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Lay Summary

Cancer is a global health challenge; among them, lung and breast cancer are top-ranked and one of
the leading causes of death throughout the world. The challenges include dealing with solid
tumors/cancer that doesn't respond to drugs, or therapies due to low oxygen levels (hypoxia) within the
microenvironment. In this thesis, we have explored three different therapeutic approaches and their
efficacy against non-small cell lung cancer and triple negative breast cancer. We have synthesized and
tested fifteen new compounds called imidazo[1,2-a] pyridine (IMPA) derivatives by combining them
with another chemical, 2-amino-4H-pyran, to improve their effectiveness against non-small cell lung
cancer (NSCLC). These derivatives showed potent anti-cancer effects by increasing oxidative stress,
and activating programmed cell deaths. Moreover, delivering oxygen directly to the tumor with tiny
oxygen-carrying bubbles (L-ONBs), diminished the aggressiveness of lung and breast tumors by
destabilizing HIF-la. Additionally, we found hypoxia induced Zebl promotes endothelial cells
formation in 3D tumor spheroids, thus we used a gene therapy approach with siRNA therapeutics
targeting Zebl to prevent new blood vessel formation within tumor.

In a nutshell, we explored the mechanistic action of three different therapeutic approaches: IMPA
derivatives as synthetic drug, L-ONBs as advanced oxygen-based therapy, and LNPZeblsiRNA as
targeted gene therapy to combat against lung and breast tumors, aiming to overcome drug resistance,

halt tumor aggression, and prevent new blood vessel formation in low-oxygen conditions.
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Abstract

Solid tumors are a major global public health challenge, characterized by limited treatment options,
poor prognosis, and high mortality rates. According to WHO GLOBOCAN 2022 data, lung cancer has
an incidence of 12.4% and a mortality rate of 18.7%, while breast cancer ranks second with an incidence
of 11.6% and a mortality rate of 6.9%. Current treatments for lung and breast cancers include surgery,
radiation, and chemotherapy. Despite chemotherapy being a key treatment, it is associated with drug
resistance and non-specific toxicity. Due to a lack of targeted therapies, patients continue to receive
drugs like docetaxel, doxorubicin, and cisplatin, which have severe side effects, highlighting the urgent
need for advanced therapeutic strategies. Tumor hypoxia drives progression, metastasis, and drug
resistance by stabilizing HIF-10, which activates pathways involved in angiogenesis, apoptosis, and
epithelial-to-mesenchymal transition (EMT). Zebl, a hypoxia-induced transcription factor, promotes
angiogenesis and metastasis by upregulating VEGF. Targeting Zebl may disrupt pro-angiogenic and
immunosuppressive roles of macrophages within the tumor microenvironment (TME), offering a
promising approach for cancer therapy.

In this study, firstly, we synthesized fifteen novel imidazo[1,2-a] pyridine (IMPA) derivatives by
hybridizing imidazo[1,2-a] pyridine with 2-amino-4H-pyran, aiming to develop potent anti-cancer
agents. Among them five derivatives (IMPA-2, -5, -6, -8, and -12) showed significant cytotoxicity
against lung cancer cells, promoting apoptosis and cell cycle arrest by upregulating p5S3-mediated genes
and enhancing NOX activity. Secondly, rapid proliferation of cancer cells in solid tumors creates a
hypoxic microenvironment, promoting aggressiveness and resistance to conventional chemotherapies.
To mitigate this, oxygen delivery at the tumor site is done by developing of highly efficient lipid-shelled
ONBs (L-ONBs) that significantly reduced lung and breast cancer aggressiveness by destabilizing
hypoxia-inducible factor 1o (HIF-1a), thereby inhibiting cancer cell invasion and migration. Lastly, we
developed highly efficient, less toxic cationic lipid-based nanoparticles (LNPs) using DOTAP and DC-
Chol for delivering ZeblsiRNA to target tumor angiogenesis and also revealing Zebl’s role in
converting tumor macrophage into endothelial like cell phenotypes the observed plasticity of TAMs
suggests that targeting Zebl may also disrupt the pro-angiogenic and immunosuppressive roles of
macrophages within the TME, offering a multifaceted approach to cancer therapy. Overall, our findings
suggest that novel IMPA derivatives, L-ONBs, and LNP conjugated ZeblsiRNA hold promise as
innovative therapeutic candidates/strategies for treating NSCLC, TNBC, and other solid tumors, by

addressing key challenges such as chemoresistance and hypoxia.

