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Introduction

1. INTRODUCTION

1.1 General Introduction

Lung cancer is the most frequently diagnosed cancer (11.6% of the total cases) and the leading
cause of mortality (18.4% of the total cancer deaths) in males and females (Figure 1). Lung
cancer is the primary cause of death among males in Eastern Europe, Western Asia, Northern
Africa, China, Myanmar, Philippines, and Indonesia. In 28 countries, lung cancer is the
prominent cause of cancer death among females. The highest occurrence is seen in Hungary,
Northern and Western Europe (notably in Denmark and the Netherlands), North America, and
Australia/New Zealand (Bray, Ferlay et al. 2018).

Both sexes
Incidence Mortality

Other
36.6% -
Colorectum
10.2%

Leukaemia

Bladder.

Pancreas
4.5%

Esophagus
5.3%
18.1 million 9.6 million
new cases deaths

Figure 1: Distribution of cases and deaths of the ten leading cancer types in 2018. Pie charts
represent the distribution of cancer cases and deaths for the ten most common cancers in 2018 for both
males and females, and the area of the pie chart indicates the percentage of the total number of cases
or deaths [(Bray, Ferlay et al. 2018) Reuse permission: License Number - 4934090226273

The 5-year survival rate of lung cancer is 18.6%, which is lower than for many other commonly
occurring cancers, such as colorectal (64.5%), breast (89.6%), and prostate (98.2%). The 5-
year survival rate of primary lung cancer is 56%, while for metastatic lung cancer is only 5%.
However, only 16% of lung cancer cases are diagnosed at a primary stage, and therefore more
than half of the patients with lung cancer die within one year of diagnosis (Siegel, Miller et al.
2019).

1.2 Risk factors for lung cancer
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1.2.1 Behavioral risk factors

1.2.1.1 Tobacco Smoking

Tobacco smoking is a primary risk factor in lung cancer development. Tobacco smoke
produces free radicals in vapor and a particulate phase, which consists of as much as 60
potential carcinogens (e.g.- polycyclic aromatic hydrocarbons (PAH), including benzo[a]
pyrene; nitrates; and tobacco-specific N-nitrosamines (TSNAS), such as 4-(methylnitrosamino)
-1-(13-pyridyl-1-butanone) (NNK). The components from tobacco smoking and its metabolites
induce carcinogenesis by formation of DNA adducts and by free radical damage. (Hecht 1998,
Costa and Soares 2009, de Groot, Wu et al. 2018). Tobacco smoking induces premalignant
histopathological changes in the lung, such as small tumor cells with the disturbed cell
membrane and scanty cytoplasm in the cells of the proximal and small respiratory tract and
tubular structure with high mucin content in the cells of the alveolar epithelium (Furrukh 2013).

1.2.1.2 Cannabis sativa

The main psychoactive ingredient in cannabis, f-tetrahydrocannabinol (THC), is not a
carcinogen, but smoking marijuana combusts organic materials that have the potential to
induce carcinogenesis. Because it produces a higher concentration of polyaromatic
hydrocarbons when compared to tobacco smoke. The premalignant histopathological changes
in bronchial epithelium by marijuana smoking are similar to that observed in tobacco smoking
(Barsky, Roth et al. 1998, Aldington, Harwood et al. 2008).

1.2.1.3 Electronic nicotine delivery systems (ENDS)

Electronic nicotine delivery systems (ENDS) came into the market in 2007. Although the vapors
from an e-cigarette are different from traditional tobacco cigarettes, experimental studies
strongly demonstrated that the concentration of formaldehyde, acetaldehyde, reactive oxygen
species, polycyclic aromatic hydrocarbons, nitrosamines, and trace metals from ENDS
consumption are sufficient to induce inflammatory damage to the airway and lung epithelium;
inducing carcinogenesis. The particulate matter from ENDS, mainly deposits in the distal
bronchioles or alveoli (Orr 2014, Dinakar and O'Connor 2016).

1.2.2 Environmental risk factors
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1.2.2.1 Radon

Up till now, many studies established a relationship between mining and lung diseases (Samet
1991). Radon is a radioactive gas produced after uranium decay in mining. It is the second
most common risk factor for lung cancer. Approximately 10% of cases of lung cancer resulted
because of exposure to residential radon gas (Krewski, Lubin et al. 2005).

1.2.2.2 Asbestos

The asbestos is widely used in the construction industry since the 19™ century. Occupational
exposure to asbestos was found to increase the risk of lung cancer by 5-fold. Asbestos
exposure and tobacco smoking synergistically accelerate lung cancer development and
progression (De Matteis, Consonni et al. 2008, Alberg, Brock et al. 2013).

1.2.2.3 Pollution and air quality

The presence of carcinogens in the air due to pollution increases the risk of lung cancer in
smokers as well as in non-smokers. For example, the combustion of fossil fuels in the trucking
industry, the use of unprocessed fossil fuels such as soft coal and biomass fuels for heating
and cooking, particulate matter in the air (Alberg, Brock et al. 2013). According to the
International Agency for Research on Cancer (IARC), carcinogens are grouped as follows,
Group 1: "Carcinogenic to humans", Group 2A: "Probably carcinogenic to humans”, Group 2B:
"Possibly carcinogenic to humans”, Group 3: "Unclassifiable as to carcinogenicity in humans",
Group 4: "Probably not carcinogenic to humans". Notably, particulate matter has been
designated as a Group | carcinogen IARC (Hamra, Guha et al. 2014).

1.2.2.4 Infection

The association of lung cancer with infections like tuberculosis (Brenner, McLaughlin et al.
2011) and human immunodeficiency viruses (HIV) (Engels, Biggar et al. 2008, Winstone, Man
et al. 2013) was well established in past years. The prolonged inflammation in the lung by

infection is implicated in carcinogenesis.

1.2.3 Genetic risk factors

Inherited genetic mutations in in tumor suppressor genes, oncogenes or DNA repair genes

increases the potential risk of lung cancer. The positive family history potentiates lung cancer

3
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risk by 1.7-fold (Lissowska, Foretova et al. 2010). The risk of lung cancer increases by 2 to 4-
fold in first degree relatives but can be controlled by smoking status (Cote, Kardia et al. 2005).
Genome-wide association studies (GWAS) demonstrated mutations in chromosome regions
5p15 (encodes telomerase reverse transcriptase/TERT, involved in cell replication) (Landi,
Chatterjee et al. 2009), in region 15q25-26 (Thorgeirsson, Geller et al. 2008), in 6p21(regulates
G-protein signaling) (Yokota, Shiraishi et al. 2010) demonstrated markedly increaselung cancer
risk in smokers and non-smokers (Schwartz and Cote 2016). Additionally, driver mutations in
lung cells (e.g., genomic mutations in Epidermal Growth Factor Receptor/EGFR and KRAS,
gene rearrangements in EMAP Like 4 - ALK Receptor Tyrosine Kinase/EML4-ALK,inactivation
of tumor suppressor genes - p53, p16, Phosphatase And Tensin Homolog/PTEN by genetic
and epigenetic modifications) potentiate the risk of lung cancer (Kristeleit, Enting etal. 2011).

1.3 Pathogenesis of lung cancer

The repetitive insult of lung cells by one or more risk factors [such as behavioral (e.g., tobacco
smoking, marijuana smoking), occupational (e.g., radon, asbhestos) environmental (e.g., air
pollution) factors in combination with genetic, hormonal, and viral factors] leads to lung tissue
injury; inducing genetic and epigenetic changes [such as mutations, loss of heterozygosity,
and promoter methylation] and global transcriptomic changes [in inflammation and apoptosis
pathways]. The healthy cells are capable of repairing damaged DNA through various
mechanisms, like cell cycle checkpoint activation, base or nucleotide excision repair, mismatch
repair, etc. either to achieve a normal state of the cell or to undergo elimination by apoptosis;
however, these mechanisms are ineffective in tumor cells. Chronic changes at DNA level for
longer duration of time eventually lead to aberrant activation of multiple oncogenic pathways
and inactivation of tumor-suppressor pathways; thereby leading to irreversible changes in
cellular functions [such as dysregulated proliferation, resistance to apoptosis, anoikis] to
produce premalignant changes, including dysplasia and clonal patches (early-stage of lung
cancer). Further, the malignant growth of tumor cells is supported by additional changes [such
as co-occurring mutations, metabolic changes] along with tumor microenvironment (TME)-
mediated immune evasion, leading to invasion and metastasis of tumor cells (advanced-stage

of lung cancer). The early and advanced stages of cancer share frequent molecular changes.

1.4 Classification of lung cancer
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Based on the histopathological changes, lung cancer is divided into three major subtypes,
small cell lung cancer (SCLC), non small cell lung cancer (NSCLC), and neuroendocrine

tumors. Each type of tumor shows distinct oncogenic changes.

1.4.1 Small cell lung cancer (SCLC)

SCLC accounts for approximately 10%-15% of lung cancers. It is a very aggressive, fast-
growing, and rapidly metastasizing cancer among all types of lung cancer. The occurrence of
SCLC showed a strong relation with smoking. The significant histopathological changes
observed in SCLC are - small tumor cells with distinct cytological features including ill-defined
cell borders, scant cytoplasm and finely granular nuclear chromatin without visible nucleali,
smearing of nuclear chromatin and nuclear molding, high mitotic rate ( O Initoses per 10 high
power fields (HPF), and extensive necrosis. Immunohistochemistry (IHC) markers are pan-
cytokeratin, neuroendocrine markers (chromogranin, synaptophysin, and CD56), and Thyroid-
Specific Enhancer-Binding Protein (TTF-1) and Ki-67 (Davidson, Gazdar et al. 2013). Frequent
mutations in SCLCs are MYC Proto-Oncogene (MYC) amplification, RB Transcriptional
Corepressor 1 (RB1) inactivation, gene mutations in fragile histidine triad di adenosine
triphosphatase (FHIT), Ras association domain family member 1 (RASSF1A), p53, and
BAX/BCL2 (apoptosis pathway-related genes) and loss of E-cadherin (epithelial-mesenchymal
transition-related genes) (Kalari, Jung et al. 2013, Canadas, Rojo et al. 2014). EGFR
mutations, ALK rearrangements, and Programmed Cell Death 1 (PD-L1) expression
(approximately 10%) are rare characteristics in SCLCs (Nakamura, Tsuta et al. 2013,
Toyokawa, Takenoyama et al. 2013, Lou, Yu et al. 2017, Tsuruoka, Horinouchi et al. 2017).

1.4.2 Non small cell lung cancer (NSCLC)

NSCLC is the most commonly occurring lung cancer and accounts for approximately 85% of

all lung cancer cases. It further divided into three major subtypes, such as
1.4.2.1 Adenocarcinoma (ADC)

ADC is histologically dominant among all types of lung cancer, accounting for approximately
40% of all lung cancers. It is most commonly seen in non-smokers, females, and Asians. The
significant histopathological changes observed in ADC are - carcinoma with an acinar/tubular
structure with mucin production, poorly differentiated carcinoma lacking light microscopic
evidence of epithelial di fferentiation. [

Transcription Termination Factor 1 (TTF-1) and Napsin A (Davidson, Gazdar et al. 2013).

HC

mar
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Based on the extent of invasiveness, 2015 WHO classification separates adenocarcinomas
into adenocarcinoma in situ, minimally invasive adenocarcinoma, or invasive adenocarcinoma
(Inamura 2017). The mutational spectrum observed in ADCs includes in KRAS, BRAF, EGFR,
amplification of Erb-B2 receptor tyrosine kinase 2 (ERBB2), MET, Fibroblast Growth Factor
Receptor (FGFR) -1 and FGFR-2, mutations in fusion oncogenes such as ALK, neuregulin 1
(NRG1), ROSL1 receptor tyrosine kinase, RET and neurotrophic tyrosine kinase receptor type
1 (NTRK1).

