invitrogen by ThermoFisher Scientific as described in section 3.1 of chapter
2. For each sample, RNA was measured using a ND-1000 Nanodrop® Spectrophotometer.
| decided to transfect the donor’s macrophages with exosomes containing 500ng of RNA, based on
the observation that the exosomal cargo uptake by macrophages was greater when the

macrophages were exposed to higher concentrations of exosomes (defined by RNA concentration),

(Figure 7).

Total | Exosomes | PBS RNA

volume {l) {pl) (ng)

(jul)

50 29,13 500
(Tumour)

50 27 _ 500
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50 0 _| 50 0
(PBS)

Figure 57: 50 ul was the fluid volume containing exosomes with
RNA concentration of 500 ng from either tumour or normal lung.
PBS was used as control at the same volume (50 pl)
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Monocytes were isolated, as described in section 4.1 in chapter 2, from healthy human peripheral
blood using CD14* Microbeads as per manufacturer’s instructions.

Monocyte derived macrophages were obtained by growing PBMC for 5 days with 500u/ml of GM-
CSF (initially 2000u/ml, followed by 500 u/ml the following day).

The next step was to add the exosomes to macrophages. The same volume of fluid was added to
three duplicates of macrophages.

The first contained exosomes from tumour SN, the second exosomes from normal SN and the third
only PBS which was used as control.

Subsequently, confocal microscopy was performed, and images were obtained 24 and 48 hours
later.

Leica TCS-SP8 Laser Scanning Confocal Microscope was used at glycerol x 63 magnification for
objective deeper imaging, in Biomedical Imaging Unit at University of Southampton, (figure 59).
The software used was Leica LAS-X.

Confocal microscopy confirmed that there was greater exosomal cargo uptake by the macrophages
following 48hours exposure to exosomes compared to 24h.

Exosomal RNA and protein content was seen in macrophages, indirectly indicating an uptake of
exosome or their cargo by macrophages. Less tumour derived exosomal cargo was seen in
macrophages exposed to tumour derived exosomes in comparison to those exposed to normal lung
derived exosomes.

This could be related to the technique (the experiment was performed at the same time by the
same person); or related to degradation of the specific exosomes.

Another hypothesis could be that the process where miRNAs are usually downregulated in cancer

is related to less exosomal cargo being transferred to macrophages (figure 58).
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PBS-control

Tumour

Normal Lung

Figure 58: Macrophages are visualised following exposure to stained exosomes
and PBS (control sample), using confocal microscope (Leica TCS-SP8 Laser
Scanning Confocal Microscope at glycerol x 63 magnification. ExoGreen (green)
stains exosomal protein where ExoRed stain is exosomal RNA. In the control
group, no RNA or protein was seeing where in tumour and healthy different
concentration of exosomal cargo is transferred.

Following successful transfection of macrophages with TDE, | proceeded to expose macrophages
isolated from healthy volunteers to exosomes derived from either tumour SN or normal lung SN or
PBS, aiming to compare by sequencing the macrophages’ RNA (mRNAs and miRNAs) before and
after exposure to exosomes. | intended to evaluate whether the phenotype or function of
macrophages was affected by determining whether the expression of IL-10 and SOCS1 was altered
after exposure to exosomes derived from tumours or non-tumour samples. IL-10 (Renner et al.
2022) and SOCS1 (Yoshimura, Naka, and Kubo 2007b) were chosen for their anti-inflammatory

effect which is a M2- polarised macrophage characteristic.
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The aim of the experiment was to identify if specific miRNAs were transferred during this process
and if the macrophages’ phenotype was altered towards a specific subtype. In that case, what is
the significance of this phenomenon in immune response to tumour? Is there a specific pathway

that was triggered by specific miRNA or combination of them, and could | identify those?

Nevertheless, to successfully proceed in answering those questions, | needed to firstly identify the
optimal concentration of exosomes that could alter or promote the development of a specific
phenotype of macrophages (measured by IL-10 and SOCS1). Subsequently, | needed to identify the

length (timing) of the exposure of macrophages to exosomes for the effect to take place.

Following isolation of monocytes from two healthy subjects, monocytes were counted and placed
in RPMI 1640 with GlutaMax™-|, supplemented with FBS 10% DMSO at concentration of
1x10"®PBMCs/mL in 12 wells plate (400 uL/well). To obtain monocyte derived macrophages,
monocytes were cultured for 5 days with 500u/ml of G and M-CSF (initially 2000 u/ml followed by
500 u/ml the next day). On day five, | placed exosomes derived from lung cancer tissue to the
cultured macrophages. Various experiments took place to optimise the technique and experiments
but the most important are the following:

Exosomes and Monocytes were isolated, as described in section 2.3.1 and 4.1 of chapter 2.

Macrophages were exposed to exosomes containing three different concentrations of exosome
based on the amount of RNA (x1, x5 and x25), aiming to estimate the appropriate concentration of
exosomes that might influence the phenotype of macrophages.

Two separate controls were used. Thew first control was macrophages exposed to PBS. The second
control group was macrophages exposed to IL-13 which has been shown that stimulates
macrophages towards a M2 phenotype (alternative) (Mosser and Zhang 2008).

The duration of exposure was set at three separate timeline 4, 24 and 48 hours, aiming to identify

the correct timing of exposure.

All experiments were performed in duplicates macrophages.

Exosomal RNA was extracted using the Exosome RNA and Protein Isolation Kit Invitrogen by
ThermoFisher Scientific method, as described in section 3.1 of chapter 2.

For each sample, RNA was calculated using a ND-1000. | placed exosomes containing 12ng/ul, 5x12
ng/ul and 25x12 ng/ul in two healthy donor’s macrophages in duplicates. For the macrophages
stimulated by IL-13, | used 50ng/ml of IL-13.
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As for the second control, PBS was added to macrophages at the total same volume as the
exosomes.

Exposure occurred during three separate time frames (4 hours, 24 hours, and 48 hours).
Subsequently, RNA was extracted from macrophages with Trizol protocol and measured with ND-

1000 Nanodrop®.

Real time RT and qPCR of 300 ng of RNA of macrophages was performed for expression of SOCS1
and IL-10 gene which are known to be dysregulated (elevated) in alternative type of macrophages

(M2).
One-way ANOVA (Analysis of Variance) was the statistical method used to compare the three
groups. One-way ANOVA analyses results by comparing the variability between group means to the

variability within each group. The software used was GraphPad Prism version 9.5.

The results did not support significant but subtle changes in macrophage status following exposure

to tumour derived exosomes, (Figure 59).
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Figure 59: SOCS-1 and IL-10 Ct fold induction after 4, 24 and 48hours exposure to different
concentrations of tumour derived exosomes. IL-13, known to induce M2 phenotype in

macrophages was used as control. One way ANOVA was used as statistical method for the

comparison.

Since there were no significant changes, | changed the protocol by using more exosomal RNA in the
subsequent experiment. | also chose to check IL-6 and IL-8 instead IL-10. IL-6 and IL-8 are pro-
inflammatory cytokines that can promote an M1 macrophage phenotype. They can enhance the

production of pro-inflammatory mediators and stimulate immune responses.
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| therefore checked for IL-6 and IL-8 expression to check if TDE reduce a proinflammatory effect on
macrophages rather than stimulating an anti-inflammatory effect. The anti-inflammatory effect

was checked with SOCS1.

In this experiment, | isolated exosomes from 25 ml supernatant of tumour and normal lung tissue
from subject 96 (Target Lung cohort), with Exoquick™, (Figure 60). Exosomes were subsequently
diluted to a total volume of 1 ml with filtered PBS. 30 pl was used for miRNA RT and qPCR and 1 pl
of RNA sample was measured using a ND-1000 Nanodrop® Spectrophotometer. The RNA from
normal lung derived exosomes was measured at 34.56 ng/ul and from the tumour was 29.76 ng/pl.
Macrophages (in duplicates) from healthy donor were exposed to exosomes containing either 150
or 500 ng of RNA for 24 and 48 hours. The total fluid volume containing the exosomes used, was to
25ul. PBS was used to achieve this, if needed. | used, as control, macrophages exposed to the same
volume (25pl) of PBS for 24 and 48 hours.

Cells were collected and their RNA was isolated using Total Exosome RNA and Protein Isolation Kit

Invitrogen by ThermoFisher Scientific for subsequent real time RT and gPCR.

M- 150ng 500ng 150ng 500ng
Subject- 1

Mdp- 150ng 500ng 150ng 500ng *
Subject- 2
Exosomes  Healthy Tumour Healthy Tumour nil

Figure 60: Exosomal RNA concentration and time frame used to expose macrophages to exosomes.

Real time RT and gPCR of 300 ng of RNA of macrophages was performed for SOCS1, IL-6 and IL-8;
genes that are known to be upregulated in the M2 type of macrophages (Liang et al. 2017;
Sanmarco et al. 2017; Wang, Liang, and Zen 2014). GAPDH was used as a house keeping gene for
normalisation of our data.

The findings were not consistent, though some dysregulation of IL6 with increase fold change in
macrophages exposed to TDE than NDE. The opposite effect was seen to SOCS-1 post exposure.
Although the results were not statistically significant, it was noticed that there may be an effect in
macrophages IL6 and SOCS-1 differential expression. It also suggested that effect was also related

to the length of exposure (Figure 61). T-test paired statistical analysis was performed.

138



Chapter 3

SOCS1 24h SOCS1 48h
1.
3 H: Healt 15
g : Tumou H: Healthy
> a T: Tumour
1
’af 2 1.04 = %
= - [
g : e -
(=]
1 ]
3 u = 3 05 %
T w T H T
150ng RNA 500ng RNA 0.0— T T T T
H T H T PBS
150ngRNA  500ng RNA
IL6 24h IL6 48h
2 H: Healthy “
§ T: Tumour g H: Healthy
> n - T: Tumour
= z
i % } g T
= m
E 1 % 24 ———
@ %
£ I 3 14
H T H T 3
— e w
150ng RNA 500ng RNA 01— T T T T
H T H T PBS
150ngRNA  500ng RNA
IL8 24h IL8 48h
1
g H: Healt 4
8 Ty £ H: Healthy
2 10 CI T: Tumour
& 05 o 24
§ - T 3
i 2 14
S T z = %
w —p—
150ng RNA 500ng RNA 04— T T T T
H T H T PBS

150ngRNA  500ng RNA

Figure 61: SOCS-1, IL-6 and IL-8 Ct fold induction after
12 and 24 exposures to different concentrations of
tumour and normal (healthy) lung derived exosomes

Further to this observation, | performed four separate experiments where macrophages in
duplicates from two healthy subjects were exposed to exosomes isolated from paired (same
patient) supernatant samples from normal lung (N) and tumour (T).

| isolated exosomes from 25 ml supernatant ((N) and (T) samples) apart from the last (4t
experiment) were isolation occurred from 7 ml (T) and 10ml (N) due to supernatant availability,
with Exoquick™. | exposed two separate healthy macrophages, in duplicates, to the same volume

of exosomes containing the same RNA concentration (measured with ND-1000 Nanodrop®),
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derived from SN of normal and tumour lung tissue from the same subject.

As control, | used macrophages from the same healthy subjects that | used to expose their
macrophages to exosomes, also in duplicates, by adding the same total volume of phosphate
buffered saline (PBS) as was the volume of exosomes added to the macrophages. All the

experiments were performed in duplicates to ensure consistency of results, (figure 62, 63).

96 34.56 29.76
196 32.84 24.98
203 43.45 53.56
254 182.88 180.59

Figure 62: Exosomal RNA concentration from
Tumour and Normal lung supernatant

Exosomes were diluted in filtered PBS 1ml. Subsequently, 30 ul was used for calculating the
concentration of RNA, performing real time RT and qPCR and for future RNA sequencing. The total
volume of exosomes containing 500 ng of RNA was added to the macrophages. These were, if
necessary, diluted PBS to achieve a total final volume of 25 pul. In the PBS control group,

macrophages were exposed to 25ul of PBS.

eTumour 96 eTumour 203

eHealthy 96
*PBS

eTumour 196
eHealthy 196
*PBS

Experiment 1

Macrophages
x 2 healthy
donors

Experiment 3

Macrophages
x 2 healthy
donors

Experiment 2

Macrophages
x 2 healthy
donors

Experiment 4

Macrophages
x 2 healthy
donors

eHealthy 203
*PBS

eTumour 254
eHealthy 254
*PBS

Figure 63: Layout of Macrophages Experiment. Each quarte

circle reflects one experiment.
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Total Exosome RNA and Protein Isolation Kit Invitrogen by ThermoFisher Scientific was used for the
isolation of RNA exosomes. Total RNA extracted from exosomes ranges from 700ng - 5600 ng.

For the isolation of miRNA and mRNA from macrophages, miRNAeasy Micro Kit by QIAGEN was
used. RNA was eluted in 30 ul of H20 RNAse free. RNA was kept for further miRNA and mRNA

sequencing studies.

The expression of five overexpressed in M2 phenotype macrophages was studied. These were IL-6,
IL-8, SOCS-1, SERPINE1, CCL18. GAPDH was used for normalisation. Real time RT and qPCR was
performed.

The AACt was incorporated into the final calculation, 224%t, which resulted in the relative fold
difference, or relative expression of IL-6, SOCS1, SERPINE1 and CCL18 between the sample and

control (tumour vs PBS, normal vs PBS).

Differences in cytokines expression were evaluated by comparing Ct (cycle threshold) values, which
represents the cycle number that it takes to detect a real signal at the PCR.

For each gene, the mean Ct from the tumour and healthy samples was compared with the mean Ct
from the one exposed to PBS. A difference between two Ct values of 1 unit (or 1 cycle) represents
a two-fold difference in the expression of the gene. The cut off was used because a 2-fold difference
in a gene could translate to a biologically relevant difference. A lower Ct value represents fewer
PCR cycles performed before the emitted fluorescence crosses the set threshold and will equate to
higher cellular expression.

Samples were analysed in triplicates where possible. Calculations were only performed for those
samples with > 2 reliable Ct values. Ct values were ignored if; the amplification plot was erroneous

or the Ct value for duplicate samples was >1 cycle difference.