Keywords: Solid tumor; Hypoxia; Angiogenesis; Metastasis; Therapeutic intervention; Zebl; Gene
therapy; IMPA; L-ONB; Zeb1SiRNA
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Chapter 1

Introduction

“ A solid tumor, as defined by the National Cancer Institute (NCI), as an abnormal mass of tissue
that typically lacks cysts or liquid regions. These tumor can be benign (not cancerous) or malignant
(cancerous), and they are named based on the type of cell from which they originate.”

Solid tumor include sarcomas, carcinomas, and lymphomas. Carcinomas are the most common
type of solid tumors and originate in the epithelial cells, which cover the inside and outside surfaces of
internal organs, such as breast carcinoma, lung carcinoma, colorectal carcinoma, prostate carcinoma,
and liver carcinoma etc [1,2]. Tumor progression is driven by the acquisition of key biological
characteristics, known as the hallmarks of cancer. These include sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, deregulating cellular energetics, and avoiding immune
destruction [3,4]. The hallmarks of cancer empower malignant cells to survive, proliferate, and invade
new tissues. Crucial mechanisms, such as genomic instability and modulation of the immune system,
drive the acquisition and maintenance of these hallmark traits, enabling cancer progression and
metastasis [5].

According to WHO (World health organization) GLOBCON 2022 data, lung cancer is one of the top-
ranked cancers worldwide with a 12.4% incidence rate and an 18.7% mortality rate, in which Lung
adenocarcinoma is the most common type of non-small cell lung cancer (NSCLC), accounting for about
85% of all lung cancer cases based on cellular origin [6-8]. The global cancer burden is projected to
exceed 35 million new cases by 2050 [2]. Breast cancer is the most common cancer in women
worldwide, with triple-negative breast cancer (TNBC) being particularly lethal, accounting for 15% to
20% of all breast cancer cases and characterized by the absence of estrogen, progesterone, and human
epidermal growth factor 2 receptors [8-10]. Breast cancer accounted for 23.8% of all new cancer
diagnoses and was the leading cause of cancer-related mortality among women, responsible for 15.4%
of cancer deaths, in the year 2022 [1]. According to IARC (International Agency for Research on
Cancer) 2022 data, India reported approximately 72,510 new lung cancer cases with 66,279 annual
deaths, and 178,361 new breast cancer cases with 90,408 deaths, highlighting a critical need for early
detection and advanced treatments (gco.iarc) (gco.iarc.who). The age-standardized incidence rates

(ASR) were 9.6 per 100,000 for males and 2.5 for females in lung cancer, and 29.8 per 100,000 for

females in breast cancer (gco.iarc.who). These high prevalence rates pressing an urgent need for early
detection, advanced treatments, and new therapeutic modalities to improve cancer outcomes and reduce

mortality worldwide [1,2].

1.1 Background : Tumor hypoxia and their impact on therapeutic modalities

for NSCLC and TNBC



https://gco.iarc.fr/today/data/factsheets/populations/356-india-fact-sheets.pdf
https://gco.iarc.who.int/media/globocan/material/GLOBOCAN2022_annexes.pdf
https://gco.iarc.who.int/media/globocan/material/GLOBOCAN2022_annexes.pdf
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The physiological oxygen level in healthy tissues is known as physoxia (also known as Tissue