1.4.2.2 Squamous cell carcinoma (SCC)

The incidence of SCC has declined by 33% worldwide, mainly because of the change in the
manufacturing of cigarettes. The new version of cigarettes has filter vents that allow the
smokers deeper inhalation, which results in the deposition of particulate matter of the smoke
in distal airways rather than in the proximal airway. The significant histopathological changes
observed in SCC are (Davidson, Gazdar et al. 2013) - squamous differentiation with
intercellular bridges, individual cell keratinization, squamous pearl formation. IHC markers are
i S Crta r k esuchk as@40, CK5/6, and p63. In the new 2015 WHO classification, SCCs are
classified into keratinizing SCC, non-keratinizing SCC, and basaloid SCC. Before this
classification, basaloid SCC was categorized as a variant of large cell carcinoma. However,
basaloid SCC i mmunohistochemically shows ASCC ma
is therefore categorized as SqCC (Inamura 2017). The driver mutations in SCCs are gene
mutations in the PI3K pathway, discoidin domain-containing receptor 2 (DDR2), and FGFR-1,
FGFR-2, FGFR-3 (Weiss, Sos et al. 2010, Hammerman, Sos et al. 2011, Cancer Genome
Atlas Research 2012, Guagnano, Kauffmann et al. 2012).

1.4.2.3 Large cell carcinoma (LCC)

LCC is also known as undifferentiated carcinoma, and it is the least common type of NSCLC
(approximately 3% of all lung cancers). It commonly spreads to lymph nodes and distant sites.
LCC does not demonstrate morphological features of ADC, SCC, and SCLC. The significant
histopathological changes observed in LCC are (Davidson, Gazdar et al. 2013) - large, partially
necrotic tumors with sheets and nests of large polygonal cells with vesicular nuclei and
prominent nucleoli. Electron microscopy, immunohistochemical studies, and next-generation
sequencing suggested that LCC transforms into SCC, Large cell neuroendocrine carcinoma
(LCNEC), SCLC, and ADC (Pelosi, Barbareschi et al. 2015).

1.4.3 Neuroendocrine Tumors (NETS)
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NETs account for approximately 20%-25% of lung cancers., A new category of
Afneur oentdwmo wal @étroduced in the 2015 WHO classification. SCLC is now
included under this category, and other types are LCNEC and carcinoid tumor
(typical/atypical). The clinical importance of diffuse idiopathic pulmonary neuroendocrine cell
hyperplasia is low because it is infrequent and non-invasive. In contrast, the difference
between high-grade neuroendocrine tumors (HGNET), comprising SCLC and LCNEC, and a
carcinoid tumor are crucial in both clinical and pathological practice. HGNET is one of the most
aggressive subtypes and positively associates with heavy smoking history, whereas carcinoid
tumors usually carry a benign prognosis and frequently occur in patients with no history of
smoking (Inamura 2017). The significant histopathological changes associated with SCLC
described in section 1.4.1. and with LCNECSs and carcinoids are as follows (Davidson, Gazdar
et al. 2013).

LCNECs are also highly aggressive NETs, and the significant histopathological changes

associated with LCNEC are - cytological features of NSCLC but with neuroendocrine

architecture such as organoid nesting, palisading, trabecular growth and rosette-like structures

high mitotic rate (011 mitoses per 10 HPF). I HC
marker (chromogranin, synaptophysin, or CD56). Approximately 78% of LCNECs harbor a p53

mutation, other commonly altered genes include RB1, Serine/threonine Kinase 11 (STK11),

Kelch like ECH associated protein 1 (KEAP1) and KRAS (Rekhtman, Pietanza et al. 2016).

Carcinoids are commonly occurring tumor types in children, accounting for 1% - 2% of all lung
tumors. They are further divided into typical carcinoids (TC) and atypical carcinoids (AC). The
significant histopathological changes associated with TC and AC are organoid, trabecular,
insular, palisading, ribbon, rosette-like structures. TC has <2 mitoses per 10 HPF, and no
necrosis, and AC has 2-10 mitosis per 10 HPF and shows necrosis (usually focal or punctate).
Mutations in chromatin remodelers such as Menin 1 (MEN1), are frequently observed and
restricted to carcinoid tumors (Fernandez-Cuesta, Peifer et al. 2014), while p53 mutations are
occasional (Walter, Vollbrecht et al. 2016) and activating mutations of EGFR or KRAS genes

are not found in carcinoid tumors (Rickman, Vohra et al. 2009).

1.5 Lung cancer treatment

1.5.1 Surgery

Types of lung cancer surgery are:

o Lobectomyi when one or more substantial parts of the lung (called lobes) are removed.

7
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o Pneumonectomy i when the entire lung is removed. It used when the cancer is located

in the middle of the lung or has spread throughout the lung.

o Wedge resection or segmentectomy i when a small piece of the lung has been removed.
To date, surgery is the first choice of treatment, but most clinically detected cases are
inoperable, and chances of missing micro-metastasis and recurrence are high (Lackey and
Donington 2013).

1.5.2 Radiotherapy

Radiotherapy uses pulses of radiation to destroy tumor cells. There are three main ways of
radiotherapy - conventional external beam radiotherapy (to direct the radiation beam at
affected body parts), stereotactic radiotherapy (to distribute radiation to the tumor, while
sparing the nearby healthy tissue), internal radiotherapy (a small portion of radioactive material
is placed inside the catheter and located against the site of the tumor before removal). The
treatment of lung cancer was carried out by different ways (Maciejczyk, Skrzypczynska et al.
2014) -
o Radical radiotherapy - to cure non-small-cell lung cancer if the person isn't healthy
enough for surgery (Cole, Hanna et al. 2014)
0 Stereotactic radiotherapy - to treat microscopic lung tumors (Yahya, Ghafoor et al. 2018)
o Palliative radiotherapy - to control the symptoms and slow the spread of lung cancer
when a cure isn't possible (Nieder, Tollali et al. 2017)

o Prophylactic Cranial Irradiation (PCI) i It used in the treatment of SCLC because of the
risk of metastasizing to the brain (Yin, Yan et al. 2019).

1.5.3 Chemotherapy

Chemotherapy involves oral, intravenous, and intratracheal administration of low molecular
weight drugs in different cycles. Chemotherapy is combined with other therapies for various
purposes such as - to shrink a tumor before surgery, to avoid recurrence of tumor after surgery,
to relieve symptoms, and to decelerate the proliferation of cancer when a cure is not possible.
Chemotherapy and radiotherapy are the most considered options in the treatment of lung
cancer, but these therapies have a devastating effect on healthy tissue homeostasis and
reduce health-related quality of life (Zappa and Mousa 2016, Baxevanos and Mountzios 2018).
The chemotherapeutic agents used in lung cancer treatment are Cisplatin, Carboplatin,
Paclitaxel (Taxol), Albumin-bound paclitaxel (nab-paclitaxel, Abraxane), Docetaxel (Taxotere),

Gemcitabine (Gemzar), Vinorelbine (Navelbine), Etoposide (VP-16), Pemetrexed (Alimta). The
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complete list of the drugs approved by the Food and Drug Administration (FDA) for lung cancer

treatment is available on the page https://www.cancer.gov/about-cancer/treatment/drugs/lung.

1.5.4 Molecular targeted therapies

The recent introduction of molecular targeted therapies, including activating mutations of
EGFR and ALK translocation, led to improved treatment outcomes in selected subgroups of
patients. However, for a large group of lung cancers, molecular alterations are not available to
direct targeted therapies. Importantly, targeted therapies benefit only 15%i 20% of lung cancer
patients harboring drug-sensitive mutations. Even in these patients, the acquiring resistance is
a significant impediment to a durable therapeutic response (Massarelli, Papadimitrakopoulou
et al. 2014, Yang, Chen et al. 2016, Corrales, Scilla et al. 2018). For thelung cancer treatment,
other molecular targeted therapies against HER2, MET, ROS1, NRTK1-3, SLK, BRAF and
MEK are in different phases of clinical development (Schrank, Chhabra et al. 2018).

1.5.5 Immunotherapy

Historically, immunotherapy had marginal success in lung cancer, resulting in a common belief
that lung cancer is poorly immunogenic. Advancement of immune checkpoint inhibitors
targeting Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) and anti-PD-1 showed hope
to target lung cancer by immunotherapy. Additional immunotherapeutic approaches (e.g.,
monoclonal antibodies, checkpoint inhibitors, therapeutic vaccines, adoptive T-cell transfer)
are in different phases of clinical trials (Topalian, Hodi et al. 2012, Ock, Hwang et al. 2017,
Chae, Arya et al. 2018, Seidel, Otsuka et al. 2018). Regardless of the promising results of
certain immune checkpoint blockers, current immunotherapeutics has met a bottleneck
concerning response rate, toxicity, and resistance in lung cancer. This attributable primarily to
the fact that lung tumor cells acquire a large number of somatic mutations and, therefore,
induce tumor immune evasion by suppressing immune cells-mediated immunosurveillance in
multiple ways, such as - secretion of immunosuppressive cytokines, loss of major-
histocompatibility-complex-antigen expression and expression of molecules that inhibit T-cell
activation. Future studies should be oriented towards the analysis of tumor-infiltrating immune
cell sd | andscape in tumor mi croenvironment, con

new immunotherapies.

1.6. Lung tumor microenvironment
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The tumor microenvironment (TME) is heterogeneous not only because of tumor epithelial cells
but also because of surrounding complex cellular ecology. TME consists of tumor cells, stromal
cells, immune/ inflammatory cells (macrophages, neutrophils, mast cells, T lymphocytes, B
cells, etc.). The tumor cells are closely associated with extracellular matrix (ECM),
mesenchymal cells such as fibroblasts, infiltrating immune cells, and vasculature. ECMgives
structural support to tumor cells and to tumor-associated fibroblasts (Figure 2). The tumor
vasculature consists of blood and lymphatic vessels, which help in the homing of numerous
blood cells and immune cells in the tumor. The infiltrated immune cells result in complex milieu
of pro-inflammatory and anti-inflammatory cytokines in TME. The infiltrating immune cells not
only support cancer progression and metastasis but also significantly influences the clinical

outcome of patients depending on density and localization in lung tumortissue.

Beneficlal to tumor Detrimental to tumor

O 40| |c| O e € o
M2 CAF MDSC N2 MSC  |Mast cell DC | NKcell N1 M1
Macrophage Neutrophil Neutrophil| Macrophage

IL6, IL4, [TGFPB,VEGF| TGFB, Arginase, vear. | vear w2 | en
: 3 ; Y, |TNFa IL1, TNFa,
'CL(‘;‘&'U& HGF, PDGF VEGF, gg'é PDGF, | bFGF, IL18... | TNFe  |icAMm, CXCLS9,
, FGF2, IL10, IL12, FGF2, | TGFB IL21, IL2 | FAS, CXCL10...
CCL17, ISDF1... S100A8, IL6.IL8 CXCL10
ccL22, S100A9... COLE |
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Matrix

Figure 2: Tumor Microenvironment. The tumor microenvironment is composed of populations of
stromal cells such as macrophages (M1 and M2), cancer-associated fibroblasts (CAF), myeloid-derived
suppressor cells (MDSC), neutrophils (N1 and N2), mesenchymal stem cells (MSC), dendritic cells (DC),
natural killer (NK) cells and mast cells. These can be beneficial or detrimental to tumor development by
expressing and secreting specific cytokines, chemokines, and growth factors. [(Nikhely Net al., 2012)
Reuse permission: Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation

free of charge contingent on resubmission of permission request if work is published.]
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1.6.1 Cellular composition of tumor microenvironment

1.6.1.1 Cancer-Associated Fibroblasts (CAFs)

CAFs display a specific subset of markers - U-smooth muscle actin (U-SMA), fibroblast-
activating protein (FAP), fibroblast-specific protein-1 (FSP1), tenascin C, and neural-glial
antigen. The stimulation of paracrine growth factors (PGF) by tumor cells (e.g., transforming
growth factor-b/TGFb, platelet-derived growth factor/PDGF) induces activation of stromal
fibroblast cells into CAFs (Shiga, Hara et al. 2015). On the other hands, CAFs also promote
tumor cells growth and metastasis by secreting various growth factors, cytokines, and
chemokines (e.g., TGFb, stromal cell-derived factor-1 (SDF-1), CXCL1, tumor necrosis factor-
U (TNFU), as well as microRNAs and exosome). Moreover, CAFs also secrete different types
of collagen to support the growth of ECM (Wang, Cao et al. 2017, Cruz-Bermudez, Laza-
Briviesca et al. 2019, Hao, Zeltz et al. 2019). CAFs-derived platelet-derived growth factor
receptor (PDGFR) family, CAF-markers like podoplanin and fibroblast activation protein (FAP),
secreted factors (matrix metalloproteinases (MMPs) and, transcription factors (FoxF1),
SPARC showed independent association with survival in lung cancer (Paulsson and Micke
2014).