Gene expression was calculated using the comparative Ct(24¢) method (Schmittgen and Livak
2008). This method calculated the relative difference (fold difference) in gene expression between
the sample and a control. The Ct value of the gene of interest was firstly normalised against a
constitutively expressed endogenous control, the housekeeper gene, which in our case was GAPDH.
This was done to correct for differences in the amount of cDNA introduced at the start of the
reaction for each sample. The second step was to calculate the AACt, which is the difference in the

ACt between each sample and the average ACt for all controls.
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Statistical analysis and graphs were created and presented using GraphPad Prism version 7.0c for

Mac OS X (Graph Pad Software San Diego California USA).

One-way ANOVA (Analysis of Variance) was used as a statistical tool used to compare the means of
the three groups. This determines whether there are any significant differences between the means
of the groups based on the variation within and between the groups. The one-way ANOVA
calculates the F-statistic by comparing the variation between the group means (called the
"between-group variation") to the variation within each group (called the "within-group variation").
If the between-group variation is significantly larger than the within-group variation, it suggests
that there are significant differences between the group means.

Geisser-Greenhouse correction was used to adjust the degrees of freedom in one-way ANOVA
when the assumption of sphericity is violated. Sphericity assumes that the variances of the
differences between all possible pairs of conditions are equal. When this assumption is violated,
the degrees of freedom need to be adjusted to account for the violation.

This correction involves using the estimated sphericity of the data to adjust the degrees of freedom.
It helps to ensure that the statistical test remains valid, even when the assumption of sphericity is
violated. By correcting the degrees of freedom, the correction provides a more accurate

assessment of statistical significance in the presence of violated sphericity.

The preliminary results suggested that there was difference in IL-6 and CCL18 gene expression. It
also showed a trend in dysregulation of SOCS-1 and Serpine-B1 expression in macrophages
stimulated with different origin exosomes.

Though | have not demonstrated a direct effect in inflammatory process, | was able to demonstrate
that there was an effect that may be clinically relevant in first immune response to the presence of

tumour (Figure 64).

The conclusion was that TDE may be different than NDE and so their effect on macrophages. The

significance of this phenomenon in NSCLC disease process would necessitate further evaluation.
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Figure 64: IL-6, IL-8, SOCS-1, SerpineB1 and CCL18 Ct fold change post 24 and 48h exposure to
exosomes from tumour, healthy lung, and PBS. One way-Anova with Geisser-Greenhouse

correction was used as statistical method)
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Of the five genes studied, expression of SOCS-1 and Serpin-B1 appeared to be increased in
macrophages stimulated by tumour derived exosomes; though study of CCL18 and IL6 suggested
downregulation of those genes, (Figure 64).

My experiment suggested that there was possible a difference in gene expression between

macrophages exposed to tumour and normal lung exosomes.

For example, there was down regulation in IL-6 expression in those macrophages exposed to
tumour derived exosomes for 48 hours (p value= 0.0040). IL-6 is known to polarise macrophages
M2 phenotype (Fernando et al. 2014) though other studies suggest the opposite. IL-6 cytokine has
pro- and anti-inflammatory properties as it turns out that regenerative or anti-inflammatory
activities of interleukin-6 are mediated by classic signalling whereas pro-inflammatory responses
of interleukin-6 are rather mediated by trans-signalling. (Scheller et al. 2011).

CCL18 is another chemokine that is involved in regulation of inflammation (Pochetuhen et al. 2007;
Schraufstatter et al. 2012) including pulmonary inflammation. In my experiment, there was also
statistical significance upregulation of CCL18 in those macrophages exposed to tumour derived
exosomes for 48 hours (p value= 0.0010).

SOCS1 protein is also involved in immune regulation (Yoshimura, Naka, and Kubo 2007a). In my
experiment, there was also upregulation of SOCS1 in those macrophages exposed to tumour

derived exosomes for 24 hours (p value=0.117)

3.2 Sequencing and dataset analysis

3.2.1 Ribosomal (mRNA) of all macrophages transfected with tumour derived exosomes (TDE),

healthy (normal) derived exosomes (NDE) and phosphate buffered saline (PBS).

| was interested in finding out whether the transcriptome and RNA cargo of macrophages subjected
to either TDE or NDE exposure showed any changes.

| proceeded to perform RNA sequencing (mRNA and small RNA) on the exposed macrophages to
TDE or NDE using as control exposure to PBS.

| aimed to evaluate the effect on RNA content, following exposure to TDE or NDE. | intended to
find possible links between exosomal cargo (miRNA) and immune response to tumour by comparing

the effect of their genetic cargo following exposure to exosomes.
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A 2yl aliquot of each RNA sample was analysed using a ND-1000 Nanodrop® spectrophotometer
using manufacturer’s instructions. The concentration of RNA was calculated by analysing the

absorbance of UV light at a wavelength of 260nm.

Agilent 2100 Bioanalyser was used to assess the quality (RIN) and size of extracted RNA. | used the
Eukaryote Total RNA Nano Series Il chip for the analysis and quantitation of concentration of total
RNA between 25-500 ng/uL and mRNA (25-250 ng/ulL).

The RNA integrity number (RIN) is an algorithm for assigning integrity values to RNA measurements.
Traditionally RIN>8 suggests good quality RNA. In my experiment, RIN values were between 9.2 and

10, suggesting good quality of extracted RNA, (Figure 65).

miRNA miRNA miRNA Total RNA
Tumour “Healthy” Macrophages | Macrophages
4 4

Control Control
PBSx 8 PBSx 8
Normal x 8 Normal x 8
Tumour x 8 Tumour x 8
4 4 24 24

Figure 65: RNA sequencing of exosomes and macrophages used on experiment outlined

Following RNA extraction, RNA sequencing was performed in La Jolla Institute for Allergy and
Immunology at La Jolla University of California San Diego by the team of Professor Pandurangan

Vijayanand.

Libraries preparation for miRNA studies was performed with NEBNext® Small RNA Library Prep Set

for lllumina® (Multiplex Compatible) in Clinical and Experimental Sciences Academic Unit of

University of Southampton by Mr Toby Mellows (Figure 66).
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Figure 66: mRNA results in bioanalyser-representative sample. RNA Integrity Number value (RIN) is
a numerical score ranging from 1 to 10 that represents the integrity of the RNA sample. A higher
RIN value indicates better RNA quality, with 10 being the highest and indicating intact and
undegraded RNA. The RIN for those samples were between 9.3-9.9. mRNA distribution on the

Bioanalyzer graph show a major peak that represents the predominant mRNA species in the
samples.

RNA-Sequencing was conducted on the macrophages from individuals without lung cancer,
following exposure to TDE or NDE or control (PBS). RNA sequencing contained small RNA (including
miRNA) and mRNA. The analysis included a total number of 24 samples for miRNA and mRNA
sequencing, 8 harvested macrophages exposed to TDE, 8 paired harvested macrophages exposed
to NDE and 8 paired exposed to PBS (control). The raw counts for the samples were used for

differential expression testing. A paired analysis was conducted.

3.2.1.1 Differential expression with DESeq2
Reads were aligned to miRbase mature miRNAs (step 2-7) and mRNA (step 8) using bowtie2 1.1.2

(Appendix). The reads were then counted using samtools idxstats. Reads that were unaligned were
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attempted to be aligned to the next database. Any reads that were not mapped/aligned to any of
the small RNA including microRNA databases (miRbase-mature, miRbase-hairpins, snoRNAdb-CD,
snoRNAdb-HACA, snoRNAdb-Cajal, piRNAdb-human) were mapped against the complete human
genome/transcriptome (hgl9, UCSC annotations) using Tophat 1.4.1, followed by counting
uniquely mapped reads with htseg-count. All data were collated in one Excel spreadsheet. R version

4.0.2 was used for the analysis.

FASTQ method was used for Quality Control (QC) of sequencing data. This involved assessing the
quality and integrity of the raw sequencing data in FastQ format as described in Appendix 2. It
involved quality score assessment, sequence length distribution, nucleotide composition analysis,

per-base sequence quality and overrepresented sequences.

3.2.1.2 Filtering of Sequencing Data
This was performed with R version 4.0.2. The same process was used as described in section 2.1 of
chapter 2.The threshold chosen was a count of 10 or CPM>1.the codes are described in Appendix
2. Unsupervised filtering was applied to ensure that there was at least 1 count per million for each
MRNA in at least half of all 24 samples (this was our smallest group size). Only pure counts cut off
were used as | wanted to include as many mRNAs as possible. | kept a low cut off providing a
minimum filter to try and keep as many mRNAs as possible. This is, of course, an arbitrary cut off.
If the count was very low it indicates that the associated gene was not expressed in that sample. A
requirement for expression in two or more libraries is used as each group contains two replicates.
This ensures that a gene will be retained if it is only expressed in one group. After removing the
lowly expressed miRNA, the library sizes were recalculated for each filtered dataset, although the

differences are usually negligible. Following filtering of 18823 genes, 14674 were identified.

3.2.1.3 Exploratory Data

Basic quality control plots (Boxplots), principal component analysis (PCA), hierarchical clustering,

and IQR plots were used as described in section 2.1 of chapter 2.

3.2.1.3.1 Basic quality control plots (Boxplots)
Boxplots were used to visualise the distribution and density respectively of read counts across each

of the sample libraries (Figure 67).
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Figure 67: boxplot of filtered mRNA counts in macrophages exposed to
TED or NED or control. The boxplot demonstrates mRNA RAW counts-
copies per million in y axis per sample (exosomes) in x axis. It is
apparent that there are minimal discrepancies between different
samples of exosomes, which suggested that the raw counts are not
different between samples (exosomes from either tumour (red) or
healthy (blue) part of the lung)

3.2.1.3.2 Principal Component Analysis (PCA)

Principle component analysis (PCA) was used to transform the multidimensional sequencing
dataset to smaller, discrete sets of orthogonal principle components. It aided me in identifying
potential clusters, outliers, or patterns in gene expression that may be associated with biological
factors or experimental conditions. Sequencing batch was included in the model of differential

expression as a confounding variable (identified in PCA plots), (Figure 68, 69).

148



PC2
e+ 00

=1a+0}5

Figure 69: PCA plot of macrophages’ mRNA according to TDE
exposure (red), NDE (green), control (blue). This suggests that
macrophages exposed to PBS were clustered separately from
macrophages exposed to NDE or TDE. There was also, apart from two
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Figure 68: PCA plot of raw mRNA counts in macrophages exposed to TED
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or NED or control PBS). There was only one outlier.

149

Chapter 3



Chapter 3

3.2.1.3.3 Inter Quartile Range (IQR)
The interquartile range is a robust measure of variability in a similar manner that the median is a
robust measure of central tendency. This process showed that one sample appeared as outlier on

at least two of these plots and was excluded from further downstream analysis, (Figure 70).
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Figure 70: Interquartile range/median plots of median

samples. pink shaded area represents +2SD from the
mean. red shaded area represents +1SD from the mean
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3.2.1.3.4 Hierarchical clustering

Hierarchical clustering identified groups of genes with similar expression profiles across many samples. The resulting hierarchical tree is viewed as a dendrogram

that illustrates the relationships between samples, (Figure 71).
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Figure 71: Hierarchical clustering -Euclidian Ward demonstrating similarities between genes in macrophages exposed to TDE and NDE with
only one outlier in sample 22 (macrophage expose to NDE)
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3.2.1.4 Analysis
The differential expression testing was conducted using the DESeq2 package method of
normalization and differential expression testing. The miRNAs and mRNA that had Benjimani and
Hochberg FDR < 0.05 were determined to be truly differentially expressed between the two

conditions (TDE exposed macrophages versus NDE exposed macrophages), (Figure 72).

mMRNA

DESeq2 p<0.01 FDR<0.05
Tumour vs Healthy 14674 23 0
Tumour vs Control 14674 72 0
Healthy vs Control 14674 103 0

Figure 72: No statistical significance mRNAs were seen which could be related to the small number
of samples sequenced.

3.2.2 Macrophages small RNA-Sequencing dataset analysis

The same processes took place as those described in section 2.1 of chapter 2. (Organisation of

sequencing data, Quality Control (QC) of Sequencing Data and Normalisation).

3.2.2.1 Differential expression analysis (DESeq2)
Reads were aligned to miRbase mature miRNAs (step 2-7) and mRNA (step 8) using bowtie2 1.1.2
(Appendix). The reads were then counted using samtools idxstats. Reads that were unaligned were
attempted to be aligned to the next database. Any reads that were not mapped/aligned to any of
the small RNA including microRNA databases (miRbase-mature, miRbase-hairpins, snoRNAdb-CD,
snoRNAdb-HACA, snoRNAdb-Cajal, piRNAdb-human) were mapped against the complete human
genome/transcriptome (hgl9, UCSC annotations) using Tophat 1.4.1, followed by counting
uniquely mapped reads with htseq-count. All data were collated in one Excel spreadsheet. R version

4.0.2 was used for the analysis.

FASTQ method was used for Quality Control (QC) of sequencing data. This involved assessing the
quality and integrity of the raw sequencing data in FastQ format in Appendix 2. It involved quality
score assessment, sequence length distribution, nucleotide composition analysis, per-base

sequence quality and overrepresented sequences.
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3.2.2.2 Filtering of sequencing data
Unsupervised filtering was conducted to ensure that there was at least 1 count per million for each
miRNA in at least half of all 24 samples (this was our smallest group size). We used only pure counts
cut off as we wanted to include as many miRNAs as possible. We also kept a low cut off providing
a minimum filter to try and keep as many miRNAs as possible. This is of course an arbitrary cut off.
If the count was any smaller, it was very low, indicating that the associated gene was not expressed
in that sample. A requirement for expression in two or more libraries is used as each group contains
two replicates. This ensures that a gene will be retained if it is only expressed in one group. After
removing the lowly expressed miRNA, the library sizes were recalculated for each filtered dataset,
although the differences are usually negligible. 2588 were filtered to 585 with the code seeing in

the Appendix 2.