normoxia), which varies widely between the organs with an median range from 9.5% to 4.5% O,. While
tumor hypoxia is a condition of low oxygen levels within the tumor, which is a common feature of solid
malignant tumor, develops due to uncontrollable cell proliferation, altered metabolism, and abnormal
tumor blood vessels resulting in reduced oxygen tension which promote tumor growth, metastasis, and
contributes to therapy resistance by inducing cell quiescence [11-13]. NSCLC and TNBC breast cancer
exhibit severe hypoxia of 2.2% O, and 1.5% O; respectively [11,14]. Hypoxia induces a number of
intracellular signalling molecules majorly hypoxia-inducible factor (HIF consisting of an oxygen-
sensitive alpha subunit and a constitutive beta subunit). Under physoxia, HIF-1a undergoes oxygen-
dependent hydroxylation (Fig. 1.1), leading to its degradation. However, under hypoxic conditions,
HIF-1a stabilizes and stimulates PI3K/AKT/mTOR, MAPK, and NFkB signaling pathways which are
involved in cell proliferation, survival, apoptosis, metabolism, migration, inflammation, angiogenesis,
EMT (epithelial to mesenchymal transition) and metastasis (Fig. 1.1) [13-15]. Additionally, tumor
hypoxia also triggers the generation of reactive oxygen species (ROS) - chemically reactive molecules
that include singlet oxygen, superoxide anion, and hydroxyl radical, produced through intracellular
metabolism [16-18]. These ROS play a pivotal role in stabilizing hypoxia-inducible factor 1-alpha (HIF-
la) by inhibiting its repressor, Prolyl Hydroxylase Domain (PHD) [19-23]. Once stabilized, HIF-1a
translocate to the nucleus, where it binds to hypoxia-responsive elements (HREs) in the promoters of
target genes, thereby activating their transcription, including that of Zeb1 [24]. HIF-1a enhances Zeb1
expression, a transcription factor that promotes epithelial-mesenchymal transition (EMT), a key process
in tumor progression and metastasis. Zebl downregulates E-cadherin and upregulates mesenchymal
markers, facilitating cancer cell invasion and metastasis [25]. Recent studies indicate that tumors with
high Zebl upregulates VEGF expression in tumor endothelium and stimulates angiogenesis which
increases the prevalence of metastasis. Targeting Zebl not only impedes tumor progression and
angiogenesis but also sensitizes tumor to conventional drug therapies [26,27].

On the other side, siRNA-based therapies for cancer treatment face challenges such as poor cellular
uptake, low biological stability due to rapid degradation by nucleases, and unfavourable
pharmacokinetics [28,29]. Thus, there is a need for advanced approaches to mitigate the detrimental
effects of tumor hypoxia as well as efficient silencing of molecular target which is responsible for tumor

proliferation and metastasis.




Chapter 1|Introduction

0 fo Normoxia Hypoxia ‘I’ /4
e ;

\ @e @ \ Lung cancer +Breast cancer
hyd:::::;:,yllygtlonQ @ \Q
&) T M

Hypoxic core \}

- : &
: r-’ Low O, concentration
J (Hypoxia)
J Ny ! Degraded i

\> ¢ HIF-1a

Transcription of target genes

9 | bo.v
J " ) B “—; )@(M :’: \‘J ‘::@

Chemotherapy resistance Epithelial to mesenchymal transition Invasmn and metastasis Tumor angiogenesis Defectlve apoptotic pathway

=
Lymphocytes  T-cell Cancercell Blood vessel

¥ -

Cancer iated Actin
fibroblast

phnag

Figure 1.1: Overview of the HIFla signaling in normoxia and hypoxia and their role in tumor
progression; under normoxic conditions degradation of HIF-1a via proteasomal pathway, while in hypoxic
conditions HIF-lo gets stabilized activate the transcription of hundreds of target genes involves in
chemoresistance, epithelial to mesenchymal transition, invasion and metastasis, tumor angiogenesis, and
defective apoptotic pathway.