1.6.1.2 Tumor-Associated Neutrophils (TANSs)

TANs are important tumor-infiltrating immune cells in lung cancer, grossly divided into two
subtypes, N1 anti-tumoral or N2 pro-tumoral phenotype. TGFb mediated signaling plays a
crucial role in the polarization of N1 TANs, which secretes proteases, ROS, and RAN and thus
induces cytotoxicity and restricts angiogenesis. On the other hand, in the polarization of N2
TANs, IFNb plays a critical role, which then promotes angiogenesis, invasiveness, and
metastasis of lung cancer cells. In general, TANs are widely characterized by CD66b* marker,
which is stored in neutrophils granules (Hong 2017). A recent study by Rakaee et al. showed
in 536 NSCLC patients of which 172 harbored lymph node metastases that CD66b* TANs are
an independent, decisive prognostic factor for disease-free survival in SCC, while in AC it
proved to be an independent negative prognostic factor (Rakaee, Busund et al. 2019).
Additionally, few recent studies demonstrated that cross-talk of TANs with other tumor-
infiltrating immune cells leads to phenotypic changes in TANs, which in advanced stages of
lung cancer support growth and metastasis (Eruslanov, Bhojnagarwala et al. 2014, Eruslanov
2017, Teixido and Rosell 2017).
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1.6.1.3 Tumor-Associated Mast Cells (TAMCs)

TAMC:s identified in human lung cancer, but their contribution to tumor progression is not widely
studied. Bone marrow released immature mast cell progenitors migrate into tissue andundergo
division in two major subtypes: connective tissue mast cells and mucosal mast cells with
tryptase secretion, which was also abundantly found in mucosa of the lungs (Shea- Donohue,
Stiltz et al. 2010). Different studies demonstrated both the pro- and antitumorigenicrole of
TAMCs in lung cancer (Varricchi, Galdiero et al. 2017). Peritumoral but not intratumoralTAMCs
(tryptase* chymase®) in stage | NSCLC (not in stage 1) is an independent favorable prognostic
factor (Soo, Chen et al. 2018).

1.6.1.4 Tumor-Infiltrating Dendritic cells (TIDCs)

TIDCs are highly heterogeneous and highly plastic antigen-presenting immune cells, which in
cancer engulf apoptotic and necrotic tumor fragments to present tumor-antigen to T cells. This
interaction leads to the displacement of T-cell co-stimulatory molecules (CD40, CD86) that
eventually potentiate cytotoxic T cell responses. Different studies in human lung cancer
specimens suggest that a high density of mature and immature DCs positively correlate with
cytotoxic T cell responses, improving patient survival (Goc, Germain et al. 2014). Conversely,
other studies also demonstrated that TIDCs expressing PD-L1, PDL2 suppress T cell function
by secreting arginase-1 or indoleamine 2,3-dioxygenase resulting in poor prognosis in lung
cancer (Perrot, Blanchard et al. 2007, Pyfferoen, Brabants et al. 2017).

1.6.1.5 Tumor-Infiltrating Lymphocytes (TILS)

TILs are a heterogeneous population of T lymphocytes and to a lesser extent, B lymphocytes,
B cells, and NK cells. T cells are divided into different subtypes according to their cell surface
markers such as CD8* cytotoxic T lymphocytes, CD4* T helper lymphocytes, and FOXP3
regulatory T cells. The widely accepted meta-analysis studies in lung cancer patients' by Geng
et al. in 8600 NSCLC patients demonstrated that high density of TILs is associated with
favorable progression-free survival (PFS) rather than overall survival (OS). Interestingly, high
frequencies of CD8+ T cells in tumor stroma (TS) and tumor nest (TN) correlates with better
OS, but CD8* T cells in TN are prognostically more significant than those in TS (Geng, Shao
et al. 2015). Another study by Schalper et al. reported that high infiltration of CD3+ and CD8+
T cells is associated with better outcome in NSCLC and that CD8+ T cells density is an
independent prognostic factor and stratified according to TNM stage (Schalper, Brown et al.

2015). The role of CD4* T cells in lung cancer is quite controversial; this is mainly because of
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two subtypes of Twiand Twz cells. Twy cells are mostly tumor-inhibiting cells as they play a role
in enhancing antigen-presenting cells (APCs), prolongingCD8*c el | sd6 cytotoxic r e
secretion of IFNa, TNFU, and cytolytic granules. On the other hand, T cells secrete pro-
tumorigenic molecules like 1L4, IL10, IL13, influence macrophage polarization, and thereby
promote tumor progression and metastasis. A high ratio of Tz to Twa significantly correlates
with poor patient outcomes in lung cancer (Wakabayashi, Yamazaki et al. 2003). Another
subpopulation of TILs - CD4+FoxP3+ T regulatory (Twg) cells influence lung tumor
development by suppressing anti-tumor activities of CD8+ cytotoxic lymphocytes, NK-cells and
DC, stimulating immunosuppressive cytokine profile, potentiating Tuz ¢ e | réspgoiise. FOXP3+

T cells in TS are a negative prognostic indicator in NSCLC (Kinoshita, Ishii et al. 2013).

1.6.1.6 Natural Killer cells (NK)

In lung cancer, peripheral NK cell cytotoxicity is reduced. The overexpression of T cell
immunoglobulin and mucin-domain-containing molecule-3 (Tim3), on CD3+ CD56+ NK cells
and CD3+ CD56Y™NK subsets is found to be positively associated with shorter OS in patients
with LADC (Platonova, Cherfils-Vicini et al. 2011). The low expression of three NK isoforms
receptors (NCR1/NKp46; NCR3/NKp30; NKp30) correlated with poor OS and PFS (Fend,

Rusakiewicz et al. 2017).

1.6.1.7 Interleukins and chemokines

In the TME, tumor cells crosstalk with other cells via chemokines and interleukins. An analysis
of the expression level of these molecules in serum, bronchoalveolar lavage fluid (BALF), and
lung tumor tissue served as an indicator of patient prognosis and survival. For example, low
serum level of IL20, low BALF level of IL22 (Naumnik, Naumnik et al. 2016), high serum level
of IL17 (Lin, Xue et al. 2015) correlates with worse outcome in patients with lung cancer. Not
only interleukins but also the expression of chemokines correlates with outcome in lung cancer
patients. For example, a low level of CCL2, CCL19, CXCL16, and a high level of CCL5, CXCLS,
CXCR4 positively associated with worse patient survival (Rivas-Fuentes, Salgado- Aguayo et
al. 2015). The Acombined cytoki ne dmgnosgsachesnei ¢ cl a
in lung cancer treatment. For example, a high combined expression of IL8 with IL6 and IL6
with IL17 found to be a negative prognostic marker in stage | lung cancer (Ryan, Pine et al.
2014).

1.6.1.8 Extracellular Matrix (ECM)
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ECM is not an active cellular component of TME, but abnormalities in ECM such as disrupted
organization, altered composition, changed topography found to be associated with cancer
initiation, progression, angiogenesis, and metastasis (Levental, Yu et al. 2009). A study by Su
Bin Lim et al. proposed a genomic tool, ECM-related prognostic, and predictive indicator
(EPPI), to evaluate the biological and clinical contribution of different ECM components in lung
tumor development. EPPI consist of following genes - [collagens (COL10A1, COL11A1), matrix
metallopeptidases (MMP1, MMP12), secreted factors (S100A2), glycoproteins (CTHRC1,
SPP1), and ECM-affiliated proteins, or genes encoding proteins affiliated structurally or
functionally to ECM proteins (GREM1) and low expressions of surfactant proteins (SFTPC,
SFTPA2, SFTPD), secreted proteins (CHRDL1, WIFI), ECM-regulated genes (CPB2,
MAMDC?2, HHIP, LPL, CD36, ADAMTSS8), collagen (COL6A6), ECM-affiliated proteins (FCN3),
ECM glycoproteins (TNNC1, ABI3BP), and proteoglycan (OGN)]. It will helpto decide a better
treatment regimen in lung cancer (Lim, Tan et al. 2017).

1.6.2 Tumor-Associated Macrophages (TAMs)

Macrophages are a plastic, heterogeneous group of cells, which, aside from providing the first
line of defense against invading pathogens, have a fundamental role in maintaining tissue
integrity and homeostasis. Moreover, they have specified functions based on their locations
and distinct gene expression profiles. Functional and/or phenotypic dysregulation have been
linked with multiple chronic inflammatory and autoimmune diseases such as obesity, type I
diabetes, atherosclerosis, asthma, fibrosis, inflammatory bowel disease, multiple sclerosis,
rheumatoid arthritis, and cancer, suggesting that macrophages may serve as therapeutic
targets (Schultze, Schmieder et al. 2015). For this purpose, a greater understanding of the
differences in the development, phenotypes, and functions of macrophages is required (Murray
and Wynn 2011).