3.2.2.3 Exploratory Data analysis

3.2.2.3.1 Basic quality control plots (Boxplots)
Boxplots were used to visualise the distribution and density respectively of read counts across each

of the sample libraries (Figure 73, 74).
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Figure 73: boxplot of raw miRNA counts in macrophages exposed to TED or NED or control
(PBS). The figure suggested that the miRNA counts were similar across all samples.
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Figure 74:Figure 76 Boxplot of filtered miRNA in macrophages exposed
to TED or NED or control (PBS). Similarly, the counts were almost
distributed similarly across all samples.

3.2.2.3.2 Principle component analysis
Principle component analysis (PCA) was used to transform the multidimensional sequencing
dataset to smaller, discrete sets of orthogonal principle components. It aided me in identifying

potential clusters, outliers, or patterns in gene expression that may be associated with biological

factors or experimental conditions(Figure 75,76,77).
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Figure 75: Three-dimensional PCA plot showing the variation and clusters within the Limma
filtered dataset
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Figure 77: PCA according to TDE exposure (red), NDE (green), control (blue)
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Figure 76: The high percentage of variance of each principal component
indicates that the corresponding principal component retains more essential
information from the original data.
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3.2.2.3.3 Interquartile range versus median plot (IQR)
The interquartile range measures variability in a similar manner that the median is a robust measure
of central tendency. This process showed that one sample appeared as outlier and was excluded

from further downstream analysis (Figure 78)
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Figure 78: Interquartile range/median plots of median samples. pink

shaded area represents +2SD from the mean. red shaded area
represents £1SD from the mean.
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3.2.2.3.4 Hierarchical clustering

Hierarchical clustering identified groups of genes with similar expression profiles across many samples. The dendogram illustrates the relationships between

samples, (Figure 79).
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Figure 79: Hierarchical clustering -Euclidian Ward demonstrating similarities between miRNAs in macrophages exposed to
TDE and NDE with only one outlier in sample 202 Healthy (macrophage expose to NDE)
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3.2.2.4 Analysis

The following miRNA were significantly differentially expressed:

miRNA
DESeq2 p<0.01 FDR<0.05
Tumour vs Healthy 585 6 1
Tumour vs Control 585 4 1
Healthy vs Control 585 14 3

Chapter3: Discussion

There were 6 miRNA which were significantly differential expressed between Tumour vs Healthy
(p<0.01): hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-miR-199b-3p, hsa-miR-30a-5p, hsa-miR-4518, hsa-
miR-451a

Tumour vs Control (p<0.01): hsa-miR-10b-5p, hsa-miR-3908, hsa-miR-4781-5p, hsa-miR-6721-5p
Healthy vs Control (p<0.01): hsa-miR-100-5p hsa-miR-10a-5p hsa-miR-10b-5p hsa-miR-125b-5p
hsa-miR-128-3p hsa-miR-199b-3p hsa-miR-200b-3p hsa-miR-200c-3p hsa-miR-30a-5p hsa-miR-
3133 hsa-miR-375 hsa-miR-4503 hsa-miR-451a hsa-miR-99a-5p

There was one miRNA which was significantly differential expressed between Tumour vs Healthy
(FDR<0.05): hsa-miR-451a

Tumour vs Control (FDR<0.05): hsa-miR-451a

Healthy vs Control (FDR<0.05): hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-miR-451a
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4 Corelation of predicted mRNA against differential expression of Corelation of TDE vs NDE
predicted mRNA targets compared to mRNA from lung cancer tumour associated macrophages
(TAM) vs their paired macrophages in normal lung (NTAM) .

In a recent study, Dr Eva Carrido-Martin, a fellow researcher, compared the mRNA signature of
macrophages from lung cancer tumour samples (TAM) and their paired macrophages from non-
tumour lung tissue (NTAM) (Garrido-Martin et al. 2020).

These samples were obtained from the same cohort of patients that their samples (normal and
tumour lung tissue) | used to isolate exosomes and identify their miRNA signature. The subjects
with were recruited into the same study “Tissue analysis for stratifying therapy in proliferative lung
diseases”. DESeq2 and QIAGEN-IPA software was used for analysis and comparison. These results
were available for my perusal so | could correlate the miRNAs isolated in my experiment.

With her permission, | compared and correlated the potential mRNAs targeted by the differentially
expressed miRNA from the exosomes’ comparison group (TDE vs NDE) with the differentially
expressed mRNA from the macrophages’ comparison group (TAM vs NTAM). QIAGEN IPA software

was used to identify common mRNA targets, the associated pathways and molecules affected.

4.1 mRNA Comparison
QIAGEN IPA software identified 9771 relations between 239 miRNA and potential targeted 970
genes (MRNA). These were either experimentally observed, highly or moderated predicted. From
those, 199 miRNAs were experimentally observed but only 27 had an expression log ratio of -1<Expr

Log ratio>1, Appendix 6.

miR-1-3p miR-30a-3p miR-101-3p miR-133a-3p miR-193a-3p | miR-331-3p
miR-9-5p miR-30c-5p miR-105-5p miR-135a-5p miR-196a-5p | miR-503-5p
miR-16-5p miR-31-5p miR-128-3p | miR-138-5p miR-205-5p miR-2682-5p
miR-21-5p miR-34a-5p miR-126a-3p | miR-148a-3p miR-210-3p

miR-92a-3p miR-127-3p | miR-184 miR-218-5p

Figure 80: Statistically significant experimentally observed miRNA (-1<logFC>1)

TarBase, miRecords, Ingenuity Expert Findings, TargetScan Human were the databases used to

identify miRNA-mRNA relations. The 27 miRNAs targeted 74 mRNAs with significant differential

expression fold change (-1<logFC >1). (Figure 80).
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Eleven mRNA were involved in macrophage’s polarisation signalling pathway (Figure 81).

miRNA Expr !.og Genes/mRNA Expr !.og

Ratio Ratio

1 miR-1-3p 3.036 BCL2 1.636

2 miR-105-5p -3.342 TLR2 1.355

3 miR-126a-3p 2.016 VEGFA 1.901

1.166 CCND1 2.746

4 miR-16-5p 1.166 BCL2 1.636

1.166 CDK6 1.675

5 miR-193a-3p -1.733 CCND1 2.746

-1.136 ACTA2 -1.234

6 -1.136 ILBR 1.119
miR-21-5p

-1.136 PIK3R1 1.175

-1.136 CDK6 1.675

7 miR-2682-5p 1.862 VEGFA 1.901

8 2.2 CDK6 1.675
miR-30a-3p

2.431 WNT5A 3.197

2.21 VEGFA 1.901

9 2.21 CCND1 2.746
miR-34a-5p

2.21 CDK6 1.675

2.21 BCL2 1.636

10 miR-503-5p -1.07 CCND1 2.746

11 miR-9-5p -2.827 JAK3 1.396

Figure 81:The figure shows the differentially expressed (logFC) miRNAs with the targeted mRNAs

(logFC)

The affected Genes and pathways identified were:

4.1.1 PI3K/Akt/ERK

Upregulation of miR-34a-5p and miR-16-5p and miR-1-3p upregulated B-cell lymphoma 2 (BCL-2)

gene. BCL-2 regulates the expression of factors related to macrophage polarization and migration,

by driving transcriptional activation of transcriptional activation of IL-1B, IL-17, RORa, RORc and

CCL2 in a NF-kB-dependent manner. In melanoma, bcl-2 promotes a M2-phenotype by tumour-

associated macrophages (Di Martile et al. 2020). TREM-1 receptors, a member of super

immunoglobulin family selectively expressed on macrophages, play an important role as an anti-
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apoptotic molecule responsible for prolonged survival of inflammatory macrophages. They induce
major anti-apoptotic proteins Bcl-2 and Bcl-XL along with reduced activation of Caspase-3
(apoptosis executioner). The Egr-2 mediated induction is ERK dependent (Yuan et al. 2014).

Downregulation of miR-21-5p upregulated the Phosphoinositide 3-kinase R1 (PIK3R1) gene. This
gene produces a protein called p85a or phosphoinositide 3-kinase delta (PI3K&) that mediates
signaling transduction downstream of diverse immune receptors, including the T cell receptor
(TCR), the B cell receptor (BCR), costimulatory molecules and cytokine receptors. PIK3R1 mutations
affecting exon 11 cause the p85a protein to be shortened, which leads to overactivation of the
important PI3K delta signaling pathway in immune cells including polarisation of macrophages

(Sogkas et al. 2020)

4.1.2 TLRs/PI3/NF-kB

Downregulation of miR-105-5p lead to upregulation of TLR2 which impairs anti-inflammatory
activity of M2-like macrophages, generating a chimeric M1/M2 phenotype. The TLRs/NF-kB
signaling pathway plays an important role in macrophage polarisation, with all TLRs except TLR3
being able to activate and dissociate NF-kB. TLRs binding to specific ligands, such as PAMP and
cytokines, initiate NF-kB-mediated signaling processes that increase the expression of pro-
inflammatory-related genes, predisposing the macrophage phenotype towards M1. Inhibition of
NF-kB reduces TNF-a, IL-1B, and IL-6 in the LPS-induced lung injury model, thereby inhibiting M1
macrophage polarization (Hamerman et al. 2016). NF-kB protein p50 has been shown to suppress
M1 and induce M2 polarisation of macrophage (Porta et al. 2009).

M2d macrophages (also at times termed as TAMs) are activated by Toll-like receptors and
specifically express vascular endothelial growth factor (VEGF) and IL-10 (Colin, Chinetti-Gbaguidi,
and Staels 2014; Shapouri-Moghaddam et al. 2018)

4.1.3 JAK-STAT pathway

Downregulation of miR-9-5p upregulates JAK3. Activation of JAK3/STAT6 signaling promotes M2
phenotype (McCormick and Heller 2015; Essandoh et al. 2016b). Phosphorylated STAT6 binds to
KLF4 and PPAR-y to promote M2 macrophage polarization (Liu et al. 2014).

Downregulation of miR-21-5p upregulates interleukin-6 receptor (IL6R). The IL-6R binds IL-6 which
has pro-inflammatory effect. Nevertheless, it can induce anti-inflammatory activities through
JAK2/STAT3 dependent signaling in NSCLC and gastric carcinoma (Jin et al. 2022; Fu et al. 2017).
These activities are dependent on the membrane bound IL-6R where pro-inflammatory activities of

IL-6 include recruitment of inflammatory cells, inhibition of apoptosis of inflammatory cells and
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inhibition of regulatory T-cell differentiation (Rose-John 2012)

4.1.4 other mechanisms

4.1.4.1 Cyclin D1 (CCND1)
Upregulation of miR-16-5p and miR-34a-5p and downregulation of miR-193a-3p and miR-503-5p
upregulates Cyclin D1 (CCND1). CCD1 deficiency increased focal complex formation at the site of
substratum contact, and enhanced macrophage adhesion, yielding a flattened, circular morphology
with reduced membrane ruffles. Migration in response to wounding, cytokine-mediated
chemotaxis, and transendothelial cell migration of cyclin D1-/- bone marrow-derived macrophages
were all substantially reduced. Thus, apart from proliferative and possible motility defects in the
tumor cells themselves, the reduced motility and invasiveness of cyclin D1-/- tumor-associated
macrophages may contribute to the tumor resistance (Neumeister et al. 2003). pecifically, through
overexpression of cyclin D1b, breast cancer cells regulated the differentiation of macrophages into

a more immunosuppressive M2 phenotype (Wang et al. 2021)

4.1.4.2 Cyclin-dependent kinase 6 (CDK6)
Upregulation of miR-34a-5p, miR-30a-3p, miR-16-5p and downregulation of miR-21-5p
upregulates Cyclin-dependent kinase 6, an enzyme encoded by the CDK6 gene. This is regulated by
cyclins, more specifically by Cyclin D proteins and Cyclin-dependent kinase inhibitor proteins. CDKs
play a positive role in IFN-B translation. CDK inhibition leads to reduced IFN- mRNA in the
polysome complex. CDK inhibitor p21CIP1 suppresses overproduction of IL-1f3, and suppress IL-6,
in macrophages. Macrophage activation is mediated by the transcription factor NF-kB and p21CIP1-
deficient macrophages correlate with increased NF-kB activity. CDK6 functions as a repressive

regulator of monocyte/macrophage differentiation (Chen et al. 2015).

4.1.4.3 Wnt5a
Upregulation of miR-30a-3p upregulates Wnt5a signaling in monocyte-macrophage development
Growth factors M-CSF and GM-CSF upregulate B-cat/TCF levels, which may promote differentiation
of myeloblasts into monocytes in developing if not adult contexts. Wnts can be a downstream
target of core inflammatory signals (e.g., Wnt5a by IL6/NFkB) promoting an anti-inflammatory

macrophage phenotype (Zhang et al. 2021).

4.1.4.4 Vascular endothelial growth factor A (VGFA)
Upregulation of miR-34a-5p, miR-2682-5p and miR-126a-3p upregulates VGFA. In CRC Wnt/6-
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catenin signaling is activated in highly proliferative CRC accompanied by the TAM infiltrates. TAMs
upregulate the VEGF-A of CRC cells and activate the NF-«B signaling pathway by secreting IL-6 and
IL-8. TAMs produce IL-6 to activate the JAK/STAT3 signaling in cancer cells leading to the EMT, which
in turn lead to the CCL2/5 secreted by cancer cells, to promote macrophage recruitment. Some
exosomes carrying miRNAs derived from CRC cells regulate PTEN, by activating the PI3K/Akt
signaling to induce M2 like TAM polarization, and in turn, TAMs promote cancer metastasis by
enhancing EMT and secreting VEGF. The abnormal activation of the MAPK signaling pathway can
induce tumour cell proliferation and participates in the cancer development and metastasis.(Zhang

et al. 2021)

4.1.4.5 Actin (ACTA2)
Downregulation of miR-21-5p downregulate ACTA2 which is a cancer associated fibroblast (CAF)
inducing M2-polarized macrophages in hepatocellular carcinoma progression via the plasminogen
activator inhibitor-1 pathway. CAFs promoted the M2 polarization of macrophages and induced

PAI-1 secretion via CXCL12. (Zhang et al. 2021; Chen et al. 2021)
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Discussion

In my research project, | demonstrated the purification of exosomes (excluding other intracellular
microvesicles) with volume-excluding polymers technique (ExoQuick™). The method was relatively
quick and enabled high extracellular vesicles recoveries as was previously described in literature
(Lewis and Metcalf 1988; Brennan et al. 2020).