1.2 Context

Chemotherapy remains a cornerstone of cancer treatment despite its limitations, primarily due to the
scarcity of selective alternatives. Consequently, the development of novel anti-cancer molecules is of
critical importance [30]. Currently, patients are treated with conventional chemotherapeutic agents such
as docetaxel, doxorubicin, and cisplatin, which, despite their efficacy, are associated with significant
side effects. Among the family of anti-tumor compounds, heterocyclic organic compounds have been
extensively studied by many researchers in order to treat neoplastic disease. Pyrrole, pyrimidine, indole,
quinoline, and purine are few classes of heterocycles that showed interesting cytotoxicity profiles
[11,12,31]. Heterocycles are key structural components of many of the marketed anti-cancer drugs [32]
due to being extremely common in nature, its unique physicochemical properties and versatility for
regulating many cellular signaling and metabolism and thus poised them as true cornerstones of
medicinal chemistry. Among the various heterocycles, the imidazo [1,2-a]pyridine moiety is the most

important in the area of natural products and pharmaceuticals [17] showing a wide range of biological
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activities including anti-tumor effects [19,20]. Several drugs that contain the imidazo[1,2-a]pyridine

moiety such as zolpidem used in the treatment of insomnia, alpidem used as an anxiolytic agent,
olprinone used for the treatment of acute heart failure, zolimidine used for the treatment of peptic ulcer,
necopidem and saripidem both works as an anxiolytic agent [20-23]. Conversely, pyran family
associated with excellent pharmacological efficacy [22]. Therefore, it is imperative to design and
synthesize new hybridized molecule for cancer therapy. In this study, we hypothesized these novel
derivatives can be utilized in the treatment of non-small cell lung cancer (NSCLC).

Our next question on another hallmark - epithelial to mesenchymal transition (EMT), which comprises
dynamic changes in cellular organization from epithelial to mesenchymal phenotypes, leads to
functional changes in cell migration and invasion, by upregulating HIFla induced many signalling
pathways [32-34]. Therefore, our overall aim is to diminish hypoxia-related effects, by supplying
oxygen molecules within the tumor through any stable and efficient approach [35].

Besides, tumor hypoxia serves as a primary signal to proximal and distal endothelial cells (ECs) to
activate angiogenesis, which in turn enhances tumor invasiveness and the risk of metastasis by
modulating various transcription factors, most notably by Zebl [36]. Although Zebl has been well
studied, and reported that tumor with high Zebl expression, upregulates the VEGF (Vascular
Endothelial Growth Factor) stimulating angiogenesis and tumor plasticity [24,33]. Therefore, we

hypothesize targeting Zebl could serve as a targeted therapy against tumor angiogenesis.
1.3 Research questions

To explore the efficacy of various therapeutic modalities against non-small cell lung cancer (NSCLC)

and triple-negative breast cancer (TNBC), we investigated several key research questions:

1. How do novel IMPA-pyran derivatives, created by coupling imidazo[1,2-a]pyridine with 2-amino-
4H-pyran, function as an efficient anti-tumor agent NSCLC?

2. How does liposomal oxygen nanobubble (L-ONB) attenuate hypoxia-induced epithelial-
mesenchymal transition (EMT), known for contributing to chemoresistance, thus improving
therapy outcomes for NSCLC and TNBC?

3. How can lipid nanoparticle-loaded ZeblsiRNA target angiogenesis pathways to inhibit tumor
progression and metastasis in NSCLC and TNBC?

This thesis explores the efficacy and mechanistic actions of IMPA derivatives, L-ONB therapy, and
LNP-Zeb1siRNA gene therapy against lung or/and breast tumors.

1.4 Relevance

The thesis aims to understand the molecular mechanistic pathways of various therapeutic candidates

used against non-small cell lung cancer (NSCLC) and/or triple-negative breast cancer (TNBC) to




Chapter 1|Introduction

L
overcome chemoresistance, tumor aggression, and tumor angiogenesis pathways. A novel IMPA

derivative compounds (IMPA-2, -5, -6, -8, and -12) is employed as potential anti-cancer drug molecule
to treat NSCLC in both in vitro and 3D multicellular spheroid models. We also elucidate the mechanistic
action of IMPA derivative compounds in p53-dependent cell cycle arrest and the activation of intrinsic
apoptotic pathways.