1.6.2.1 Origin of macrophages

Van Furth and Cohn suggested that tissue-resident macrophages originate mainly from
circulating adult, bone marrow-derived blood monocytes (Gordon and Martinez-Pomares
2017). However, in the last few years, this concept was drastically revised because a series of
more definitive publications demonstrated that most mature tissue macrophages originate
during embryonic development and not from circulating monocytes. In most adult tissues,
tissue-resident macrophages derive from (i) fetal-generated macrophages that self-renew in

situ and (ii) the engraftment of adult circulating macrophage progenitors (Epelman, Lavine et
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al. 2014). The origin of macrophages occurs via following overlapping waves (Munro and
Hughes 2017),

o Wave 1 - The earliest macrophages originate from early and late erythro-myeloid
progenitors (EMPs) produced in the extra-embryonic yolk sac for the duration of primitive
hematopoiesis at E7.5 and E8.25. EMPs give rise to yolk sac-derived macrophages
without going through a monocytic intermediate and are the seeded first in the fetal
tissues following blood circulation initiation. In most of the fetal tissues, these
macrophages are subsequently replaced either partially or entirely by fetal liver-derived
monocytes, except microglial cells in the brain.

o Wave 2 - Fetal liver monocytes generated from EMPs derived from hemogenic
endothelium of yolk sac. Progenitors migrate to the fetal liver in two consecutive waves
E9.5 (EMPs) and E10.5/E11 (immature and mature HSCs) followed by their expansion
and differentiation into fetal liver monocytes, which then enter the circulation and
differentiate into macrophages in peripheral tissues.

o Wave 3 - In liver, lung, skin, spleen, and peritoneum, fetal liver monocyte-derived
macrophages maintain their self-renew ability and create a population of tissue-resident
macrophages. In dermis and gut, fetal liver monocyte-derived macrophages slowly
substituted by the recruitment of bone marrow-derived monocytes derived from adult

hematopoiesis beginning around E17.5

1.6.2.2 Macrophages in Lung

The lung has two different populations of resident macrophages, which are i (i) Alveolar
macrophages that reside on alveolar septae in alveolar space and originate from fetal liver-
derived monocytes. Markers of alveolar macrophages are CD11b/IntegrinUM™"', CD11c"e",
CD200 R1*, CD68/SR-D1*, Dectin-1*, DECi 205/CD205™, F4/80"°", Galectin-3/Mac-2*, MHC
class 1Y, MARCO*, MMR/CD206"e" Siglec-F"s", PPARU". They are specialized in the
recycling of surfactant molecules, immune surveillance of inhaled pathogens, clearance of
allergens, dust, and microorganisms, etc. (ii) Interstitial macrophages in the interstitium of lung
that originate from fetal liver- and bone marrow-derived monocytes (Cortez-Retamozo, Etzrodt
et al. 2012). Markers of interstitial macrophages are CD11b/IntegrinOUM™, CD11c', CD68/SR-
D1*, CD200 R1*", F4/80*, MHC class II*", Siglec-F'. They play a significant role in the function
of dendritic cells (Kopf, Schneider et al. 2015, Schyns, Bureau et al. 2018).
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1.6.2.3 Phenotypes of macrophages

Macrophages encounter diverse microenvironmental signal in general, which can alter their
transcriptional programs leading to an activated state. An activation/polarization of
macrophages is subdivided into two major types, classical (M1) macrophage activation, which
promotes a pro-inflammatory response, and alternative (M2) macrophage activation, which
stimulates an anti-inflammatory response (Martinez and Gordon 2014). However, this classical
description of macrophage activation is currently under debate. To address the problems in
classifying macrophage activation and in achieving experimental standards, Murray et al.
described a set of standards encompassing three principlesd the source of macrophages, the
definition of the activators, and a consensus collection of markers to define the activation of
macrophages (Murray, Allen et al. 2014). The framework for describing activated macrophages
as suggested by Murray et al. is shown in Figure 3A (examples of widely used macrophage
preparations), Figure 3B (marker systems for activated macrophages), Figure 3C (using

genetics to aid in macrophage-activation studies).
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Figure 3: Framework for classifying activated macrophages [(Murray, Allen et al. 2014) Reuse
permission: License Number - 4934090734990]

A. Examples of widely used macrophage preparations i In vitro macrophages generated by
CSF1-derived bone marrow (BM) monocytes, CSF1-derived CD14* monocytes, and GM-
CSF-derived BM monocytes. GM-CSF-derived BM monocytes give rise to CD11b*

macrophages and CD11b*CD11c* dendritic cells (DCs). Ev-vivo macrophages from the
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mouse generated by thioglycollate injection, followed by peritoneal lavages or by isolating
macrophages from various tissues or organs.

B. Marker systems for activated macrophages i Red gradient indicate a subdivision of M1
macrophages [LPS, LPS, and IFN-2, and IFN-0 alone] and green gradients indicate a
subdivision of M2 macrophages [IL-4, immune complexes (Ic), IL-10, glucocorticoids
(GC) + transforming growth factor b (TGF-b), glucocorticoids alone]. For each type of
human and mouse macrophages, transcription factors, cytokines, chemokines,
scavenger receptors, matrix, amino acid metabolism are mentioned.

C. Using genetics to aid in macrophage-activation studies - Mutations in AKT1 and KLF4
switch M1 (LPS) - and M2 (IFN-9)-related gene expression, while mutations in AKT2 and
KLF6 show the reversal in phenotype. Mutations in STAT6, PPARD, PPARG, IRF4, and
IRF5 depletion implicated in the preservation and scale of activation.

With the increasing knowledge of macrophage biology, even this expanded model of
macrophage activation is considered too simplistic to define phenotypes of macrophages
observed in different homeostatic and pathological conditions. On this note, recently, a new
multidimensional model of macrophage activation (based on extensive gene expression
analysis) was proposed. This model suggests that a scale of activation states covering the
M1/M2 states can occur in response to various signals, including ontogeny-related signals,
tissue-specific signals, and stress signals, which are integrated to determine the macrophage

response (Li, Menoret et al. 2019).

1.6.2.3 Macrophages in cancer development

The complex cellular microenvironment of tumors establishes and supports the destructive
nature of cancer. In the TME, innate immune cells predominating, among which macrophages
are highly represented cells (Cassetta and Pollard 2018). Generally, macrophages are
considered to have anti-tumor functions, but there is considerable clinical and experimental
evidence to suggest that in the majority of cases, these tumor-associated macrophages
(TAMs) are pro-tumorigenic in nature. At the primary site, TAMs support tumor-associated
angiogenesis, promote tumor cell invasion, migration, and intravasation, as well as regulating
pro-tumor immune réponses. TAMs also potentiate the seeding and establishment of
metastatic cells and play a role in tumor initiation at a secondary site. Additionally, TAMs can
antagonize, augment, or suppress anti-tumor effects of cytotoxic agents, tumor irradiation
therapies, anti-angiogenic/vascular damaging agents, and checkpoint inhibitors (Conway,
Pikor et al. 2016, Yang, McKay et al. 2018). TAMs promote cancer development in multiple

ways, such as -
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o TAMs promote tumor cell proliferation and survival by secreting Insulin Like Growth
Factor 1 (IGF1), Fibroblast Growth Factor (FGF) -1, -2, PDGF, and TGFU and b (Hao,
Lu et al. 2012).

o TAMs-derived migration inhibitory factor (MIF) induce DNA damage and immune escape
by suppressing p53 activity (Hudson, Shoaibi et al. 1999).

o TAMs in hypoxic regions adapt to low oxygen tension by expressing Hypoxia Inducible
Factor 1 Subunit Alpha (HIF1U) and subsequently secrete angiogenic factors, [like
Vascular Endothelial Growth Factor A (VEGF), IL8, Cyclooxygenase (COX)-2, and matrix
metalloproteinase (MMP) -9] (Nishida, Yano et al. 2006).

o To support invasion and metastasis of tumor cells, TAMs induce epithelial-mesenchymal
transition (EMT) in tumor cells via secretion of MMPs (Wang, Zhang et al. 2011).

0 TAMs establish a pro-tumor anti-inflammatory environment by the recruitment of Th2
cells and regulatory T cells (Mantovani, Sica et al. 2004).

o TAMs play a part in T cell anergy and inhibition of the activation and growth of naive T
cells. (Rodriguez, Quiceno et al. 2004, Johnson and Munn 2012).

0o TAMs induced autocrine IL10 signaling pathway drives M2-like TAMs polarization to
suppress anti-tumor response in TME (Sica, Saccani et al. 2000).

o TAMs induce intrinsic activation of the immune checkpoint protein PDL1, which by
binding to PD1 on T cells leads to cytotoxic T cells senescence, exhaustion, and
apoptosis (Kuang, Zhao et al. 2009)

Until now, a large body of experimental, pathological, and clinical evidence confirmed that a
high density of TAMs at tumor sites plays a significant role in cancer development and
progression. But the future research on the topi
comprehensive understanding of the activation of TAMs by tumor cells and their role in specific
tumor areas. Increasing clinical evidence is strengthening the fact that not only the numbers
but also the particular phenotype of TAMs in specific tumor areas correlates with relapse-free

survival (RFS) and overall survival (OS) in human cancer patients.

1.6.2.3.1 Activation of TAMs in the TME

TAMs exhibit a functional heterogeneity ranging from pro-inflammatory, immune activatory,
and anti-tumoral responses to anti-inflammatory, regulatory, and pro-tumoral activites. The
functional heterogeneity in TAMs is reflected by phenotypic subsets T grossly subdivided as
tumor-inhibiting M1-like TAMs and tumor-promoting M2-like TAMs. Although, there is no clear
phenotypic definition of TAMs as they are composed of several distinct macrophage
subpopulations, which often share standard features of classically activated M1 and

alternatively activated M2 macrophages (Figure 4).
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Figure 4: Distinct activation mechanisms in M1-like and M2-like macrophages. Macrophages are
stimulated either classically (M1) or alternatively (M2). M2 macrophages express high levels of CD206,
CD163, and TGFbR, whereas M1 macrophages express high levels of CD40, CD80, and CD86 on the
cell membrane. STAT1 and STAT3 are highly activated in the M1 phenotype and STAT6 in the M2
phenotype. IRF3, 5, and 7 are activated in the M1 phenotype, whereas IRF4 is enabled in the M2
macrophages. Cytokines and chemokines such as TNFU, IL1B, and IL12 observed in the M1 and factors
such as IL10, ALOX15, and CCL18 are highly expressed in the M2 phenotype. Abbreviations: ALOX15,
Arachidonate 15-Lipoxygenase; CCL18, C-C Motif Chemokine Ligand; IL, Interleukin; IRF, Interferon
Regulatory Factor; STAT, Signal Transducer And Activator Of Transcription; TGFbR, Transforming
Growth Factor Beta Receptor; TNF, Tumor Necrosis Factor.[(Zheng X et.al.2017) Reuse permission:

Distributed under the terms of the Creative Commons Attribution 3.0 License]

Distinct signals and molecular pathways are responsible for M1-like macrophages (M1) and
M2-like macrophage (M2) activation. For example, activation of NFKB1, STAT1, IRF3, IRF5,
and IRF7 promotes M1 activation while STAT3, STAT6, and IRF4 promote M2 macrophages.
M1 express high levels of CD40, CD80, and CD86, while M2 express high levels of CD206,
CD163, and TGFDR on the cell surface. The secretome profile from differentiated M1 and M2
macrophages has distinct functions. Remarkably, the molecules primarily responsible for M1
and M2 activities repress each ot h eresposses. High levels of the pro-inflammatory
cytokines and chemokines such as TNF, IL1B, IL6 and IL12 are observed in M1, and anti-
inflammatory factors such as IL4, IL10, 1L13, ALOX15 and CCL18 are highly expressed in M2
[35-37]. In the context of tumor biology, M1-like macrophages (M1-like TAMs) induce a tumor-
inhibiting inflammatory response by activation of NK and Tn; cell responses and by presenting
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antigen to phagocytic cells. However, M2-like macrophages (M2-like TAMs) promote tumor
growth, angiogenesis, invasion, metastasis, and therapy-resistance by activating Twz immune

responses.

The majority of the lung cancer i associated TAMs express high levels of M2-1 i ke TAMs 6
markers, such as - IL10, IL1 receptor antagonist, CCL22, CCL18, CD209, and CD163 antigen

[38, 39]. Aberrant accumulation of M2-like TAMs in TME mainly depends differentiation of
monocyte-to-macrophages, activation of different macrophage phenotypes, inter-conversion

within these phenotypes, and migration from other sites [40-42]. The cellular and molecular
mechanisms responsible for TME-mediated accumulation and activation of M2-like TAMs are

just beginning to be understood and seem to be greatly influenced by crosstalk with tumor

cells. Currently, researches are working on various different hypothesis to explain the

activation of M2-like TAMs by tumor cells, such as-

0 The driver mutations in tumor cells influence the activation of TAMs. For example, i
driver mutations in lung cancer are gene mutations in EGFR and KRAS, EML4-ALK
rearrangements, and altered MET signaling (Sanchez-Vega, Mina et al. 2018). The
extensive immunogenic analysis of more than 10,000 TCGA samples comprising 33
diverse cancer types displayed a more prominent M2-like TAMs signature with Thl
suppressed responses in tumors with gene mutations in EGFR, KRAS, and KRAS G12
(Thorsson, Gibbs et al. 2018).