Characterisation of those exosomes took place with TEM (Transmission Electron Microscopy) and
Western blot (Lai et al. 2022; Jung and Mun 2018). TEM showed the typical size (<150 nm) and
shape expected for exosomes. Subsequent detection of CD63 protein enriched in exosomes (Hikita
et al. 2018), and the absence of the endoplasmic reticulum protein Calnexin (Lasser, Eldh, and
Lotvall 2012) was a strong indication that the vesicles enriched pellet was indeed exosomes and
was not contaminated vesicles from other cell compartments

Nanoparticle tracking analysis (NTA) was not used to confirm the size of the vesicles due to
availability and the limiting factors that exosomes are very small, and analysis of such small particles
is possible only for materials with a high refractive index. Furthermore, the presence of lipoproteins
and protein aggregates overestimates the amount of EVs (Filipe, Hawe, and Jiskoot 2010).

The exosomes from tumour sample (A549 cancer cell line) contained microRNAs. These were
characterised with Electrophoresis -Bioanalyser, Reverse Transcription and Real Time qPCR (Chen
etal. 2011; Wright et al. 2020), and confirmed the presence of miRNA 27-a in the isolated exosomes
but not RNU44 (Gee et al. 2011) which was used as control.

The absence of RNU 44 suggested there was no cellular contamination, but the presence of miRNAs
was confirmed by the presence of miRNA 27-a.

Subsequently exosomes were isolated from 110 samples; 55 were supernatant of NSCLC lung

|_II

tumour specimen and 55 from their paired normal-" healthy” lung samples. Their miRNA cargo was
extracted, and next generation sequencing (Metzker 2010) took place at La Jolla University of
California San Diego. Following unsupervised filtration (Dashti and Gamieldien 2017), miRNA data
from 89 samples were analysed (45 were from the healthy lung and 44 from the tumorous part of
the lung).

Exploratory data analysis for quality control using boxplots, principle components analysis,
interquartile range versus median plot (Potla, Ali, and Kapoor 2021), and hierarchical clustering
(Kuklin et al. 2000; Eisen et al. 1998) suggested that experiment was well controlled and has worked
well. It showed that the greatest sources of variation in the data were the groups | was interested

in, measured the variability and central tendency, and finally identified groups of genes with similar

expression profiles across the experiments.
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The differential expression testing and normalisation with DESeq2 package identified 465

differentially expressed miRNAs. From those 8 miRNAs (miR-21-5p, miR-100-5p, miR-101-3p, miR-

126a-5p, miR-133a-3p, miR-149-5p, miR-193a-3p, and miR-205-5p) were statistically significantly

differentially expressed and involved in signaling pathways related to macrophages’ polarisation

towards M2 phenotype. The specific to macrophages polarisation analysis was conducted with

QIAGEN IPA software and considered only the and statistical significant and experimentally

observed differentially expressed miRNA.

There were four signaling pathways that were affected.

1.

At the PI3K/Akt/mTOR pathway miR-21-5p, miR-100-5p, miR-101-3p, miR-193a-3p and
miR-205-5p were identified to activate AKT though miR-126a-5p inhibited it. Akt activation
is essential for M2 polarisation because inhibition of this molecule reverses the
upregulation of M2 genes (Covarrubias, Aksoylar, and Horng 2015; Byles et al. 2013;
Weisser et al. 2011; Zhao et al. 2021). Akt activation is linked in IL-12 and IL-13 signalling
pathway, PI3K/AKT signalling, production of NO.

miR-100-5p activated p70S6K, a TORC1-activated protein, which regulates IL-4 signaling
and M2 polarization by modulating phosphorylation of Insulin Receptor Substrate-2
(Warren et al. 2016). mTOR pathway regulates macrophage polarisation (Byles et al. 2013).
TSC2-mTOR pathway is a determinant in the differentiation of monocytes in TAM M2
phenotype that promote angiogenesis (Chen et al. 2012).

miR-126a-5p also activates/phosphorylates EIF4EBP1 gene encoding a translation
repressor protein which acts as a crucial effector in mTOR signalling pathway and plays a
critical role in carcinogenesis. This protein is a major substrate of mTOR and acts as a crucial
effector in mTOR signaling pathway. The TORC1-activated Proteins, p70S6K and GRB10,
regulate IL-4 signaling and M2 Macrophage Polarization by Modulating Phosphorylation of
Insulin Receptor Substrate-2 (Warren et al. 2016). TSC2-mTOR pathway is a determinant in
the differentiation of monocytes in TAM M2 phenotype that promote angiogenesis (Chen
et al. 2012).

miR-133a-3p activates and miR-126a-5p inhibition of ERK1 in MSP-RON signaling pathway.
Macrophage-stimulating protein (MSP) binds to RON on the surface of tissue resident
macrophages, thereby inhibiting inflammatory response (Chen, Fisher, and Wang 1998).
Activation of RON in macrophages results in the inhibition of nitric oxide synthesis as well

as lipopolysaccharide (LPS) induced inflammatory response. Phosphorylation of Tyr1238
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and Tyr1239 of RON activates ERK and PI3K/AKT and subsequently mediates tumour
proliferation and survival (Yao et al. 2013).

At the TLRs/NF-kB signaling pathway miR-21-5p activated NF-kB targets genes that are
involved in development and progression of inflammation. NF-kB protein p50 has been
shown to suppress M1 and induce M2 polarisation of macrophage (Porta et al. 2009). NFkB
signalling is involved in cellular immunity, inflammation and stress, regulation of cell
differentiation, proliferation, and apoptosis (Kwon et al. 2016).

At the JAK-STAT signaling pathway miR-9-5p activateed signal transducer and activator of
transcription 3 (STAT3) which is associated with M2 macrophage polarisation. A
predominance of STAT3 and STAT6 activation results in M2 macrophage polarisation,
associated with immune suppression and tumour progression. IL-10 promotes M2
polarization through the induction of p50 NF-kB homodimer, c-Maf, and STAT3
activities.(Lawrence and Natoli 2011; Molawi and Sieweke 2013; Sica and Mantovani
2012b; Gordon 2003a; Giurisato et al. 2018).

miR-126a-5p activated heparin binding EGF like growth factor (HB-EGF) which decreases
LPS-induced M1 polarisation and promotes M2 polarisation via STAT3 activation (Wei and
Besner 2015).

miR-155 inhibited IL-13Ral chain which is essential for IL-13 to activate the M2 pathway
(Sheikh et al. 2015). IL-13Ral chain is unessential in the case of the ability of IL-4 to induce
the M2 pathway. (Junttila et al. 2008).

miR-149-5p activated the Sarcoma gene (Src) which promotes M2 macrophage generation
via the IL-4/STAT6 pathway (Hu et al. 2018). Micro/nano-net structure guides elongated
macrophage adhesion states via Src—ROCK signalling and switches macrophages towards
the M2 phenotype (Yang et al. 2021).

Finally, at the JINK/MAPK signaling pathway miR-21-5p activated suppressor of Mothers
against Decapentaplegic family 2 (Smad2) and the SMAD-PI3K-Akt-mTOR pathway
mediates BMP-7 polarization of monocytes into M2 macrophages (Rocher and Singla 2013).
miR-133a-3p activated also PPAR signaling in the mitogen-activated protein
kinase (MAPKs) pathway which is a positive modulator of M2b macrophage polarisation

via the extracellular signal-regulated kinase 1/2 (ERK) (Khotskaya et al. 2017).

It was apparent that miRNAs were involved in more than one signaling pathway as supported in the

literature (Gebert and MacRae 2019). Some of these miRNAs activated genes whilst others silenced

them (O'Brien et al. 2018). miR-9, miR-127, miR-155, and miR-125b have been shown to promote

M1 polarization while miR-124, miR-223, miR-34a, let-7c, miR-132, miR-146a, and miR-125a-5p
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induce M2 polarization in macrophages by targeting various transcription factors and adaptor
proteins (Essandoh et al. 2016a). In a recent study, thirty miRNAs including some identified in my
study (miR-21-5p, miR-126a-5p) were reported to play a role altering macrophages’ phenotype in

cancer (Chatterjee et al. 2020)

| subsequently successfully transfected PBMC derived macrophages with exosomes derived from
lung tumour samples or from their paired “healthy” lung samples. Confirmation of successful
exosomes transfer was achieved with Fluorescence-activated cell sorting flow cytometry (FACS).
Because of limitations of FACS (Li et al. 2018), confocal microscopy was used to confirm the
presence of stained exosomal cargo (RNA and protein) within the macrophages as supported by
previous study (Simion et al. 2020; Li et al. 2018).

As my research aim was to identify if exosomes can alter macrophages phenotype | proceeded to
expose macrophages, isolated from healthy volunteers, to exosomes derived from either tumour
SN or normal lung SN or PBS, aiming to evaluate whether the phenotype or function of
macrophages was affected by measuring with Reverse Transcription and Real Time gqPCR the
expression of IL-6 (Fernando et al. 2014), IL-8, SOCS-1 (Yoshimura, Naka, and Kubo 2007a),
SERPINE1 and CCL18 (Pochetuhen et al. 2007; Schraufstatter et al. 2012) in the exposed to exosome
macrophages. GAPDH was used as housekeeping gene (Barber et al. 2005). One-way ANOVA
(Analysis of Variance) was the statistical method used to compare the three groups. The preliminary
results suggested that there was difference in IL-6 and CCL18 gene expression. It also showed a
trend in dysregulation of SOCS-1 and Serpine-B1 expression. There was down regulation in IL-6
expression in those macrophages exposed to tumour derived exosomes for 48 hours (p value=
0.0040).

CCL18 was also statistically significantly upregulate in macrophages exposed to tumour derived
exosomes for 48 hours (p value= 0.0010).

SOCS1 protein was also upregulated in those macrophages exposed to tumour derived exosomes
for 24 hours (p value=0.117).

An experiment with a small number of samples cannot be statistically significant due to limitations
in statistical power. When the sample size is small, there is a reduced likelihood of capturing the
true underlying effect or pattern in the data. As a result, even if there is a genuine difference or
relationship between the variables being studied, the small sample may not provide enough
evidence to support its statistical significance. To overcome this on way ANOVA was used. Despite
this One-way ANOVA may fail to produce reliable results when the sample size is small, primarily

due to the sensitivity of the ANOVA test to sample variability and the limited statistical power to
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detect meaningful differences as the estimates of group means and variances become less stable
and more susceptible to random fluctuations
As of this | only appreciated the trend rather the absolute result as the statistical significance of

those was influenced by the number of samples.

In a recent study miR-124, miR-223, miR-34a, let-7c, miR-132, miR-146a and miR-125a-5p have
been identified to promote anti-inflammatory responses and M2 polarization in macrophages
(Essandoh et al. 2016a). | was therefore interested in finding out whether the transcriptome and
RNA cargo of macrophages subjected to either TDE or NDE exposure showed any changes towards

polarisation of macrophages to M2 phenotype.

The total RNA of 24 macrophages (macrophages from 4 donors in duplicates were exposed to TDE
NDE and PBS) was extracted, and next generation sequencing (Metzker 2010) took place at La Jolla
University of California San Diego. Following unsupervised filtration (Dashti and Gamieldien 2017),
miRNA and mRNA comparison took place (TDE vs NDE vs PBS).

Exploratory data analysis for quality control using boxplots, principle components analysis,
interquartile range versus median plot (Potla, Ali, and Kapoor 2021), and hierarchical clustering
(Kuklin et al. 2000; Eisen et al. 1998) suggested that experiment was well controlled and has worked
well. It showed that the greatest sources of variation in the data were the groups | was interested
in, measured the variability and central tendency, and finally identified groups of genes with similar

expression profiles across the experiments.

There was also, apart from two TDE exposed macrophages a subtle difference in clustering of TDE

exposed than NDE exposed macrophages. The PCA plot suggested only one outlier

The differential expression testing and normalisation with DESeq2 package identified 465
differentially expressed miRNAs. From those 8 miRNAs (miR-21-5p, miR-100-5p, miR-101-3p, miR-
126a-5p, miR-133a-3p, miR-149-5p, miR-193a-3p, and miR-205-5p) were statistically significantly
differentially expressed and involved in signaling pathways related to macrophages’ polarisation
towards M2 phenotype. The specific to macrophages polarisation analysis was conducted with
QIAGEN IPA software and considered only the and statistical significant and experimentally

observed differentially expressed miRNA.

In the mRNA data analysis 23 mRNA had a p<0.01. As the overall number of samples sequenced

was small, | could not rely on this measurement hence FDR<0.5 was calculated. Unfortunately, no
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mMRNA was statistically significantly differentially expressed. This likely reflects the small number of
samples but could be that there was no real alteration of the macrophages’ mRNA when exposed
to exosomes or the experiment failed.

Although, the analysis identified several significantly differentially expressed mRNA none passes
the FDR<0.05 threshold. The analysis was performed based on the traditional way which is focusing
on a handful of genes at the top and bottom showing the largest differential expression aiming to
detect biological clues. This approach has a few major limitations. For example, after correcting for
multiple hypotheses testing, no individual gene may meet the threshold for statistical significance,
because the relevant biological differences are modest relative to the noise inherent to the
microarray technology.

Instead, one may be left with a long list of statistically significant genes without any unifying
biological effect. Interpretation can be overwhelming and ad hoc, being dependent on the
researcher who interpret the results. Single-gene analysis may also miss important effects on
pathways as cellular processes often affect sets of genes acting in concert. An increase of 20% in all
genes encoding members of a metabolic pathway may dramatically alter the flux through the
pathway and may be more important than a 20-fold increase in a single gene. When different
groups study the same biological system, the list of statistically significant genes from the two
studies may show distressingly little overlap. To overcome these analytical challenges, one can
apply Gene Set Enrichment Analysis (GSEA) that evaluates microarray data at the level of gene sets.