Secondly, liposomal oxygen nanobubbles (L-ONB), is used as an adjuvant therapy against hypoxia-
mediated EMT in cancer treatments. Studies are designed on in vitro lung adenocarcinoma (A549) and
triple-negative breast cancer (MDA-MB-231) cell lines, as well as in vivo tumor models, such as the
adult LUAD xenograft model in zebrafish and the 4T1 BALB/C mouse model for physiological
relevance.

Lastly, we aim to develop targeted therapies utilizing RNA interference techniques against Zeb1 gene
to suppress migratory, invasive, and angiogenic properties. To achieve this, a liposome nanoparticle
formulation is utilized to deliver Zeb1siRNA into human umbilical vein endothelial cells (HUVEC),
and the in vivo C57BL/6 mouse xenograft model to assess their role as anti-angiogenic. Interestingly,
we explored the role of Zebl in tumor endothelial cell formation. Altogether, these findings suggest
new therapeutic avenues for researchers and clinicians to conduct further preclinical studies for the

development of therapies against non-small cell lung cancer and triple-negative breast cancer.
1.5 Specific aims

Specific aims of the study include:
Aim 1. Investigating the novel role of Imidazo[1,2-a] pyridine (IMPA) derivatives against
non-small cell lung cancer
Aim 2: Elucidating the role of liposomal oxygen nanobubble for the treatment of lung and
breast cancer
Aim 3: Delineating the role of LNP-conjugated Zebl siRNA as a targeted therapy against

tumor angiogenesis
1.6 Thesis outlines

This thesis is organized into six chapters starting with chapter 1 - the introduction and chapter 2
is the review of literature. The detailed research conducted to explore the potential of therapeutic
candidates and their mechanistic action against non-small cell lung cancer and triple negative breast
cancer are described in chapters 3-5. Chapter 6 is the concluding chapter. Briefly, chapter 3
highlights the designed and synthesized a series of fifteen novel imidazo[1,2-a]pyridine (IMPA)
derivatives by hybridizing imidazo[1,2-a]pyridine with 2-amino-4H-pyran, aiming to enhance
biological efficacy against NSCLC. Five IMPAs particularly, IMPA-2, -5, -6, -8, and -12 showed
significant cytotoxicity against human adenocarcinoma cell line A549, by increasing NOX activity.
These IMPAs promote oxidative stress induced apoptosis by targeting mitochondrial intrinsic

apoptosis pathway and initiate cell cycle arrest through the upregulation of p53 mediated p16, p21,




Chapter 1|Introduction

L
and p27 expressions in human A549 lung cancer cells. The anti-proliferative effect of these IMPAs

on the 3D multicellular lung tumor spheroid further confirms that IMPA derivatives could be
promising anti-cancer therapeutics against human lung adenocarcinoma [37].

In the chapter 4, the rapid proliferation of cancer cells in solid tumors creates a hypoxic
microenvironment, promoting aggressiveness and resistance to conventional chemotherapies. To
mitigate this, oxygen delivery at the tumor site is done by the development of highly efficient and
stable lipid-shelled ONBs (L-ONBs) that significantly reduced lung and breast tumor
aggressiveness by destabilizing hypoxia-inducible factor 1a (HIF-1a), thereby inhibiting cancer
cell migration. L-ONB facilitated the prolyl hydroxylation of HIF-1la, leading to its subsequent
proteasomal degradation resulting in significant downregulation of transforming growth factor-3
(TGF-B), vascular endothelial growth factor-A (VEGF-A), and phosphorylated Smad 2/3 (pSmad
2/3), thereby impeding the epithelial-to-mesenchymal transition. This suggests that oxygen
nanobubbles delivery could be a better therapeutic choice for managing hypoxia- mediated EMT
associated cancers and other clinical ailments [38].