0 The secretome of TME shifts transcriptional program responsible for M1-like TAMs
activation (NFKB1, STATL1, IRF3, IRF5, and IRF7) to M2-like TAMs (STAT3, STAT6, and
IRF4). For example - tumor cell-secreted CSF1 regulates recruitment of macrophages in
tumor stroma. Other cytokines like TNFU and IL6 are also linked to the
accumulation/recruitment of macrophages to the tumor periphery. The tumor stromal
cells produce chemokines such as Colony Stimulating Factor (CSF) -1, CCL2, CCL3,
CCL5, and placental growth factor which recruits macrophages to the tumor
surroundings and provides a microenvironment for activation of macrophages, in which
macrophages produce high levels of IL10, TGFb, Arginase 1 (ARG1), VEGF and low
levels of IL12, TNFU, and IL6 (Lin and Pollard 2007).

o The apoptosis and necrosis of tumor cells induce activation of M2-like TAMs. For
example, - tumor cell apoptosis-derived Sphingosine-1-Phosphate (S1P) contributes to
macrophage polarization (Weigert, Tzieply et al. 2007).

0 Hypoxic environments in tumors attract monocyte/macrophages followed by
differentiation and production of HIF1U and HIF2U, which regulate the transcription of
genes associated with tumor promotion such as angiogenesis. For example, - Neuropilin
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1 (Nrp-1) plays critical roles in hypoxic TME-induced activation and pro-tumoral effects
of TAMs in cervical cancer (Chen, Wu et al. 2019).

o The tumor cell-mediated metabolic shift in macrophages phenotype activates M2-like
TAMs in TME. For example i reduced glycolysis via Mechanistic Target Of Rapamycin
Kinase (MTOR) inhibition in hypoxic TAMs increases endothelial glucose availability and
disturbs the formation of an organized tumor vasculature, which helps tumor cells to
undergo metastasis (Wenes, Shang et al. 2016).

o TAMs maintain an immunosuppressive phenotype by receiving polarization signals from
tumor cells. ILIR and MYD88 mediated inhibitor of nuclear factor kappa B kinase subunit
beta (IKBKB) and NFKB1 signaling cascade maintain M2-like phenotype in TAMs

(Hagemann, Lawrence et al. 2008).

1.6.2.3.2 Prognostic significance of lung cancer-associated TAMs at distinct tumor sites

As cancer progresses, macrophages differentiate, activate, and migrate into distinct tumor
steshyexposing themselves to different microenviroa
perform functions that are required by tumor cells in those areas. Tumor sites are mainly
divided as follows (Yang, McKay et al. 2018),

o Invasive margini There are three main sites where the invasive behaviors of cancer are
seen. (i) around preinvasive lesions where the aberrant proliferation of newly altered,
neoplastic cells leads to their invasion through the membrane into the surrounding
healthy parenchyma to form a carcinoma, (ii) in established tumors, atthe i t u +stooma
border (TSB)O0 between cancer cell nests and t
atthe i n v ansir \gwhar@cancer cells invade into surrounding healthy tissues.

0 Tumor nest - This is the area of high cancer cell density. In this area, TAMs are close to
tumor cells.

o Stroma - In this area, cancer cells are often sparse or absent. It comprises of a network
of macromolecules in the extracellular matrix (ECM) such as collagen fibrils, tenascin C
fibronectin, laminin, and hyaluronic acid (HA) and nonmalignant cell populations
including fibroblasts, endothelial cells, pericytes, lymphocytes, and myeloid cells. Many
studies have shown that ECM components and their proteolytic products regulate the
phenotype of macrophages.

0 Perivascular (PV) niche - A subset of TAMs lies close to blood vessels in mouse and
human tumors. These PV cells express high levels of the M2 markers, TEK Receptor
Tyrosine Kinase (TIE2, a receptor for angiopoietins), CD206, and CD163.

0 Hypoxic/necrotic tumor areas - Hypoxic areas are located more than 150 em away from
tumor blood vessels and have low oxygen tensions (below 10 mm Hg). High numbers of
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hypoxic TAMs are associated with elevated levels of tumor angiogenesis, metastasis,
poor recurrence-free survival (RFS), and reduced overall survival in various cancers.
Table 1 summarises functions of TAMs in different sites of human lung tumors
and their correlation with clinic pathological features (Carus, Ladekarl et al. 2013,
Wu, Wu et al. 2016, Yang, McKay et al. 2018).

Tumor sites
_ ) Hypoxic
Tumor Invasive Tumor Peri- )
Stroma /necrotic
type front nests vascular
area
Noni . .
High CD163" TAM High CD163" TAM
small-cell _ ]
density correlates density correlates
lung ND o 0 ND ND
with increased LNM with increased
cancer
(but not OS) LNM (but not OS)
(NSCLC)
High TAM density High TAM density
correlates with better correlates with
3-year OS but not 5- worse 3- and 5-
Lung -
year OS; specifically, year OS;
(meta- : " :
_ high M1(*)-TAMs specifically, high
analysis of ND _ _ ND ND
- associated with better M2-TAMs was
_ 3- and 5-year OS. associated with
studies)

M2(*)-TAMs was not reduced 5-year
associated with 3- or (but not 3-year)
5-year OS 0S

Table 1: TAMs in different areas of human lung cancer: correlation with prognosis and overall
survival (adapted from Ming Y. etal., 2018). A Hi gh TAMs, 06 hi gh number of
like: CD68*HLA'DR* cells; M2-like: CD163* alone, CD204* alone, CD68"CD163*, CD68*CD206*, or
CD68*IL10* cells. CD68 used for immunolabeling TAMs in tumor sections unless otherwise stated.

Abbreviations: ND, not determined; LNM, lymph node metastases.

1.6.3 Macrophage targeting in cancer

A large body of clinical and experimental evidences suggests that TAMs, especially M2-like
TAMSs, play a critical role in all stages of tumor development and frequently antagonize the

response to therapy. Therefore, immunotherapies directed towards TAMs represent a

23

TAMs



Introduction

promising cancer therapeutic approach. The different immunotherapeutic strategies to target

TAMs are depletion, inhibition of monocyte/macrophage recruitment, and reprogramming of
TAMSs.

1.6.3.1 TAM depletion

Following targeting, approaches are in different phases of the clinical trial to interfere with

TAMs survival.

o

Clodronate liposomes approach - Macrophages ingest and digest clodronate (non-toxic
bisphosphonate) liposomes and intracellularly release clodronate. Upon a specific
intracellular concentration of clodronate, macrophages undergoe apoptosis (Schmall, Al-
Tamari et al. 2015).

Bisphosphonate agonists T Phagocytosis of bisphosphonates by macrophages offers
another TAMsd depletion strategy. B as end
bisphosphonates are mainly divided into two groups; the first group includes clodronate,
etidronate, and tiludronate, while alendronate, ibandronate, pamidronate, risedronate,
and zolenodrate belong to the second group.

Legumain, CD204, CD124, Folate receptor b blockers i Depleting pro-tumoral M2-like
TAMs rather than all subsets of TAMs is a much-considered option. Targeting of
molecules expressed explicitly by M2-like TAMs (e.g., Legumain, CD204, CD124, Folate
receptor b) are under pre-clinical evaluation (Luo, Zhou et al. 2006, Bak, Walters et al.
2007, Nagai, Tanaka et al. 2009, Roth, De La Fuente et al. 2012).

CSF1-CSF1R axis antagonists i The crucial role of the CSF1-CSF1R axis in
macrophage differentiation makes it an attractive target to deplete TAMs in TME
selectively. Small molecules (LX3397, JNJ-40346527, PLX7486, ARRY-382, and
BLZ945) and monoclonal antibodies (RG7155, IMC-CS4 and FPAOQOO8) targeting the
CSF1-CSF1R axis are showing promising results in pre-clinical studies and clinical trials
(Yan, Kowal et al. 2017).

Caspase 8 activators i Trabectedin mainly activates caspase 8 to induce monocyte
apoptosis, white sparing neutrophils, and T cells (Moreau, Guillet et al. 2007, Rogers and
Holen 2011, Van Acker, Anguille et al. 2016).

1.6.3.2 Inhibition of monocyte/macrophage recruitment

Accumulation of TAMs in TME is primarily dependent on the recruitment of monocyte and

macrophages to the site of the tumor. Therefore, targeting molecules or signaling pathways

responsible for monocyte/macrophage recruitment are under critical evaluation. For example,
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0 CCL2-CCR2 axis antagonists 7 Tumor cells secrete CCL2 (chemoattractant for
monocyte, T cells, NK cells), which specifically recruit CCR2-expressing monocytes to
the tumor sites. This bidirectional interaction plays a role in all stages of lung tumor
development. Carlumab (CNTO 888), anti-CCL2 mAb, and small molecule inhibitor PF-
04136309 targeting CCR2 are currently under investigation (Deshmane, Kremlev et al.
2009, Sandhu, Papadopoulos et al. 2013, Hitchcock and Watson 2015, Schmall, Al-
Tamari et al. 2015, Fang, Yao et al. 2016, Nywening, Wang-Gillam et al. 2016).

o CSFI1R antagonists T Targeting CSF1R is also under clinical investigation because of its
involvement in monocyte/macrophage recruitment.

Results from the ongoing clinical trials pointed out the fact that targeting monocyte and
macrophages recruitment needed much more biological knowledge to achieve sufficient
inhibition, because compensatory mechanisms by tissue-resident macrophages and ligand-
receptor concentration-dependent recruitment of monocyte/macrophage may reduce the

efficacy of such strategies.

1.6.3.3 Reprogramming of TAMs

The inter-conversion of TAMs from anti-tumoral to pro-tumoral phenotypes suggests that
manipulation of the plasticity of macrophages to re-activate anti-tumor immunity in TAMs is
possible. Unlike other TAMs targeting strategies, reprogramming of TAMs will induce anti-
tumor immunity in TME by rebalancing microenvironmental immune infiltrates, while sparing
other subtypes of macrophages like anti-tumoral M1-like TAMs and tissue-resident
macrophages. It can also enhance the efficacy of checkpoint inhibitors. Many differentmethods
are currently under pre-clinical and clinical investigations,
0 Anti-CD47 antibodies i Interaction of CD47 with thrombospondin 1 and signal regulatory
protein U (mainly expressed by DCs and macrophages) results in fi d rmt eat me signals.
This mechanism tightly regulated and mainly activated in pro-inflammatory conditions
(Brown and Frazier 2001). Many tumors overexpress CD47 which is involved in tumor
invasion, metastasis, and immune evasion by interacting with SIRPU. Inhibition of CD47
restricts tumor growth by inducing macrophage-mediated phagocytosis of tumor cells
(Zhang, Lu et al. 2015, Zhao, Wang et al. 2016). Currently, two anti-CD47 mAbs (Hu5F9-
G4 and CC-90002) and one soluble recombinant SIRPUI crystallizable fragment (Fc)
fusion protein (TTI-621) are in phase | clinical trials of different malignancies (Gholamin,
Mitra et al. 2017, Sikic, Lakhani et al. 2019).
o Toll-like receptor (TLRs) agonist i The fundamental role of TLRs in the activation of
innate immune response makes them an attractive target to induce reprogramming of
macrophages towards pro-inflammatory anti-tumor phenotypes (Kaczanowska, Joseph
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et al. 2013, Le Mercier, Poujol et al. 2013, Singh, Khong et al. 2014). Two TLR7 ligands
(imiquimod and 852A) and one TLR9 ligand (IMO-2055) are in different phases of clinical
trials (Dudek, Yunis et al. 2007, Smith, Conkling et al. 2014).