Perhaps this is a recommendation for future work.

In the miRNA data analysis 585 miRNA were identified and 6 miRNA were significantly differential
expressed between Tumour vs Healthy (p<0.01) As the overall number of samples sequenced was
small, | could not rely on this measurement hence FDR<0.5 was calculated. Only, one miRNA was
statistically significantly differentially expressed. This likely reflects the small number of samples
but could be that there was no real alteration of the effect on the TDE on macrophage’s phenotype.
The miRNA that was differentially expressed was miR-451a. Low miR-451a expression was
correlated with poor tumour differentiation, advanced pathological stage, lymph-node (LN)
metastasis, and shorter overall survival. (Wang et al. 2011). Overexpression of miR-451a altered
the morphology of macrophages, enhanced the phagocytic ability of macrophages, and promotes
the expression of macrophage differentiation marker CD11b (Liu, Zhang, et al. 2020).

Investigators also found that renewed expression of miR-451 led to suppression of macrophage
migration inhibitory factor (MIF) and phosphorylated Akt expression, as well as cell proliferation

and migration in NSCLC cell lines (Goto et al. 2017)(Bandres et al. 2009).
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miR-451a might serve as a reliable biomarker for the prediction of recurrence and prognosis in
NSCLC patients with stage |, I, or Il cancer (Kanaoka et al. 2018). Also miR-451a promoted the
sensitivity of lung cancer cells-derived tumors to DOX treatment by reducing c-Myc (Tao et al.

2020).

In the final arm of my research project, | compared and correlated the potential mRNAs targeted
by the differentially expressed miRNA from the exosomes’ comparison group (TDE vs NDE) with the
differentially expressed mRNA from the macrophages’ comparison group (TAM vs NTAM) which
was published by a fellow researcher, Dr Eva Carrido-Martin (Garrido-Martin et al. 2020).

QIAGEN IPA software identified 9771 relations between 239 miRNA and potential targeted 970
genes (MRNA). These were either experimentally observed, highly or moderated predicted. From
those, 199 miRNAs that were experimentally observed only 27 had an expression log ratio of -
1<Expr Log ratio>1.

miR-1-3p, miR-105-5p, miR-126a-3p, miR-16-5p, miR-193a-3p, miR-21-5p, miR-2682-5p, miR-30a-
3p, miR-34a-5p, miR-503-5p, miR-9-5p were statistically significantly differentially expressed.

The affected genes and their identified signaling pathways had similarities with the pathways

affected when comparison between miRNA in TDE and NDE was conducted.

The upregulated miR-34a-5p and miR-16-5p and miR-1-3p upregulated B-cell lymphoma 2 (BCL-2)
gene which PI3K/Akt/ERK which in a ERK dependent and NF-kB-dependent manner regulates the
expression of factors related to macrophage polarization and migration (Di Martile et al. 2020; Yuan
et al. 2014). Downregulation of miR-21-5p upregulated the Phosphoinositide 3-kinase R1 (PIK3R1)
gene which leads to overactivation of the important PI3K delta signaling pathway in immune cells
including polarisation of macrophages (Sogkas et al. 2020).

Downregulation of miR-105-5p lead to upregulation of TLR2 which impairs anti-inflammatory
activity of M2-like macrophages, generating a chimeric M1/M2 phenotype (Hamerman et al. 2016;
Porta et al. 2009).

Downregulation of miR-9-5p upregulates JAK3/STAT6 signaling which promotes M2 phenotype
(McCormick and Heller 2015; Essandoh et al. 2016b; Liu et al. 2014). Downregulation of miR-21-5p
upregulates interleukin-6 receptor (IL6R). The IL-6R binds IL-6 which has pro-inflammatory effect
but induces anti-inflammatory activities through JAK2/STAT3 dependent signaling in NSCLC and
gastric carcinoma (Jin et al. 2022; Fu et al. 2017).

Upregulation of miR-16-5p and miR-34a-5p and downregulation of miR-193a-3p and miR-503-5p
upregulates Cyclin D1 (CCND1) and overexpression of cyclin D1b in breast cancer cells regulates the

differentiation of macrophages into a more immunosuppressive M2 phenotype (Wang et al. 2021)
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Upregulation of miR-34a-5p, miR-30a-3p, miR-16-5p and downregulation of miR-21-5p
upregulates Cyclin-dependent kinase 6 which functions as a repressive regulator of

monocyte/macrophage differentiation (Chen et al. 2015).

Upregulation of miR-30a-3p upregulates Wnt5a signaling promoting an anti-inflammatory

macrophage phenotype (Zhang et al. 2021).

Upregulation of miR-34a-5p, miR-2682-5p and miR-126a-3p upregulates VGFA which in colorectal
cancer activates the NF-kB signaling pathway by secreting IL-6 and IL8 and subsequently TAMs
produce IL-6 to activate the JAK/STAT3 signaling to promote macrophage recruitment. (Zhang et al.
2021)

Finally, downregulation of miR-21-5p downregulate ACTA2 which is a cancer associated fibroblast
(CAF) inducing M2-polarized macrophages in hepatocellular carcinoma progression via the

plasminogen activator inhibitor-1 pathway(Zhang et al. 2021; Chen et al. 2021)

The mRNA corelation suggested that exosomal miRNAs are targeting similar mRNA to those seen
in TAMS. Various signalling pathways were affected including immune response in cancer. The
extend that those mRNAs facilitate immune responses and/or tumorigenesis is known. Some
MRNAs facilitate both immune response and cancer progression. A small number (11) significant
differentially expressed miRNA affected multiple genes. Those were miR-21-5p, miR-30c-5p, miR-
16-5p, miR-34a-5p, miR-9-5p, miR-105-5p, miR-126a-3p, miR-2682-5p, miR-193a-3p, miR-503-5p,
miR-1-3p.

Validation studies with traditional PCR are not always necessary in next-generation gene
sequencing due to the fundamental differences in the two technologies. Next-generation gene
sequencing offers several advantages over traditional PCR methods, which make validation studies
less relevant. Next-generation gene sequencing allows for massively parallel sequencing of millions
of RNA fragments simultaneously, providing comprehensive and unbiased coverage of the entire
genome or specific regions of interest. It generates vast amounts of data therefore reduces the
need for specific validation studies, as the large dataset itself serves as a robust validation of the
detected genetic changes. Next-generation gene sequencing involves multiple rounds of
amplification and sequencing, reducing the risk of false positives and negatives that could occur in
traditional PCR.

In my study the focus of the microarray data is not the response of a few genes, but rather the

Ill

overall “pattern” of gene expression, therefore it would seem to be limited utility in confirming
individual gene expression differences. | also worked with small samples that had insufficient

qguantities of RNA for both microarray studies and RT-PCR.
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Most microarray publications have indicated that validation studies such as RT-PCR analysis
normally support each other qualitatively.

It is also reasonable to ask how many genes are enough to validate with RT-PCR and which genes
to pick. The problem is that the genes selected for validation can be chosen to virtually ensure
confirmation. Furthermore, the actual process of validating expression of a few select genes with

RT-PCR does not mean that the same results would be obtained if all the genes were thus analysed.

Summary and Appraisal of Research Project

To my knowledge this is the first study to identify differential expressed miRNAs in exosomes
derived from NSCLC lung specimens, tumour, and their paired normal lung samples.

| also described successful transfer of exosomal cargo in peripheral macrophages which
subsequently demonstrated a probable alteration of polarisation of macrophages towards an anti-
inflammatory and pro-carcinogenic phenotype.

This was a unique opportunity to study the different miRNA signature in lung cancer parenchyma
and suggest which miRNAs may altered tumour microenvironment and inflammatory response

during the disease.

miR-21-5p, miR-100-5p, miR-101-3p, miR-126a-5p, miR-133a-3p, miR-149-5p, miR-193a-3p, and
miR-205-5p were differentially expressed in TDE and NDE. Those could affect various genes in
macrophages polarisation pathways signaling to M2 phenotype, including PI3K/Akt/mTOR,
TLRs/NF-kB, JAK-STAT and JNK/MAPK.

In the study the predicted mRNAs were subsequently corelated with the mRNA for TAM in lung
cancer samples.

miR-1-3p, miR-105-5p, miR-126a-3p, miR-16-5p, miR-193a-3p, miR-21-5p, miR-2682-5p, miR-30a-
3p, miR-34a-5p, miR-503-5p, miR-9-5p activated, inhibited molecules in various signalling
pathways in similar polarisation of macrophages processes as those described following
comparison of TDE and NDE. These were PI3K/Akt/mTOR, TLRs/NF-kB and JAK-STAT signaling
pathway.

An interesting observation was that miRNAs could simultaneously affect different pathways as well
as different molecules of the same pathway with some miRNA upregulating when other were

downregulating the same pathway. It appears that rather than a single miRNA, a combination of
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those might affect a signalling pathway with each miRNA playing a different and possible to a

different degree a role in M2 polarisation.

Finally, there was only one significant miRNA (miR-451a) that was differentially expressed in the
macrophages exposed to exosomes. | believe that the small sample macrophages sequenced

following exposure to TDE had an effect on the statistical significance of this result.

Limitations:

Though | demonstrated successful transfer of miRNAs into macrophages with exosomes and a
possible alteration of their phenotype, the power of this study was limited by the small number of
transfected samples.

There were additionally various miRNAs that could influence several pathways related to immune
response but the exact contribution of each miRNA or the combination of those need to be studied
further. Especially, as they could be used as either a biomarker or a therapeutic tool, we could
theoretically alter the immune response to lung cancer by introducing miRNAs in macrophages and

subsequently alter tumour microenvironment.

Future work:

Cell culture models (In vitro and Ex vivo)

A next step would be to validate the miRNA-mRNA targets in an experimental environment.
Perhaps one could use a different transfection system, which simulates exosomes delivery
mechanism.

Subsequently, one could transfect maturated PBMC or other cells with the differentially expressed
miRNA. These could be for upregulated miRNA with precursor mimics and for the downregulated
with antagomiRs.

Following this, a downstream measurement of target gene expression with RT-qPCR could validate
the predicted targets of the differentially expressed miRNA.

This could also explore the synergistic or antagonistic activity of different miRNA combinations.

Study of exosomal miRNA cargo in early lung neoplastic process

Recently early computer tomography (CT) is used as a screening programme in high-risk patients
to develop lung cancer. From those patients screened, approximately 1.2% have lung cancer and
10-15% pulmonary nodules. 10 % of those pulmonary nodules are neoplastic. Currently the normal

practice is to offer those patients radiological surveillance.
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There is also a new diagnostic development called navigational bronchoscopy. This is a tool that
could be used for biopsy of small pulmonary nodules.

It would be interesting to study the exosomal miRNA signature in those early neoplastic lung
nodules and compare it with lung cancer samples from advance lung cancer as this might provide

further knowledge in the immune response and carcinogenesis in early lung cancer.

Summary

The investigation of lung derived miRNA in lung cancer has led to some new insights into possible
anti-inflammatory mechanisms in lung cancer. Further work on miRNAs’ effect on gene expression
and downstream protein function at a molecular and cellular level could detect innovative targets

immunotherapy.
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APPENDIX

Appendix 1

Demographics

Patient Target Lung Age Gender | Stage
ID ID (years)

1 254 77 f 1A2
2 203 65 m IB
3 196 51 m IB
4 96 69 m nc
5 75 66 f IB
6 238 69 f 1Al
7 103 68 f 1]
8 132 78 f A
9 70 83 f 1]
10 503 80 f IB
11 305 69 f 1]
12 119 72 f A
13 583 71 f 1Al
14 929 70 f A
15 88 81 m 1Al
16 219 83 f 1Al
17 117 76 m A
18 279 61 m A
19 314 69 m 1A2
20 390 64 f A
21 252 69 m A
22 439 73 m A
23 640 60 m IB
24 652 68 f 1B
25 653 76 f 1A2
26 655 72 f 1A2
27 656 67 m IB
28 663 61 f 1A2
29 674 82 f 1A3
30 675 60 m IB
31 101 81 m 1B
32 113 64 m IB
33 587 61 f A
34 678 67 m A
35 699 56 f A
36 721 84 f IB
37 723 72 m A
38 704 66 m 1A2
39 722 80 m A
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40 707 76 f IB
41 770 72 f IVA
42 757 79 m IB
43 758 66 m 1A2
44 720 70 f 1B
45 725 70 m 1]
46 740 63 f NA/IA
2
47 775 65 f IB
48 760 74 m A
49 761 67 m 1A2
50 762 75 m 1A2
51 814 68 m 1A
52 816 80 f ]:]
53 823 64 m 1A2
54 824 72 f IB
55 230 79 f 1Al
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Appendix 2

Parameters
e Column describing groups [group]
e Column describing additional experimental factor [EMPTY]
e Cut off for the adjusted P-value (0-1) [0.05]
Details
This tool takes as input a table of raw counts. The count table must be associated with a
phenodata file describing the experimental groups. These files are best created by the tool
"Utilities / Define NGS experiment", which combines count files for different samples to one
table, and creates a phenodata file for it.
Output
The analysis output consists of the following files. Note that if you have more than two
experimental groups, the output figures sum up information from all pairwise comparisons.
e de-list-deseq2.tsv: Table containing the significantly differentially expressed genes. The
columns include
o baseMean = the average of the normalized counts taken over all samples
log2FoldChange = log2 fold change between the groups.
IfcSE = standard error of the log2FoldChange estimate
stat = Wald statistic
pvalue = Wald test p-value
o padj = Benjamini-Hochberg adjusted p-value
e de-list-deseq2.bed: The BED version of the results table contains genomic coordinates
and log2 fold change values.
e summary.txt: Textual summary of the differential expression results, including
information on filtering and outliers.
e deseq2_report.pdf: A PDF file containing:
o MA scatter plot where the significantly differentially expressed genes are
highlighted.
o Plot of dispersion estimates at different count levels, showing

» black dot = dispersion estimate for each gene as obtained by considering
the information from each gene separately

» red line = fitted estimates showing the dispersions' dependence on the
mean

= blue dot = the final dispersion estimates shrunk from the gene-wise
estimates towards the fitted estimates. The values are used in the
statistical testing.