0 Anti-CD40 antibodies 7 The interaction of CD40 (expressed by APCs such as
monocytes, macrophages, dendritic cells, and B cells) with its ligand CD40L (expressed
by CD4* T cells, basophils, and mast cells) induces production of pro-inflammatory
cytokines like IL12 and prime CD4*, CD8" T cells anti-tumoral responses by upregulating
expression of MHC molecules (van Kooten and Banchereau 2000, Khalil and
Vonderheide 2007). Two agonistic anti-CD40 antibodies (CP-870,893 and RO7009789)
are in clinical trials (Vonderheide, Flaherty et al. 2007).

o Histone deacetylase (HDAC) inhibitors T HDACs play a crucial role in the expression of
genes. HDACs from different families regulate the expression of various genes. For
example, a specific inhibitor of class IIA HDACs, TMP195 modifying the epigenetic profile
of monocytes and macrophages, resulting in induction of CCL1, CCL2-producing pro-
inflammatory phenotype of macrophages (Arrowsmith, Bountra et al. 2012, Guerriero,
Sotayo et al. 2017).

o0 Anti-MARCO antibody therapy i Macrophages exclusively expresse macrophage
receptor with collagenous structure (MARCO). Its high expression is linked to poor
prognosis in different malignancies like breast cancer and metastatic melanoma. In
various preclinical studies, anti-MARCO therapy showed an anti-tumor effect and
improved efficacy of anti-CTLA4 immunotherapy (Li and Ravetch 2011).

o PI3Ko inhibitors 7 Class IB PI3Ko are mainly expressed by hematopoietic cells, and it
acts as a critical regulator of tumor immune suppression exerted by TAMs. Genetic and
pharmacological inhibition of PI3Ko increased expression of MHCII molecules and of
IL12, decreased expression of IL10 to re-activate anti-tumor immunity in TME (Kaneda,
Messer et al. 2016).

o Inhibition of microRNA activity i The regulation transcription of genes by MicroRNAs
(miR) mediated through RNase-Ill enzyme DICER. Inhibition of DICER induced the
expression of IFN2-STAT1 signatures in TAMs (Baer, Squadrito et al. 2016). The
expression of miR by M1 and M2 macrophages differ from each other - M1 macrophages
produce miR-125, miR-155, and miR-378, while miR-9, miR-21, miR-146, miR-147, miR-
187 and miR-511-3p are expressed by M2 macrophages. Therefore, targeting a specific
mMiR can induce anti-tumor immunity in TME (Squadrito, Etzrodt et al. 2013).

Although reactivation of immunosurveillance in TME via reprogramming of tumor-promoting
TAMs is the wave of future, a thorough understanding of immune cells mediated molecular

pathways is required to improve immune-therapeutic modalities.
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1.7 Wnt/b-catenin signaling in lung cancer

Multiple studies strongly demonstrated the role of Wnt signaling in the development of lung-
associated diseases, mainly focusing on b-catenin-mediated canonical Wnt signaling. The
inherited and sporadic mutations in the tumor suppressor adenomatous polyposis coli (APC)
and b-catenin are not common in lung cancer (Sequist, Heist et al. 2011, Coscio, Chang et al.
2014). Nevertheless, Wnt/b-catenin signaling (hereafter referred to as Wnt signaling) was
found to be activated in 50% of human lung cancer cell lines and lung cancer resected samples
(Akiri, Cherian et al. 2009). Wnt signaling is best described in the absence (off state) and in
the presence of (on state) Wnt ligand, as shown in Figure 5.

“Off” State “On” State

2 ()
@ Proteasomal
// Axin @ Degradation

Nuclear
Translocation

x
Proteasomal “B P V—/

Degradation

Figure 5: Wnt/b-catenin signaling pathway. In the absence of Wnt ligands (off state), b-catenin levels
are regulated by a destruction complex of Apc and Axin, Ser/Thr kinases Ck1U and Gsk3b, which
phosphorylate b-catenin followed by ubiquitination and proteasomal degradation. In the presence of Wnt
ligands (on state), Wnts bind to Fzd receptors and interact with adjacent Lrp5/6 co-receptors, the above
complex recruits Dvl to the cytoplasmic tail of Fzd receptors, and Dvl recruits the destruction complex
to the Fzd/Lrp5/6 complex and associated Ser/Thr kinases. Additionally, cytoplasmic Tnks1/2
ubiquitinates Axin, targeting it for proteasomal degradation to disrupt the b-catenin destruction complex,
followed by its translocation to the nucleus. This translocation leads to the displacement of the co-
repressor GRG on the TCF/LEF transcription factor by b-catenin and the recruitment of co-activators
such as BCL9, CBP, and Pyg to regulate transcription of target genes. Abbreviations: Apc, adenomatous
polyposis coli; Bcl9, B-cell CLL/lymphoma 9 protein ;CBP, CREB-binding protein; Ck1U, casein kinase
1U; Dvl, disheveled; Fzd, Frizzled; Gsk3b, glycogen synthase kinase 3; GRG, Groucho; HDAC, histone
deacetylases; LRP5/6, low-density lipoprotein receptor-related protein 5/6; PP2A, phosphatase A2Pyg,
Pygopus; TCF/LEF, T-cell factor/lymphoid enhancer factor; Tnks1/2, tankyrase-1/2.
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In the off state (absence of Wnt ligands), cytoplasmic b-catenin forms a complex with Axin,
Apc, Gsk3b and CK1U, and is then phosphorylated by CK1U and subsequently by Gsk3b.
Phosphorylated b-catenin is recognized by the E3 ubiquitin ligase b-Trcp, which leads to its
proteasomal degradation. In the nucleus, Wnt target genes are repressed by TCF-LEF1/GRG
and HDAC. In contrast, in the on state (presence of Wnt ligands), b-catenin levels in the
cytoplasm are upregulated through the following steps - (i) Wnts binds to cognate Fzd
receptors and interacts with adjacent Lrp 5/6 co-receptors. (ii) The resulting complex is recruit
Dvl to the cytoplasmic tail of Fzd receptors. (iii) The destruction complex recruits to the
Fzd/Lrp5/6 complex and Gsk3b by Dvl to change the localization of the complex. Moreover,
cytoplasmic Tnks1/2 ubiquitinates Axin, targeting it for proteasomal degradation and causing
disruption of the b-catenin destruction complex. (iv) Stabilized cytosolic b-catenin then
accumulates in the nucleus. (v) Nuclear translocation displaces co-repressor GRG from the
TCF/LEF transcription factor and recruits co-activators such as Bcl9, CBP, and Pyg to result
in the transcription of target genes. The list of b-catenin-target genes is continuously growing,
yet many are subject to complex, context-dependent regulation and are expressed in a cell or
tissue-specific or temporally restricted manner. The transcriptional regulation via the b-
catenin/TCF complex is very diverse because accumulating evidence suggests that it not only
activates but can also repress the target genes (MacDonald, Tamai et al. 2009, Valenta,

Hausmann et al. 2012).

The master regulator of activated Wnt signalingi fb-c at eni no i s c¢clinical

size, stage, grade of lung tumors, prognosis, and survival of lung cancer patients (Kren,
Hermanova et al. 2003, Jin, Zhan et al. 2017). An activation of Wnt signaling in lung cancer is
the result of co-occurring genetic, epigenetic, and expression alterations in Wnt signaling
components and aberrant expression of molecules associated with Wnt signaling activity. For
example - (i) upregulation (Wnt1, 2, 3, 5A, 7B, 11) and downregulation (Wnt7A) of Wnt ligands;
(i) increased expression of membrane receptors (Fzd8, Lrp5/6, ROR2); (iii) increased
expression of cytoplasmic stimulatory modifications of Wnt signaling (Dvil, 2, 3); (iv)
deregulation in membranous and cytoplasmic inhibitory alterations of Wnt signaling due to
epigenetic changes (e.g. SFRPs, WIF1, DKKs, Axin2, Apc); (v) upregulation (AEG-1, ARMC8U,
DEPDCI1B, Porcupine, RNF146; etc) or downregulation (EMX2, Fibulin3, ING4, LKB1; etc.) of
molecules associated with Wnt signaling activity (Stewart 2014, Yang, Chen et al. 2016, Rapp,
Jaromi et al. 2017).

Aberrant upregulation of Wnt signaling is an essential element of lung tumorigenesis,
controlling not just the tumorigenesis, but also tumor vascularisation and metastasis

(Imielinski, Berger et al. 2012, Nakata, Yoshida et al. 2015). Wnt signaling plays a cardinal role
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in maintaining therapy-surviving cancer stem cell populations, and therefore, plays a vital role

in drug resistance and tumor relapse (He, Barg et al. 2005, Stewart 2010, Takebe, Miele et al.

2015). As one of the best-established therapeutic targets of cancer, significant efforts are being

made to develop potential modulators to understand the fundamentals of the pathway and to

target its various components for cancer treatment. Table 2 summarizes the Wnt signaling

antagonists targeting different parts of the signaling, which are (i) in different phases of clinical

trials (indicated by Clinicaltrials.Gov identifier number), (i) drugs approved to treat other

diseases that have been recently found to inhibit Wnt signaling (shown by Abbreviated New

Drug Application Identification Number/ ANDA) and (ii) drugs in the preclinical studies (Kahn
2014, Harb, Lin et al. 2019) (Krishnamurthy and Kurzrock 2018) (Roos, Grosch et al. 2016).

Agents

OMP-54F28

OMP-18R5

ETC-159

LGK974

PRI-724

CWP232291

Drugs targeting Wnt signaling under clinical trial

Clinical
Target trial
stage
Wnt Phase 1B
Fzd Phase 1B
. Phase
Porcupine
1A/B
Porcupine  Phase 1
CBP Phase 1
b-catenin Phase
/TCF 1A/B

Clinicaltrials.Gov

identifier

NCT02092363

NCT01973309,
NCT02005315

NCT02521844

NCT01351103

NCT01764477

NCT02426723

Diseases

Refractory solid tumors,
ovarian cancers
Mammary, pancreatic

cancers
Advanced solid tumors

Pancreatic, melanoma,
mammary, head and
neck, cervical, and
respiratory cancers
Pancreatic cancers
Relapsed or refractory

multiple myeloma,

Drugs approved to treat other diseases that have been recently found to inhibit Wnt

Agents

Ethacrynic
acid

Pimozide

signaling

Abbreviated New Drug
Application (ANDA)

Target

b-catenin
/LEF
CK1U

016092

017473

Diseases

Leukemia, hepatic
cancers

Colorectal cancers
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Familial adenomatous

Celecoxib GSK3 204590 polyposis, colorectal,
mammary cancers
Mammary, epithelial,
Pyrvinium CK1U 011964 melanoma, myeloma
cancers
Familial adenomatous
Sulindac Dsh 073262 polyposis, colorectal
cancers
_ _ Colorectal, prostatic, and
Niclosamide Dsh 018669 )
ovarian
Drugs in preclinical studies
Agents Target Current state
XAV939 Tankyrase In vivo (mouse models)
JW55 Tankyrase In vivo (mouse models)
b-Catenin . _
BC21 In vitro (HCT116 cell line)
ITCF
iCRT3, b-Catenin ) _
_ In vitro (colon cancer cell lines)
ICRTS5 ITCF
_ b-Catenin _
iICRT14 In vivo (mouse models)
ITCF

Table 2: Selected Wnt signaling inhibitors, their targets and current stage of development,
adapted from (updated from Ross J. et al. 2016 and Harb J et al. 2019)

Until now, Wnt signaling antagonism is focused mainly on tumor cells. Although recent studies
reported the molecular footprint of activated Wnt signaling not only in tumor cells but also in
tumor-infiltrating immune cells; indicating its bidirectional role in tumor-immunity cycle (Yeo,
Cassetta et al. 2014, Finkernagel, Reinartz et al. 2016, Pai, Carneiro et al. 2017, Zhan,
Rindtorff et al. 2017, Yang, Ye et al. 2018).

1.8 Wnt/b-catenin signaling in TAMs

Ongoing research in Wnt signaling suggests that not only tumor cell-specific Wnt signaling
plays a pivotal role in tumorigenesis and tumor progression, but also that TME-mediated Wnt
signaling governs the balance between activation/suppression of tumor-immune responses.

Accumulating experimental evidence demonstrated that cross-talk of tumor cells with tumor-
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infiltrating immune cells via Wnt signaling modulates the immune response of dendritic cells,
CD4 T regulatory cells, cytotoxic CD8+ T cells, and NK cells; shifting their immunosurveillance
function to immune evasion. Additionally, some studies reported immune exclusion
mechanisms through T cells, dendritic cell - specific Wnt signaling in various cancers. A small
number of cancer studies reported a role of TAMs-specific Wnt signaling in tumor-immunity

cycle, which were mainly focused on the following hypothesis.

1.8.1. Tumor cells T specific Wnt/b-catenin signaling influences macrophages

infiltration and activation

Yang Y et al. demonstrated that mRNA expression of Wnt ligand (Wnt2, 3, 3a, 4, 10b, and 16)
is more in hepatic tumor cells (Hepal-6) compared to TAMs. Henceforth, crosstalk of hepatic
tumor cells with macrophage induces malignancy via promoting M2-like TAMs activation
through c-Myc (Yang, Ye et al. 2018). Specifically, induction of IL10 and inhibition of the
classical TLR4-NF-aB signaling in monocytes/macrophages by Wnt 5a induces M2-like TAMs
phenotype in sepsis and breast cancer (Bergenfelz, Medrek et al. 2012). Tumor cells and
myeloid cells i secreted CCL2 induces infiltration and production of Wnt 1 in CD206*/Tie2*
macrophages (M2-like TAMSs) that in turn downregulates E-cadherin junctions in the HER2*
tumor cells; inducing early dissemination and metastasis of breast cancer cells (Linde,
Casanova-Acebes et al. 2018). Lui et al. showed a non-Wnt ligand-dependent pathway to
activate Wnt signaling in lung cancer. Overexpression of MORC Family CW-Type Zinc Finger
2 (MORC2) activates Wnt signaling in cancer cells, and MORC2-overexpressing tumors
showed significant increase in CD206* macrophage (M2-like TAMS) infiltration via increased
expression of CSF-1 and CCL2/5 (Liu, Liu et al. 2015). Cathelicidin, an antimicrobial peptide
produced by macrophages, also activates Wnt signaling in colon tumor cells by inducing PTEN
phosphorylation, leading to PI3K/Akt signaling activation followed by GSK3b phosphorylation;
resulting in stabilization and nuclear translocation of b-catenin (Li, Liu et al. 2015). In
osteosarcoma, SPARCL1 [a member of the SPARC (secreted protein acidic and rich in
cysteine) family] - mediated Wnt signaling activation promotes infiltration of macrophages by

increasing CCL5 production in human OS cells (Zhao, Jiang et al. 2017).

1.8.2 TAMs-specific Wnt/b-catenin signaling induce malignancy in tumor cells

Not only tumor cells but also macrophages are known to secrete the Wnt ligand. In breast
cancer, macrophage-derived Wnt5a induces invasion of tumor cells (Pukrop, Klemm et al.
2006), while Wnt 7b mediates the angiogenic switch and metastasis (Yeo, Cassetta et al.
2014). In human colorectal cancer, upregulation in the expression of Wnt2 and 5a in
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macrophages is seen in the development from normal to adenoma to carcinoma (Smith, Bui
et al. 1999). Additionally, a study by Ojalvo et al. reported a prominent signature of activated
Wnt signaling in TAMs from invasive tumor area of breast cancer. Invasive TAMs are known
to play a role in angiogenesis and metastasis of breast cancer and this may be linked to their
activated status of Wnt signaling. Not only primary TAMs from breast cancer but also from
ovarian cancer showed a prominent intrinsic signature of activated Wnt signaling (Ojalvo,
Whittaker et al. 2010). Infiltrating macrophages are a vital source of steatosis-induced Wnt
expression; thus, selective depletion of these macrophages leads to a reduction of Wnt and
suppresses liver tumor development (Debebe, Medina et al. 2017). Not only tumor cells but
also cancer stem cells (CSCs) are affected by macrophage-initiated Wnt signaling. Interaction
of CSCs with macrophages through Wnt signaling plays a role in development and
maintenance of pro-tumoral and malignant phenotypes in 3D engineered microenvironments

of ovarian cancer (Raghavan, Mehta et al. 2019).

1.8.3 Crosstalk of tumor cell and TAMs via Wnt/b-catenin signaling

TAMs-secreted interleukin-1b (IL1b) stabilizes cytoplasmic b-catenin through phosphorylation
of GSK3b in colon cancer cells (Kaler, Augenlicht et al. 2009). Interestingly, transcriptionally
active b-catenin activates snail (soluble factor product of a Wnt-regulated gene), thereby
stimulating IL-1b production in TME of colon cancer (Kaler, Augenlicht et al. 2012). These
studies demonstrated an exciting bidirectional role of Wnt signaling in tumor cells i TAMs
crosstalk. Another study by Loilome et al., showed that crosstalk of cholangiocarcinoma cells
with Wnt-secreting inflammatory TAMs maintains activated state of Wnt signaling in tumor cells
(Loilome, Bungkanjana et al. 2014). Macrophagezpecific RelA/p65 induced TNFZJ promotes
Whnt signaling in gastric and lung tumor cells through inhibition of GSK3b, which may contribute

to tumorigenesis (Oguma, Oshima et al. 2008, Li, Beisswenger et al. 2013).

1.8.4 Role of tissue-resident macrophages i specific Wnt/b-catenin signaling

TAMs have resulted from the differentiation of bone marrow monocytes to macrophages
(BMDMs) and the expansion of tissue-resident macrophages. Both the TAMs play a significant
role in cancer development. The genetic ablation of myeloid-specific recombination signal
binding protein-Jk (RBPj)-mediated Notch signaling attenuates differentiation of BMDMs, but
TAM populations with kupffer cells-like phenotype (liver tissue-resident macrophages) are
expanded via proliferation and constituted an another source of M2-like TAMs to facilitate
tumor growth and metastasis in hepatocellular carcinoma (HCC) (Zhao, Huang et al. 2016).

Yu-Chen et al. showed that lack of RBPj- mediated Notch signaling activates Wnt signaling in
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kupffer cells, regulating the expansion of these kupffer cells -like TAMs in HCCs (Ye, Zhao et
al. 2019). Brain tissue-resident macrophages - microglia also promote invasion and
colonization of brain tissue by breast cancer cells in a WntZlependent way, serving both as

active transporters and guiding rails (Pukrop, Dehghani et al. 2010).

The above mentioned experimental studies have demonstrated the immunomodulatory role of
tumor cell and TAMs-specific Wnt signaling in various cancer, but the transcriptional regulation
of b-cat enin mediated Wnt S i g n ailnmunegevasion reSulilgsind act i \
cancer development is still unanswered. Unraveling the transcriptional role of b-catenin in
TAMs 6 bi odeded to ddvedop a safe and effective immuno-therapeutic approach

targeting Wnt signaling.

1.9 FOS Like 2 (FOSL2)

The Fos gene family comprises of 4 members: FOS, FOSB, FOSL1, and FOSL2; these leucine
zipper proteins dimerize with JUN family proteins, thereby forming the transcription factor
complex AP-1. FOS proteins are implicated as regulators of cell proliferation, differentiation,
and transformation. Gene Ontology (GO) annotations related to FOSL2 include DNA-binding
transcription factor activity and RNA polymerase Il regulatory region sequence-specific DNA
binding. FOSL2 (FOS Like 2, AP-1 Transcription Factor Subunit) found to be associated with
diseases such as lipodystrophy and congenital generalized, Type 3. FOSL2 is also actively
involved in IL1 family signaling pathways (Acuner Ozbabacan, Gursoy et al. 2014).

1.9.1 Role of FOSL2 in cancer and macrophages

Until now, very few studies reported the role of FOSL2 in cancer development and progression.
The overexpression of FOSL2 correlates with poor prognosis of breast, colon, and tongue
cancer (Langer, Singer et al. 2006, Gupta, Kumar et al. 2015, Li, Fang et al. 2018). In NSCLC,
FOSL2 positively regulates TGFb signaling, thereby increasing growth and metastasis (Wang,
Sun et al. 2014). FOSL2 is also found to upregulate CCR4 expression in adult T cell leukemia
resulting in increased proliferation (Nakayama, Hieshima et al. 2008). Some studies reported
inhibition of FOSL2 by miRNAs such as i (i) FOSL2 is downregulated by miR-597, resulting in
inhibition of proliferation, migration, and invasion of breast tumor cells (He, Mai et al. 2017); (ii)
miR-124-3p suppress aggressiveness of glioma (Luo, Chi et al. 2018); (iii) miR-143-3p restricts
the proliferation, migration, and invasion of osteosarcoma by downregulating FOSL2 (Sun, Dai
et al. 2018); and (iv) in hepatocellular carcinoma FOSLZ2 inhibited by miR-133a thereby

regulating oncogenic potential of TGFb signaling.
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In the context of macrophages, the analysis of transcriptional landscapes of the macrophages
associated with inflammatory bowel disease (Baillie, Arner et al. 2017), Mycobacterium
tuberculosis infection (Roy, Schmeier et al. 2018) and skeletal muscle regeneration (Varga,
Mounier et al. 2016) reported the transcriptional role of FOSL2 in genes responsible for
inflammation, resolution and tissue repair. The deepCAGE transcriptome analysis of M1 and
M2 macrophages (mice BM-derived macrophages) predicted that FOSL2 plays a significant
role in the activation of M2 macrophage genes. Recently, Masuda et al. demonstrated an
expression correlation between FOSL2 and mesenchymal genes in the TME of glioblastoma
(Cooper, Gutman et al. 2012). However, the transcriptional regulation and role of FOSL2 in

various malignancies is still poorly understood.

1.10 AT-Rich Interaction Domain 5A (ARID5A)

ARID5A is a member of the ARID protein family (contains 7 subfamilies and 15 members),
which have diverse functions in development, tissue-specific gene expression, and regulation
of cell growth. Gene Ontology (GO) annotations related to ARID5A include chromatin binding
and transcription regulatory region DNA binding. ARID5A binds to AT-rich stretches in the
modulator region upstream of the human cytomegalovirus significant intermediate early gene
enhancer and may act as a repressor and downregulate enhancer-dependent gene expression
(Huang, Oka et al. 1996). ARID5A is implicated in positive regulation of chondrocyte-specific
transcription such as of COL2A1 in collaboration with SOX9. This mechanism leads to
stimulation of early-stage chondrocyte differentiation and inhibition of later stage differentiation.
It is also proposed that it acts as a corepressor for selective nuclear hormone receptors via

repression of ESR1-mediated transcriptional activation (Georgescu, Li et al. 2005)

1.10.1 Role of ARID5A in cancer and macrophages

Accumulating evidence suggested that ARID family members show high mutations, differential
expression, and involvement in cancer-related signaling pathways; because of their ability to
regulate transcription of the genes associated with cell differentiation and proliferation. The
members of ARID family acts as a tumor suppressor (e. g. ARID1, ARID2), tumor promotor (e.
g. ARID3, JAIRD?2), or as both (e.g., ARID4, JAIRD1) (Lin, Song et al. 2014).