» blue circles = genes which have high gene-wise dispersion estimates and
are hence labelled dispersion outliers and not shrunk toward the fitted
trend line

o Plot of the raw and adjusted p-value distributions of the statistical test.

O O O

1. Library (DESeq2)- code

2. Setting up a DESegDataSet- (code)
3. Performing differential expression testing-(code)
4, Pull out VST transformed normalized data, this is Log2-(code)

207



Chapter 3: References

Extract only the genes differentially expressed with an FDR corrected p-value <0.05- (code)
5. Volcano Plots-(code)
Codes in miRNA Sequencing

Data preparation (codes)
Samples.setwd("/Users/ah1e13/Documents/Tilman/attachments")IDs<-
read.table("./Data/Combined_ID_File_AH.csv", header=TRUE, row.names=1, sep=',')

Labeling and identification of all small RNA (codes)

directly.library("readxI")

Batch_A<-read_excel("Raw count for 2017 data batch A from 23 paired exosomes (in total 46
samples) count_summary.xlIsx")

Batch_B<-read_excel("Raw data count_for 2017 batch B from 23 paired exosomes (in total 46
samples) count_summary.xlsx")

Batch_C<-read_excel("Raw count for 2016 data from 12 paired (24 samples in total) exosomes
count_summary.xlsx"

Batch_A<-as.data.frame(Batch_A)

Batch_B<-as.data.frame(Batch_B)

Batch_C<-as.data.frame(Batch_C)

#table(Batch_ASFeature_Source)

#> table(Batch_ASFeature_Source)

#bowtie_map-mIR-hairpin bowtie_map-mIR-mature bowtie_map piRNAdb_human

#1881 2588 23439

#bowtie_map-snoRNAdb_Cajal bowtie_map-snoRNAdb_CD bowtie_map-snoRNAdb_HACA
#25 269 108

#tophat_map-hgl9

#23368

Identification of mature miRNA (codes)

Batch_A_miRNA<-subset(Batch_A, Feature_Source == "bowtie_map-mIR-mature")
Batch_B_miRNA<-subset(Batch_B,Feature_Source == "bowtie_map-mIR-mature")
Batch_C_miRNA<-subset(Batch_C,Feature_Source == "bowtie_map-mIR-mature")
anyDuplicated(Batch_A_miRNA[,3])

row.names(Batch_A_miRNA)<-Batch_A_ miRNASFeature_name
row.names(Batch_B_miRNA)<-Batch_B_miRNASFeature_name
row.names(Batch_C_miRNA)<-Batch_C_miRNASFeature_name
row.names(Batch_A_miRNA)[1:10]

row.names(Batch_B_miRNA)[1:10]

row.names(Batch_C_miRNA)[1:10]

Batch_A_miRNA<-Batch_A miRNA[,4:length(colnames(Batch_A_miRNA))]
Batch_B_miRNA<-Batch_B_miRNA[,4:length(colnames(Batch_B_miRNA))]
Batch_C_miRNA<-Batch_C_miRNA[,4:length(colnames(Batch_C_miRNA))]

Combining all our miRNA datasets in one (codes)

Creating a column called ROWNAMES to merge all the datasets using.
Batch_A_miRNASROWNAMES<-row.names(Batch_A_miRNA)
Batch_B_miRNASROWNAMES<-row.names(Batch_B_miRNA)
Batch_C_miRNASROWNAMES<-row.names(Batch_C_miRNA)

library(plyr)
my_list<-list(one=Batch_A_miRNA,two=Batch_B_miRNA,three=Batch_C_miRNA)
all_data_small_RNA<-join_all(my_list, by="ROWNAMES", type="inner"
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row.names(all_data_small_RNA)<-all_data_small_RNASROWNAMES
all_data_small_RNA final Raw<-all_data_small_RNA[,!(names(all_data_small_RNA)%in%
c("ROWNAMES"))]

dim(all_data_small_RNA)

dim(all_data_small_RNA_final_Raw)

raw_small<-all_data_small_RNA_final_Raw
save(raw_small,file="./miRNA_Only/Data/Raw_Small_mapped_RNA-
Seq_Combined_all_Batches_exosomes.Rdata")

rm(list=Is())

The Raw Data were checked with FastQC report as follows:
setwd("\\\\filestore.soton.ac.uk/users/ahlel13/mydocuments/Documents/Tilman/attachments")
raw_small<read.table("./miRNA_Only/Data/Raw_Small_mapped_RNASeq_Combined_all_Batches
_exosomes.csv", sep=",', header=TRUE, row.names=1)
pheno<-read.table("./Data/Formatted_Demographic_Matching_Seq_Final.csv", sep=',’,
header=TRUE, row.names=1, fill=TRUE)

Unsupervised filtering

Code:

values<-t(values)

Filter <-45
keep_tags<-rowSums(values>1)>=Filter
values_filtered<-values[keep_tags,]
dim(values)
#save(values_filtered,file="./miRNA_Only/Data/Raw_Filtered_miRNA_Only RNA_AIl_Sampes.RDa
ta")

#dim(values)

#[1] 2588 89

dim(values_filtered)
#dim(values_filtered)

#[1] 465 8

Exploratory data analysis for quality control

Basic quality control plots (Boxplots)

pdf("./miRNA_Only/Results/Raw_Boxplot_ miRNA_RNA_Counts.pdf")
par(cex=0.3,mar=c(25,10,10,15))

boxplot(t(values), outline=FALSE, las=2, col="gray85", main="Raw Sample Counts miRNA Hits",
cex.main=5)

boxplot(t(values), outline=TRUE, las=2, col="gray85", main="Raw Sample Counts miRNA Hits",
cex.main=5

dev.off()

Filtering

pdf("./miRNA_Only/Results/Raw_Filtered_Boxplot_miRNA_Only_RNA_Counts.pdf")
par(cex=0.3,mar=c(25,10,10,15))

boxplot(values_filtered, outline=FALSE, las=2, col="gray85", main="Raw Filtered Sample Counts
All Small RNA Hits", cex.main=5)

dev.off()
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PCA plot

library(rgl)

pcs<-prcomp(values_filtered)

PCi1<-pcsSx[,1]

PC2<-pcsSx[,2]

PC3<-pcsSx[,3]

PCA_details<-cbind(PC1,PC2,PC3)

#write.table(PCA_details, "./miRNA_Only/Results/PCA_Raw_Small_RNA_AIll_Data.csv", sep=",")
pca <- read.table("./miRNA_Only/Results/PCA_Raw_Small_RNA_All_Data.csv",header=TRUE,
Sep:",")

PCil<-pcaSPC1

PC2<-pca$SPC2

PC1<-PCA_details[,1]

PC2<-PCA_details[,2]

plot(PC1,PC2,main="PCA Raw Counts Small RNA All Data")
pdf("./miRNA_Only/Results/PCA_Raw_Counts_Small_RNA_AIl_Data.pdf")
#par(mfrow=c(3,2))

plot(PC1,PC2,main="PCA Raw Counts Small RNA All Data")

plot(PC1,PC2,main="PCA Raw Counts Small RNA All Data")
text(PC1,PC2,labels=row.names(PCA_details),cex=0.3)

dev.off()

IQRplot

#IQR/Median Plotting

# Generating IQR and Median plots

# margin 1 = rows, 2 = columns

IQR_samples<- apply(t(values_filtered), 2, IQR)

Median_samples<- apply(t(values_filtered), 2, median)

SD_IQR<-sd(IQR_samples)

SD_Median<-sd(Median_samples)

Mean_IQR<-mean(IQR_samples)

Mean_Median<-mean(Median_samples)

SD_1_IQR<-c((Mean_IQR - SD_IQR), (Mean_IQR + SD_IQR))
SD_1_Median<-c((Mean_Median - SD_Median), (Mean_Median + SD_Median))
SD_2_IQR<-c((Mean_IQR - (2 * SD_IQR)), (Mean_IQR + (2 *SD_IQR)))
SD_2_Median<-c((Mean_Median - (2 * SD_Median)), (Mean_Median + (2 * SD_Median)))
SD_3_IQR<-c((Mean_IQR - (3 * SD_IQR)), (Mean_IQR + (3 *SD_IQRY)))
SD_3_Median<-c((Mean_Median - (3 * SD_Median)), (Mean_Median + (3 * SD_Median)))
pdf("./miRNA_Only/Results/IQR_RAW_small_RNA_All_Samples.pdf")
plot(Median_samples, IQR_samples, main="IQR Median Plot of the Raw Counts Small RNA All
Samples", xlim=c(-5,40),ylim=c(-5,250))

points(SD_1 Median, SD_1_IQR, pch=3, col="firebrick1", cex=1)

points(SD_2_Median, SD_2_IQR, pch=3, col="firebrick3", cex=1)

plot(Median_samples, IQR_samples, main="IQR Median Plot of the Raw Counts Small RNA All
Samples" xlim=c(-5,40),ylim=c(-5,250))

points(SD_1_Median, SD_1_IQR, pch=3, col="firebrick1", cex=1)

points(SD_2_Median, SD_2_IQR, pch=3, col="firebrick3", cex=1)
text(Median_samples,IQR_samples,labels=row.names(values_filtered),cex=0.3)

dev.off()

Hierarchical clustering

#Hierachical Clustering
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values_filtered<-t(values_filtered)

library(amap)

library(dendextend)

hc_euc_av<-hcluster(values_filtered, method="'euclidean’, link="average")
hc_euc_comp<-hcluster(values_filtered, method="euclidean’, link="complete")
hc_pear_av<-hcluster(values_filtered, method='pearson’, link="average")
hc_pear_comp<-hcluster(values_filtered, method="'pearson', link="complete")
hc_euc_ward<-hcluster(values_filtered, method="'euclidean’, link="ward")
hc_pear_ward<-hcluster(values_filtered, method="'pearson’, link="ward")
pdf("./miRNA_Only/Results/Clustering_Raw_Small_RNA_All_Data.pdf", w=18)
par(cex=0.5)

plot(hc_euc_av, main="genes_filtered Euclidean Average", hang=-1)
plot(hc_euc_comp, main="genes_filtered Euclidean Complete", hang=-1)
plot(hc_euc_ward, main="genes_filtered Euclidean Ward", hang=-1)
plot(hc_pear_av, main="genes_filtered Pearson Average", hang=-1)
plot(hc_pear_comp, main="genes_filtered Pearson Complete", hang=-1)
plot(hc_pear_ward, main="genes_filtered Pearson Ward", hang=-1)

dev.off()

Normalisation

# Read in files for counts and patiet pheno information.
setwd("\\\\filestore.soton.ac.uk/users/ahle13/mydocuments/Documents/Tilman/attachments")
load("./miRNA_Only/Data/Raw_Filtered_Out_Removed_miRNA_Only_RNA_AIl_Samples.RData")
info_out_rem<-

read.table("./miRNA_Only/Data/Phenotype_Data_Outliers_ Removed_miRNA_Only_Final.csv",
sep=',', header=TRUE, row.names=1)

row.names(values_filt_out_rem) == row.names(info_out_rem)

#Setting patient ID as factor

info_out_remSPatient.ID<-as.factor(info_out_remSPatient.ID)

row.names(values_filt_out_rem) == row.names(info_out_rem)

t_matrix<-t(values_filt_out_rem)

Setting up a DESegDataSet

dds <- DESegDataSetFromMatrix(countData = t_matrix,
colData = info_out_rem,

design = ~ Condition +Patient.ID+Batch)

Performing differential expression testing

dds <- DESeq(dds)

res_dds <- results(dds, contrast=c("Condition", "Healthy", "Tumour"))
#head(res_dds)

VST transformed normalized data

#vsd <- vst(dds, blind=FALSE)

#head(assay(vsd), 3)

all_results<-(res_dds)

Extract only the genes differentially expressed with an FDR corrected p-value <0.05
DE_results<-all_results[all_results[,"padj"]<=0.05,]
Nom_sig<-all_results[all_results[,"pvalue"]<=0.01,]

dim(all_results)

dim(DE_results)

dim(Nom_sig)
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Volcano Plots

colnames(all_results)

data<-as.table(all_results)

dataSColour<-"black"

dataSColour[abs(dataSlog2FoldChange) > 1 & dataSpadj < 0.05]="firebrick2"
dataSColour[abs(dataSlog2FoldChange) < 1 & data$padj < 0.05]="darkorangel"
pdf("./miRNA_Only/Deseq_Results/Volcano_Plot_Patient_and_Batch_in_model_Tumour_Healthy
pdf")

plot(dataSlog2FoldChange, -log2(dataSpadi), ylim=c(0,20), xlab="Log Fold Change",
ylab="Negative Log2 False Discovery Rate Corrected P Value", main="Volcano Plot Tumour vs
Healthy Exosomes",

col = dataSColour, pch=20)

legend("bottomright", c("< 0.05 Q Val", "< 0.05 P Val and > 1logFC"), col=c("darkorangel",
"firebrick2"), pch=c(20,20))

dev.off()

library (EnhancedVolcano)
pdf("./miRNA_Only/Deseq_Results/Volcano_Plot_Patient_and_Batch_in_model Tumour_Healthy
_Enhanced.pdf")

EnhancedVolcano(data,

lab=rownames(data),

x='log2FoldChange',

y='padj’,

title = "Small RNA-Seq Exosomes Tumour vs Healthy DESeq2 Batch Patient ID in Model",
pCutoff= 0.05,

FCcutoff=2,

transcriptPointSize = 1.5,

transcriptLabSize = 2

Cha pter Correcting for batches in the normalized data to simulate visualising the results
from the model.

library(limma)

erv_exp<- counts(dds, normalized=TRUE)

erv_exp_log<-log2(erv_exp + 0.01)

erv_log_batch_rem<-removeBatchEffect(erv_exp_log, batch=info_out_remSBatch)
write.table(erv_log_batch_rem,

file="./miRNA_Only/Deseq_Results/DESeq_Results Normalized_Expression_Counts_Log2_Limma

_Batch_Removed.csv", sep=",", col.names=NA)

Chapter DESeq_Results_Normalized_Expression_Counts_Log2_Limma_Batch_Removed_HE
ATMAP

setwd("\\\\filestore.soton.ac.uk/users/ahlel13/mydocuments/Documents/Tilman/attachments")
heat<-
read.table("./miRNA_Only/Deseq_Results/DESeq_Results_Normalized_Expression_Counts_Log2
Limma_Batch_Removed HEATMAP.csv", header=TRUE, row.names=1, sep=',,
check.names=FALSE)

heat_fc<-
read.table("./miRNA_Only/Deseq_Results/DESeq_Results_Log_fc_norm_log2_batch_corrected.cs
v", header=TRUE, row.names=1, sep=',", check.names=FALSE)

colour<-heat$Condition

colour<-gsub("Healthy","dodgerblue4",colour)
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colour<-gsub("Tumour","firebrick3",colour)
heatScolour<-colour
heat_mat<-as.matrix(heat[,1:286])
heat_mat<-t(heat_mat)

RNA sequencing
1. Allignment steps

Reads were aligned to miRbase mature miRNAs using bowtie2 1.1.2. The reads were then
counted using samtools idxstats. Reads that were unaligned will attempt to be aligned to the
next database. Any reads that were not mapped/aligned to any of the small RNA including
microRNA databases (miRbase-mature, miRbase-hairpins, snoRNAdb-CD, snoRNAdb-HACA,
snoRNAdb-Cajal, piRNAdb-human) were mapped against the complete human
genome/transcriptome (hg19, UCSC annotations) using Tophat 1.4.1, followed by counting
uniquely mapped reads with htseg-count.