ARID5A and ARID5B are members of subfamily ARID5. The precise role of both the members
in cancer development is unknown. Some studies reported mutations and single nucleotide

polymorphisms in ARID5B in the case of acute lymphaoblastic leukemia in childhood and adults
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(Peyrouze, Guihard et al. 2012, Xu, Cheng et al. 2012, Linabery, Blommer et al. 2013, Rudant,
Orsi et al. 2013), however, until now the role of ARID5A in cancer has not been reported.
Recent studies in inflammatory diseases like autoimmune diseases and septic shock provided
insight into the role of macrophage-specific ARID5A in promotion of inflammatory processes
via its RNA-binding capacity. ARID5A stabilizes inflammation-related mRNAs, such as IL6,
STAT3, and TBX21, to potentiate the inflammatory response (Masuda, Ripley et al. 2013, Higa,
Oka et al. 2018, Masuda and Kishimoto 2018, Wammers, Schupp et al. 2018). However, the
transcriptional regulation and the roles of ARID5A under various physiological and pathological

conditions are still unknown.

35



Aims of the study

2. AIMS OF THE STUDY

The interaction of tumor cells with tumor-infiltrating immune cells ultimately determines whether
a tumor progresses, metastasizes, responds to therapy, or acquires drug resistance.Among
tumor-infiltrating immune cells, M2-like Tumor-Associated Macrophages (TAMs) play a critical
role in all stages of tumor development and frequently antagonize the response to therapy.
Different mechanisms are involved in the accumulation of TAMs at the tumor sites such as -
TME-mediated monocyte to macrophage differentiation, polarization into different T A Ms 6
subsets, and inter-conversion within the subgroups. The phenotypic transition of tumor-
inhibiting M1-like TAMs to tumor-promoting M2-like TAMs is one of the crucial events
responsible for activation of pro-tumor macrophages in TME, but the underlying molecular

mechanisms remain poorly characterized.

The present study has performed to decipher the TAMs-specific signal transduction pathways
responsible for phenotypic switch of M2-like TAMs into M1-like TAMs. We set the following
central aims to conduct this study:

1. Establishment and characterization of tumor cells-macrophages in vitro co-culture

models to mimic the phenotypic switches within TAMs in the presence of tumor cells

2. ldentification and validation of lung TAMs-specific signal transduction pathways

3. In vitro manipulation of the identified targets by different genetic and pharmacological

strategies

4. To test the in vivo relevance of manipulation of identified targets by different genetic
(macrophage-specific knockout mice) and pharmacological (small molecule inhibitors)

strategies
5. Elucidation of molecular mechanisms regulated by the identified therapeutic targets

6. Determination of the clinical relevance of the study
These aims were accomplished using ex vivo TAMs from human lung cancer patients, co-

culture models for in vitro training of TAMs, pathway-specific inhibitors, RNA-interference tools,

and pathway-specific macrophage-specific knockout mice.
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3. MATERIALS AND METHODS

3.1 Experimental procedures i Cell culture

3.1.1 Cancer cell lines

Human lung cancer cell lines A549 (ATCC® CRL-58 00 E) , A4 2HTB-63A)T CC
H1650 (ATCC® CRL-5883F), human monocyte cell line THP1 (ATCC® TIB-202F) and
mouse lung cancer cell line LLC1 (ATCC® CRL-1642F) were purchased from the
American Type Culture Collection (ATCC, Manassas, USA) and cultured according to
thema n u f a c instructeoms dDsilbecco's Modified Eagle Medium F12 (DMEM, 41965-
039), Roswell Park Memorial Institute 1640 (21875-034), HEPES (15630), trypsin 10x
(25200056), fetal calf serum (FCS, 10500-064), 0.1 mg/ml penicillin (100U/ml)
Istreptomycin (P/S, 15140-122), , phosphate-buffered saline (PBS, 14190-094) and all
cell culture materials (e.g. cell culture flasks) were purchased from Gibco® life
technologies, Grand Island, USA. Trypan blue (T6146), DMSO (D2438) was purchased
from Sigma-Aldrich, St. Louis, USA.

A549, A427 cells were cultured in DMEM supplemented with 10% FCS and 1% P/S.
THP1, H1650, LLC1 cells were cultured in RPMI supplemented with 10% FCS, 1% P/S,
and 5% HEPES. LLCL1 cells cultured in RPMI supplemented with 10% FCS and 1% P/S.
For in vitro and in vivo experiments, cells were trypsinized by 1X trypsin and then
resuspended in respective fresh medium. The cell viability was analyzed by trypan blue
staining. The cells were counted by cell counter (TC20™ automated cell counter, Bio-
rad, Steenvoorde, France), and the seeding density was adjusted according to an

experiment by dilution with the necessary amount of fresh media.

3.1.2 Primary cancer cell culture

The University of Giessen Biobank provided lung tumors. The primary tumor cells were
isolated, characterized, and maintained by our lab. Cells were grown in DMEM medium
supplemented with sodium selenite, ethanolamine, phosphoryl ethanolamine, sodium

pyruvate, adenine, and HEPES. They were kept for a maximum of 7i 8 passages.

3.1.3 Generation of human macrophages from buffy coats
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Human macrophages were differentiated from peripheral blood mononuclear cells
(PBMCs), isolated from buffy coats obtained from the blood bank of the Universities of
Giessen and Marburg Lung Center using Ficoll gradient centrifugation. The Lucosep
tubes (227290, Sarstedt, Numbrecht, Germany) filled with 15mL of Ficoll (L6115,
BIOCOLL Biochrom AG, Berlin, Germany), and then approximately 40 mL blood
overlayed. After centrifugation without a break for 30 min at 440g, the interphase of white
blood cells was transferred in a new 50mL falcon and centrifuged for 8 min at 1600rpm
to pellet down. The pellet was resuspended in 50 mL 1X red blood cells (RBC) lysis
Buffer (555899, BD Biosciences, Tullastrabe, Heidelberg) and centrifuged for 8 min at
1600rpm. The pellet washed with thrice with 50 mL 1X PBS by centrifuging at for 8 min
at 1600rpm. The pellet from 1 buffy coat was resuspended in 150mL of RPMI
supplemented with 1% P/S and seeded in tissue culture-treated 6-well plates or 10cm?
dishes (83.3920.300, Sarstedt, Nimbrecht, Germany). After culturing the PBMCs for 1
h, non-adherent cells were removed, and cells were cultured in macrophage medium
(RPMI-1640 medium supplemented with 2% human serum and 1% P/S) for seven days
to allow differentiation from monocytes to macrophages. The medium changed on
alternate days with the RPMI medium supplemented with macrophage medium. The

density of macrophages was roughly 1x10° cells per well in six-well dishes.

3.1.4 Generation of THP1-derived human macrophages

THP1 cells were treated with 10 ng/mL phorbol 12-myristate-12 acetate (PMA, P1585,
Sigma-Aldrich, St. Louis, USA) for 24 h, then removed for 24 h before differentiation.

3.1.5 Generation of mouse macrophages from bone marrow-derived cells

For mouse macrophages, tibia and femurs were dissected from 5 to 7-week old mice,
and each bone was subsequently flushed thrice with 5 mL RPMI-1640 medium
supplemented with 1% P/S. The RBC-depleted cells were passed through a 40-uM cell
strainer (CLS431750-50EA, Merck, Darmstadt, Germany), centrifuged, and
resuspended in RPMI medium supplemented with 10% FCS, 1% P/S, and 20 ng/mL
mouse macrophage-colony stimulating factor (M-CSF, 416-ML, R and D Systems,
Minneapolis, USA) and plated in six-well plate. The medium changed on alternate days
with RPMI medium supplemented with 10% FCS, 1% P/S, and 20 ng/mL mouse M-CSF

until undifferentiated macrophages obtained.
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3.1.6 Activation of M1 and M2 macrophages from undifferentiated MO
macrophages

Human, THP1-derived, and mouse macrophages (MO) activated or polarised by cytokine
stimulations. M1 macrophages were obtained through MO stimulation with 100 ng/mL
lipopolysaccharide (LPS, L5418, Sigma-Aldrich, St. Louis, USA) and 100 U/mL
interferona (IFN9, 285-1F, R and D Systems, Minneapolis, USA) for 24 h, whereas M2
macrophages were stimulated with 20 ng/mL 1L4 (204-IL, R and D Systems, Minneapolis,
USA) for 24 h (Schmall, Al-Tamari et al. 2015, Pullamsetti, Kojonazarov et al. 2017).

3.1.7 Generation of in-vitro-trained TAMs

Cancer cells were harvested with trypsin, washed once with tumor cell medium
(supplemented with 10% FCS and 1% P/S), and subsequently resuspended in
macrophage medium. Macrophages and tumor cells were cultured in a 1:1 ratio in
macrophage medium for 72 h. Then, the medium in the culture dish discarded. The
remaining tumor cells were detached using trypsin and removed from the culture dish.
The macrophages in the wells were washed thrice with macrophage medium, and further
incubated in macrophage medium for 1 h at 37°C. Subsequently, new tumor cells added
to the culture dish containing macrophages (previously cultured with tumor cells for 48
h) in a 1:1 ratio for further 48 h (Figure 6A). The medium in the culture dish discarded to
obtain pure macrophages at the end of the co-culture. The remaining tumor cells were
detached using trypsin and removed from the culture dish (Weichand, Popp et al. 2017,
Ringleb, Strack et al. 2018).

Co-culture was performed with MO macrophages labeled with Red PKH dye (PKH26,
PKH26GL, Sigma-Aldrich, St. Louis, USA) and tumor cells with Green PKH dye
(PKH267, PKH67GL, Sigma-Aldrich, St. Louis, USA) to check the efficiency of
trypsinization to yield pure macrophages after co-culture. Labelling was done as per the
manufacturer's protocol. In brief, cells were resuspended in diluent C (500uL/5 million
cells) to make 2x cell suspension. Similarly, the 2X dye solution was prepared by mixing
PKH dye and diluent C. Cell suspension and dye solution mixed and incubated for 5 min
at RT in darkness. 1 mL media with BSA (A9478, Sigma-Aldrich, St. Louis, USA) 5% was
added and incubated for 1 min to stop the reaction of labeling. Cells were washed with
medium for 3 times. The cells were co-cultured for the time points mentioned above.
Followed by co-culture, macrophages, and tumor cells were separated from each other

by 5 mins of trypsinization. As shown in Figure, trypsinization yielded around 90-95%
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pure macrophages, but tumor cells were mixed with macrophages, which was then
confirmed by FACS (Figure 6B, 6C).

A Macrophage ,—"\\
Apoptotic 1 Non apoptotic
tumor cell Add tumor cell
s
“n‘m

>
2 Days @
Tumorcell
B Day 3 Day 5
(M1¢ like TAMS) (M2¢ like TAMS)

Macrophages Tumourcells Coculture

C

Coculture Macrophages Tumorcells

Beforetrypsinisation After 5 minutesof trypsinisation

Figure 6: Generation of in vitro trained TAMs and efficiency of trypsinization to yield pure
macrophages from the co-culture. (A) Schematic experimental plan showing the generation of
TAMs in vitro. M1-like TAMs generated by directly co-culturing undifferentiated PBMC-derived
macrophages (M0) and A549 cells for 72 h (3 days), followed by removal of apoptotic cancer cells and
addition of new A549 cells. Co-culture continued for the next 48 h (5 days), which found to
generate M2-like TAMs ( it r a i(B) Red BKiH26.dye labeled-macrophages and Green PKH67
dye labeled-tumor cells co-cultured for a specified time point (Scale bar: 10uM for macrophages
and tumor cells and 20uM for co-culture). (C) Representative images were showing the co-culture

of macrophages and tumor cells before trypsinization and after trypsinization (Scale bar: 5uM).

3.2 Experimental procedures i Cell isolation from human and mouse lung

tissue
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