The small RNA alignment steps (including miRNA) are 2-7 and were performed with bowtie 1.1.2
where mRNA alignment step is 8.

Those map the reads to the following datasets:

001_trim_adapters (In the first step 'trim adapters' step, fastqc is run and produces a file called
'trimmed_fastqc.html') FastQC was run on the trimmed reads and a QC report was generated.
This includes two separate steps. Filtering low quality and trim adapters. Subsequently, a QC
report and table of counts was produced. Mapping 1: map to miRbase, piRNAdb, snoRNAdDb, etc.
with strict, strand-specific criteria (0 MM). Subsequently, a table of counts and normalised counts
was produced. Mapping 2: map unmapped reads against rRNA, tRNA, human genome, etc.
outputs: table of counts, tracks, etc. Differential expression: PCA, DE reports, MA plots, count
tables, P values, etc.

002_bowtie_map_miR -mature

003_bowtie_map-miR-hairpins

004_bowtie_map-snoRNAdb-CD

005_bowtie_map- snoRNAdb-HACA

006_bowtie_map- snoRNAdb-Cajal

007_bowtie_map- piRNAdb-human

008_tophat_map-hg19

2. Quality Control

FastQ quality control (QC) in RNA sequencing (RNA-seq) involves assessing the quality and
integrity of the raw sequencing data in FastQ format. It helps ensure that the data obtained from
the sequencing experiment is of sufficient quality and can be reliably used for downstream
analyses.

dim(values)

#dim(values)

#[1] 2588 24

dim(values_filtered)

#dim(values_filtered)

#[1] 585 24

For mRNA filtering code:

These were filtered with the following code:
dim(values)

#dim(values)

#[1] 18823 24

213



Chapter 3: References

dim(values_filtered)
#dim(values_filtered)
#[1] 14674 24
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Appendix 4

ID-miRNA Symbol Expr Log Ratio Expr pvalue Expr False Discovery Rate (-value)
1 hsa-miR-196a-5p miR-196a-5p (and other mRNAS wiseed AGGUAGU) -3.568335662 1.1585E-20 3.59134E-19
2 hsa-miR-105-5p miR-105-5p (and other miRNAs wiseed CAAAUGC) -3.342328945 5.31072E-16 771714E415
3 hsa-miR671-5p miR-671-6p (MIRNAs wiseed GGAAGCC) -3.26713507 2.70891E-18 5.9983E-17
4 hsa-miR-9-3p miR-9-3p (and other miRNAs wiseed UAAAGCU) -2.931232357 3.37352E-12 2.61448E-11
5 hsa-miR-9-5p miR-9-5p (and other miRNAs wiseed CUUUGGU) -2.82684511 1.19362E-24 6.16703E-23
6 hsa-miR-3182 miR-3182 (MIRNAS wiseed CUUCUGU) 2.661213423 1.54808E-23 6.54416E-22
7 hsa-miR-21-3p miR-122b-3p (and other mRNAS wiseed AACACCA) 2.658472919 4.61491E-16 6.92236E-15
[ hsa-miR4667-5p miR-4667-5p (and other mRNAS w/seed CUGGGGA) -2.60225242 5.19381E-14 6.0378E-13
9 hsa-miR-9500 miR-6976-5p (and other mRNAS w/seed AGGGAAG) -2.479412568 1.00359E-12 8.33341E-12
10 hsa-miR-1246 miR-1246 (MIRNAS wiseed AUGGAUU) -2.373948526 9.88883E-13 8.33341E-12
1 hsa-miR-1290 miR-1290 (MRNAS wiseed GGAUUUU) -2.369814695 4.15213E-12 3.16515E-11
12 hsa-miR671-3p miR-671-3p (and other mRNAs w/seed CCGGUUC) -2.335900115 3.88075E-14 4.74881E-13
13 hsa-miR-1208 miR-1208 (MIRNAs wiseed CACUGUU) -2.316383483 8.98551E-16 1.26614E-14
14 hsa-miR-4286 miR4286 (MRNAS wiseed CCCCACU) 2.287411144 4.41889E-15 5.87081E-14
15 hsa-miR-4497 miR4497 (MRNAS w/seed UCCGGGA) -2.234606541 1.88924E-12 1.51465E-11
16 hsa-miR-3141 miR-3141 (MIRNAS wiseed AGGGCGG) 2.216855949 4.43565E-09 2.37078E-08
17 hsa-miR-6793-5p miR-6793-5p (MRNAS w/seed GUGGGUU) 2177262478 8.28535E-10 4.93934E-09
18 hsa-miR877-5p miR-877-5p (and other miRNAs wiseed UAGAGGA) 215953042 9.44559E-11 6.18619E-10
19 hsa-miR-4647 miR-4426 (and other mRNAs wiseed AAGAUGG) -2.129677979 1.9084E-15 2.61002E-14
20 hsa-miR-130b-3p miR-130a-3p (and other miRNAS wiseed AGUGCAA) 2.11059597 2.22965E-28 1.72798E-26
21 hsa-miR-1303 miR-1303 (MIRNAs wiseed UUAGAGA) -2.049868831 2.6462E-13 2.61805E-12
22 hsa-miR-147b miR-147 (and other mRNAs w/seed UBUGCGG) 2.035217402 9.15724E-19 2.12906E-17
23 hsa-miR409-3p miR-409-3p (MIRNAS wiseed AAUGUUG) 2.013132418 4.66073E-12 3.49555E-11
24 hsa-miR-205-5p miR-205-5p (and other miRNAs wiseed CCUUCAU) -1.992054577 3.41536E-07 1.20314E-06
25 hsa-miR-3615 miR-3615 (MRNAs wiseed CUCUCGG) -1.989911377 1.56976E-09 9.01159E-09
26 hsa-miR-1268b miR-1268a (and other MRNAs w/seed GGGCGUG) -1.986941631 9.52375E-08 3.95406E-07
27 hsa-miR-210-3p miR-210-3p (MIRNAS wiseed UGUGCGU) -1.952538928 9.07239E-19 2.12906E-17
28 hsa-miR4448 miR4448 (MIRNAS wiseed GCUCCUU) -1.924194923 2.18341E-07 8.05783E-07
29 hsa-miR-7847-3p miR-7056-5p (and other miRNAS wiseed GUGGAGG) -1.918581257 2.66223E-07 9.59642E-07
30 hsa-miR-6814-3p miR-6814-3p (and other mRNAs w/seed CUCGCAU) 1917701151 2.28812E-08 1.08035E-07
31 hsa-miR625-3p miR-625-3p (MIRNAS wiseed ACUAUAG) -1.877137101 1.20424E-17 2.33322E-16
32 hsa-miR-877-3p miR-877-3p (MRNAS wiseed CCUCUUC) 1841319938 3.88017E-07 1.3566E-06
33 hsa-miR-3960 miR-3960 (and other mRNAs wiseed GCGGCGG) -1.834906565 5.00968E-13 4.75409E-12
34 hsa-miR-6873-3p miR-6873-3p (MIRNAS w/seed UCUCUCU) 1817442067 2.99285E-09 1.61823E-08
35 hsa-miR-148a-5p miR-148a-5p (and other mRNAS w/seed AAGUUCU) -1.810888553 1.40209E-29 1.30395E-27
36 hsa-miR-5787 miR-3083-5p (and other mRNASs wiseed GGCUGGG) -1.794066373 5.58793E-07 1.92473E-06
37 hsa-miR-8485 miR-669¢-3p (and other miRNAs w/seed ACACACA) -1.79036021 1.03462E-07 4.25749E-07
38 hsa-miR-200b-5p miR-200a-5p (and other mRNAS w/seed AUCUUAC) 1784704 5.48729E-18 1.15981E-16
39 hsa-miR-708-5p miR-708-5p (and other mRNAs wiseed AGGAGCU) -1.781624598 8.30969E-20 2.415E-18
40 hsa-miR-193b-3p miR-193a-3p (and other mRNASs wiseed ACUGGCC) 1733162114 9.94237E-18 2.01009E-16
41 hsa-miR-182-3p miR-182-3p (MIRNAS wiseed GGUUCUA) 170545451 3.35044E-08 1.49803E-07
42 hsa-miR409-5p miR-409-5p (and other mRNAs w/seed GGUUACC) -1.685656985 9.29953E-08 3.89575E-07
43 hsa-miR-31-5p miR-31-5p (and other mRNAS wiseed GGCAAGA) -1.675661844 2.57226-08 1.19166E-07
a4 hsa-miR-3679-5p miR-1185-5p (and other mRNAS wiseed GAGGAUA) -1.661918545 1.09638E-07 4.39497E-07
45 hsa-miR-1304-3p miR-1304-3p (and other mRNAS w/seed CUCACUG) -1.657401869 7.89741E-09 3.99163E-08
46 hsa-miR-4443 miR-4443 (MRNAS wiseed UGGAGGC) -1.625270867 2.51482E-10 1.6019E-09
a7 hsa-miR-874-3p miR-874-3p (MIRNAS wiseed UGCCCUG) -1.622847388 6.49524E-11 4.34432E-10
48 hsa-miR-5585-3p miR-5585-3p (MRNAS w/seed UGAAUAG) -1.616010578 2.58835E-08 1.19166E-07
49 hsa-miR-1275 miR-1275 (and other miRNAs wiseed USGGGGA) -1.600140863 2.69277E-07 9.60613E-07
50 hsa-miR-766-3p miR-766-3p (MIRNAS wiseed CUCCAGC) -1.586117928 2.64594E-07 9.59642E-07
51 hsa-miR-758-3p miR-758-3p (MRNAS wiseed UUGUGAC) 1581527929 1.98472E-05 5.42878E-05
52 hsa-miR-1238-5p miR702-5p (and other miRNAs wiseed UGAGUGG) -1.576013824 6.25611E-05 0.000156403
53 hsa-miR-369-3p miR-369-3p (MRNAS wiseed AUAAUAC) 1566184167 9.95449E-06 2.83978E-05
54 hsa-miR-1307-3p miR-1307-3p (MIRNAs w/seed CUCGGCG) -1.551130508 7.16012E-13 6.4028E-12
55 hsa-miR-370-3p miR-370-3p (and other mRNAs wiseed CCUGCUG) 1522345928 3.39202E-05 8.81166E-05
56 hsa-miR-3125 miR-6859-5p (and other mRNAS wiseed AGAGGAA) -1.493719653 6.26916E-09 3.28466E-08
57 hsa-miR-760 miR-760-3p (and other miRNAs wiseed GGCUCUG) -1.489629958 1.31376E-08 6.43051E-08
58 hsa-miR493-5p miR493-5p (MIRNAS wiseed UGUACAU) -1.475597212 4.60144E-06 1.37158E-05
59 hsa-miR-1301-3p miR-1301-3p (and other miRNAS wiseed UGCAGCU) -1.468515134 4.59681E-14 5.48081E-13
60 hsa-miR-224-5p miR-125b-2-3p (and other miRNAs wiseed CAAGUCA)  -1.461210727 1.16879E-06 3.82738E-06
61 hsa-miR619-5p miR-619-5p (and other miRNAs wiseed CUGGGAU) -1.431631022 8.62297E-10 5.07554E-09
62 hsa-miR-3154 miR-3154 (MIRNAS wiseed AGAAGGG) 142515656 7.85964E-08 3.35297E-07
63 hsa-miR-4485-3p miR-4485-3p (MRNAS w/seed AACGGCC) -1.419608055 6.59027E-09 3.40497E-08
64 hsa-miR-6836-3p miR-6836-3p (MRNAS w/seed UGCCUCC) 1417581962 5.95936E-12 4.39857E-11
65 hsa-miR-6805-3p miR-5691 (and other miRNAs wiseed UGCUCUG) -1.409197824 1.35624E-07 5.3902E-07
66 hsa-miR-663a miR-10396b-5p (and other mRNAs wiseed GGCGGGG  -1.408498451 1.08783E-07 4.39497E-07
67 hsa-miR-665 miR-665 (and other mRNAS w/seed CCAGGAG) -1.392759059 5.3125E-06 1.56349E-05
68 hsa-miR-382-5p miR-382-5p (MIRNAS wiseed AAGUUGU) -1.384221843 3.86164E-06 1.16602E-05
69 hsa-miR-197-3p miR-197-3p (and other miRNAs w/seed UCACCAC) -1.382639894 2.3001E-08 1.08035E-07
70 hsa-miR-345-5p miR-345-5p (MIRNAS wiseed CUGACUC) -1.381726805 3.28224E-12 2.58685E-11
71 hsa-miR-5689 miR-5689 (MRNAS wiseed GCAUACA) -1.373028297 1.17958E-05 3.32428E-05
72 hsa-miR-187-3p miR-187-3p (MIRNAS wiseed CGUGUCU) -1.371345315 2.37591E-07 8.69919E-07
73 hsa-miR-320d miR-320b (and other miRNAs wiseed AAAGCUG) -1.361799564 7.98687E-13 7.00735E-12
74 hsa-miR-708-3p miR-708-3p (MIRNAS wiseed AACUAGA) -1.360348644 1.63242E-16 2.6175E-15
75 hsa-miR625-5p miR-625-5p (and other mRNAs w/seed GGGGGAA) -1.328399545 1.58897E-06 5.06078E-06
76 hsa-miR-127-5p miR-127-6p (MIRNAS wiseed UGAAGCU) -1.306085409 0000154335 0.000364293
77 hsa-miR-331-3p miR-331-3p (MIRNAS wiseed CCCCUGG) -1.298342608 1.50095E-05 4.15442E05
78 hsa-miR-1260a miR-1260a (and other mRNAS w/seed UCCCACC) -1.290121484 7.17367E-12 5.21212E-11
79 hsa-miR4639-5p miR4639-5p (MRNAS w/seed UGCUAAG) -1.281954465 6.5984E-05 0.000164078
80 hsa-miR-1307-5p miR-1307-5p (MIRNAS w/seed CGACCGG) -1.270808213 5.9952E-13 5.46621E-12
81 hsa-miR-1296-5p miR-1296-5p (MIRNAS w/seed UAGGGCC) -1.267410499 1.10891E-09 6.44552E-09
82 hsa-miR-92b-3p miR-92a-3p (and other miRNAs w/seed AUUGCAC) -1.264452322 2.6314E-10 1.65351E-09
83 hsa-miR423-5p miR423-5p (and other mRNAs w/seed GAGGGGC) 126222037 1.82137E-09 1.03285E-08
84 hsa-miR-149-5p miR-149-5p (MIRNAS wiseed CUGGCUC) -1.241822169 3.41049E-06 1.04334E-05
85 hsa-miR499b-5p miR499b-5p (MIRNAS w/seed CAGACUU) -1.234345729 0.000381522 0.000844798
86 hsa-miR-6739-5p miR-1953 (and other miRNAS wiseed GGGAAAG) -1.229799933 0.000281218 0.00064417
87 hsa-miR425-5p miR425-5p (and other miRNAs wiseed AUGACAC) -1.219436377 2.63241E-13 2.61805E-12
88 hsa-miR-182-5p miR-182-5p (and other miRNAs w/seed UUGGCAA) -1.206898631 4.06047E-13 3.93358E-12
89 hsa-miR-128-3p miR-128-3p (and other mRNAs wiseed CACAGUG) -1.200504594 1.07358E-13 1.13458E-12
90 hsa-miR-378f miR-3782-3p (and other miRNAs wiseed CUGGACU) -1.199715789 1.07871E-05 3.05854E-05
91 hsa-miR-193b-5p miR-193b-5p (MRNAS wiseed GGGGUUU) -1.183263772 2.37326-05 6.34218E-05
92 hsa-miR-1249-3p miR-1249-3p (and other mRNAs w/seed CGCCCUU) -1.180949979 0.000108051 0.000262978
93 hsa-miR-21-5p miR-21-5p (and other mRNAS w/seed AGCUUAU) -1.136267495 5.71546E-13 5.31538E-12
94 hsa-miR-148a-3p miR-148a-3p (and other miRNASs wiseed CAGUGCA) 113607413 4.70406E-10 2.87814E-09
95 hsa-miR-378a-5p miR-378a-5p (MRNAS w/seed UCCUGAC) -1.133036323 6.02968E-06 1.75238E-05
96 hsa-miR-96-5p miR-96-5p (and other mRNAS wiseed UUGGCAC) -1.128011436 7.67634E-09 3.92252E-08
o7 hsa-mR-7977 miR-7977 (MRNAS wiseed UCCCAGC) -1.112769958 1.88192E-05 5.17806E-05
98 hsa-miR425-3p miR-425-3p (MIRNAS wiseed UCGGGAA) -1.110620238 2.57601E-09 1.42601E-08
99 hsa-miR-127-3p miR-127-3p (mIRNAS wiseed CGGAUCC) -1.074620151 4.58919E-07 1.59252E-06
100 hsa-miR-503-5p miR-503-5p (MIRNAS wiseed AGCAGCG) -1.069547149 2.67616E-08 1.22001E-07
101 hsa-miR-98-3p let-7a-3p (and other miRNAs wiseed UAUACAA) -1.043989441 2.17334E-05 5.84163E-05
102 hsa-miR-12853p miR-1285-3p (and other mRNAS wiseed CUGGGCA) -1.041895269 6.77681E-07 2.31707E-06
103 hsa-miR-296-3p miR-296-3p (MRNAS wiseed AGGGUUG) -1.032694349 0.000385801 0.000850225
104 hsa-miR-339-5p miR-339-5p (and other miRNAs wiseed CCCUGUC) -1.027668145 1.9294E-08 9.24917E-08
105  hsa-miR-2392 miR-2392 (MRNAS wiseed AGGAUGG) -1.01829961 0.000113274 0.000272913
106 hsa-miR-3135b miR-1964-5p (and other mRNAs w/seed GCUGGAG) -1.00964021 0.000868522 0.001819202
107 hsa-miR-133b miR-133a-3p (and other mRNAs wiseed UUGGUCC) 1.029366622 0.00234773 0.004529853
108 hsa-miR-653-3p miR-653-3p (and other mRNAs wiseed UCACUGG) 1036391636 0.000732151 0.001554567
109 hsa-miR-552-3p miR-3097-5p (and other mRNAS w/seed ACAGGUG) 1052134907 0.001561804 0.003116905
110 hsa-miR-99a-5p miR-100-5p (and other miRNAs wiseed ACCCGUA) 1067855451 3.11302E-10 1.93008E-09
111 hsa-miR-101-3p miR-101-3p (and other miRNAs w/seed ACAGUAC) 1.087746404 6.27952E-15 8.11104E-14
112 hsa-miR-138-5p miR-138-5p (MIRNAS wiseed GCUGGUG) 1103516985 9.67481E-07 3.23654E-06
113 hsa-miR-584-5p miR-584-5p (and other mRNAs wiseed UAUGGUU) 1110835835 3.99796E-06 1.19939E-05
114 hsa-miR-3065-3p miR-3065-3p (MRNAS w/seed CAGCACC) 1111832558 7.41597E-06 2.12866E-05
115 hsa-miR497-5p miR-16-5p (and other mRNAS wiseed AGCAGCA) 1165896674 1.83459E-07 7.10902E-07
116 hsa-miR-934 miR-934 (MIRNAs wiseed GUCUACU) 1.20702658 9.9685E-05 0.000245257
117 hsa-miR-139-5p miR-139-5p (MIRNAS wiseed CUACAGU) 1231112936 5.59304E-14 6.34333E-13
118 hsadet7e-3p let-7e-3p (MIRNAS wiseed UAUACGG) 1267524137 3.69433E-08 1.63606E-07
119 hsa-miR-202-5p miR-202-5p (MIRNAS wiseed UCCUAUG) 1310074966 0.000338412 0.000763891
120 hsa-miR-139-3p miR-139-3p (MRNAS wiseed GGAGACG) 1417200461 8.42078E-07 2.83744E-06
121 hsa-miR-99a-3p miR-99a-3p (and other mRNAs wiseed AAGCUCG) 1435166822 2.13575E-05 5.77397E-05
122 hsa-miR-30c-2-3p miR-30¢-1-3p (and other mRNAS w/seed USGGAGA) 1.467086193 7.71938E-14 8.54646E-13
123 hsa-miR-338-5p miR-338-5p (MIRNAS wiseed ACAAUAU) 1607333041 9.08775E-19 2.12906E-17
124 hsa-miR-3065-5p miR-3065-5p (and other mRNASs wiseed CAACAAA) 1.646733378 1.70163E-21 6.0866E-20
125 hsa-miR218-5p miR-218-5p (and other mRNAs w/seed UGUGCUU) 1.81543341 4.55T46E-27 2.64903E-25
126 hsa-miR486-5p miR-486-5p (and other miRNAs w/seed CCUGUAC) 1.84395492 1.94517E-16 3.01501E-15
127 hsa-miR-34b-5p miR-2682-5p (and other mRNAS wiseed AGGCAGU) 1861620475 6.89524E-08 2.96879E-07
128 hsa-miR451a miR451a (and other mRNAs wiseed AACCGUU) 1917775815 2.42094E-17 4.32975E-16
129 hsa-miR-135a-5p miR-135a-5p (and other mRNAS wiseed AUGGCUU) 1947115389 6.53983E-11 4.34432E-10
130 hsa-miR486-3p miR-486-3p (and other mRNAs w/seed GGGGCAG) 1979998231 2.06028E-17 3.83212E-16
131 hsa-miR-126-3p miR-126a-3p (and other miRNAS wiseed CGUACCG) 2.015776232 5.52119E-34 8.55785E-32
132 hsa-miR-184 miR-184 (and other mRNAs w/seed GGACGGA) 2.186752492 1.37491E-12 1.12163E-11
133 hsa-miR-30a-3p miR-30a-3p (and other miRNAs wiseed UUUCAGU) 2.199758065 1.75148E-45 8.14439E43
134 hsa-miR-34c5p miR-34a-5p (and other miRNAs w/seed GGCAGUG) 2.20970544 2.25241E-21 7.48121E-20
135 hsa-miR-516a-5p miR516a-5p (MRNAS w/seed UCUCGAG) 2.256661256 9.5936E-12 6.86312E-11
136 hsa-miR-126-5p miR-126a-5p (and other mRNAS w/seed AUUAUUA) 2.289023805 1.24147E-29 1.30395E-27
137 hsa-miR-144-5p miR-144-5p (MIRNAS wiseed GAUAUCA) 2.325641442 1.35573E-13 1.40092E-12
138 hsa-miR-30a-5p miR-30c-5p (and other mRNAS w/seed GUAAACA) 2.431422179 1.84436E-40 4.28814E-38
139 hsa-miR-144-3p miR-144-3p (MIRNAS wiseed ACAGUAU) 2604485309 1.39731E-24 6.49751E-23
140 hsa-miR-206 miR-1-3p (and other miRNAs wiseed GGAAUGU) 3.036366275 2.75098E-17 4.73781E-16
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Appendix 6

miRNA and targeted mRNA (Exp Log Ratio )
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miRNA Expr Log Ratio mRNA Expr Log Ratio
1 miR-1-3p 3.036 MRC2 2.264
3.036 TIMP3 1.822
3.036 BCL2 1.636
3.036 SPHK1 1.554
3.036 PTPRF 1.401
3.036 KCNJ2 1.244
3.036 POLA1 1.13
3.036 IQGAP3 1.058
3.036 UTRN 1.027
3.036 G6PD -1.054
3.036 THBS1 -1.065
3.036 PRSS21 -1.928
2 miR-30c-5p 2.431 WNT5A 3.197
2.431 SLC38A1 1.716
2.431 RUNX2 1.396
2.431 KRT7 1.09
3 miR-34a-5p 221 CCND1 2.746
VEGFA 1.901
CDK6 1.675
BCL2 1.636
MYB -1.21
4 miR-30a-3p 2.2 CDK6 1.675
2.2 CEMIP2 1.028
2.2 THBS1 -1.065
5 miR-184 2.187 NFATC2 2.327
6 miR-126a-3p 2.016 VEGFA 1.901
7 miR-135a-5p 1.947 RUNX2 1.396
8 miR-2682-5p 1.862 VEGFA 1.901
9 miR-218-5p 1.815 LAMB3 1.569
1.815 RUNX2 1.396
1.815 RICTOR 1.086
10 miR-16-5p 1.166 CADM1 3.067
1.166 CCND1 2.746
1.166 VEGFA 1.901
1.166 SLC38A1 1.716
1.166 CDK6 1.675
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miRNA Expr Log Ratio mRNA Expr Log Ratio
1.166 BCL2 1.636
1.166 KIF23 1.158
1.166 HSPA1A/HSPA1B 1.105
1.166 TNFSF9 1.063
1.166 MYB -1.21
1.166 CCND3 -1.363
43 miR-138-5p 1.104 KRT19 1.391
44 1.104 ALDH1A2 -2.046
45 miR-101-3p 1.088 ICOS -2.508
46 miR-133a-3p 1.029 FSCN1 1.773
47 1.029 RUNX2 1.396
48 1.029 KRT7 1.09
49 miR-503-5p -1.07 CCND1 2.746
50 miR-127-3p -1.075 PRDM1 1.987
51 miR-21-5p -1.136 MARCKS 2.337
52 -1.136 SPRY2 1.83
53 -1.136 TIMP3 1.822
54 -1.136 CDK6 1.675
55 -1.136 PIK3R1 1.175
56 -1.136 IL6R 1.119
57 miR-148a-3p -1.136 DNMT1 1.044
58 miR-21-5p -1.136 SLC16A10 1.011
59 miR-21-5p -1.136 ACTA2 -1.234
60 miR-128-3p -1.201 TGFBR1 1.056
61 -1.201 LDLR -1.885
62 miR-92a-3p -1.264 ITGB3 2.446
63 -1.264 MYLIP 1.598
64 miR-331-3p -1.298 KIF23 1.158
65 miR-31-5p -1.676 HIF1A 2.043
66 miR-193a-3p -1.733 CCND1 2.746
67 -1.733 PLAU 1.65
68 miR-210-3p -1.953 FGFRL1 -1.235
69 miR-205-5p -1.992 VEGFA 1.901
70 miR-9-5p -2.827 PRDM1 1.987
71 -2.827 JAK3 1.396
72 -2.827 BACE1 -1.083
73 miR-105-5p -3.342 TLR2 1.355
74 miR-196a-5p -3.568 ANXA1 -1.238
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