In the chapter 5, we elucidate the role of tumor hypoxia in stimulating angiogenesis through Zeb1-
induced tumor plasticity, transforming tumor-associated macrophages into endothelial cells. To
address these challenges, we employed siRNA-based gene therapy, delivered via cationic liposome
nanoparticles (LNPs). Despite challenges such as poor cellular uptake, low biological stability, and
unfavourable pharmacokinetics, targeting Zeb1 can inhibit angiogenesis and metastasis. Our study
is the first to investigate Zeb1's role in macrophage-to-tumor endothelial cell transformation using
a 3D spheroid tumor model. We fabricated LNPs using DOTAP and DC-Chol for delivering Zeb1
siRNA into 2D cell cultures such as lung adenocarcinoma (A549) cells, macrophages (differentiated
THP-1 cells), and human umbilical vein endothelial cells (HUVECS), achieving high transfection
efficiency with no cellular toxicity. This approach effectively reduces endothelial characteristics
and inhibits tumor angiogenesis, thereby preventing metastasis in lung adenocarcinoma cells, 3D
lung tumor spheroids, and xenograft 4T1 C57BL/6 mouse tumor models. Consequently, silencing
of Zebl through the LNP-ZeblsiRNA delivery represents a promising strategy to impede
angiogenesis and metastasis in lung adenocarcinoma (LUAD) by disrupting the formation of new
endothelial cells. Thus, this study unveiling a novel trans differentiation and the anti-angiogenic
effect of Zebl siRNA and presenting a novel therapeutic approach for managing solid tumor

angiogenesis.
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Figure 1.2: Schematic overview of the thesis outline.

The research work done in the thesis is divided into three main chapters: 3-5. Chapter 3 explains the

anti-cancer activities of novel five IMPAs 2,-5,-6,-8 and -12 against non-small cell lung cancer.

Chapter 4 explains the mechanistic intervention of L-ONB within a non-small cell lung cancer and

triple negative breast cancer, targeting Hypoxia-Inducible Factor la (HIF-10) induced EMT and

effectively suppresses metastatic progression. Chapter 5 explains the potential role of Zebl

macrophage differentiation to tumor endothelial like cell, promoting tumor angiogenesis. We also

delineating the role of LNP conjugated Zeb1siRNA as an anti-angiogenic therapy against solid tumors.
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Chapter 2

Literature Review

Solid tumor is not just an abnormal genetically mutated mass of tissues but so far it is more
complex and heterogenous entity comprising both host-resident cells and infiltrating cells that harbour
the neoplasm [1,2]. Lung and breast cancers are both examples of solid tumors [1]. Lung cancer, a
leading cause of cancer-related mortality worldwide, is marked by uncontrolled cell proliferation in
lung tissues [3]. It primarily consists of two types: non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC), with NSCLC being more prevalent and generally having a better prognosis.
Breast cancer, the most common cancer among women globally, develops in breast tissue, typically in
the ducts or lobules [4]. It is classified into subtypes such as hormone receptor-positive, HER2-positive,
and triple-negative, each exhibiting unique biological characteristics and treatment responses [5]. Early
detection and targeted therapies have improved outcomes, but challenges remain in treating aggressive
forms like triple-negative breast cancer.

The physiology of solid tumor diverges significantly from that of normal tissues, primarily because of
vascular differences. Tumor blood vessels are typically abnormal, featuring enlarged, leaky capillaries
with sluggish blood flow, leading to hypoxia and resistance to radiotherapy and certain anticancer drugs.
This irregular vascular environment also causes an uneven distribution of therapeutic agents, resulting
in some areas receiving high doses while others get very little, complicating effective treatment [2,6].
Moreover, the disordered nature of tumor vasculature can make regions both hypoxic and acidic due to
the accumulation of metabolic waste, creating a hostile environment for immune cells. This acidity can
reduce the effectiveness of chemotherapy, immunotherapy by impairing T-cell function and survival
within the tumor microenvironment [1]. Additionally, these conditions promote genetic instability in
cancer cells, possibly leading to rapid mutation rates that allow them to evade both drug therapies and

immune detection [7].

2.1 Overview of the non-small cell lung cancer and triple negative breast

cancer

Non-small cell lung cancer is the most common type of lung cancer, the most common subtypes are
adenocarcinoma (originating in the cells that line the alveoli and make mucus). It often occurs in the
outer regions of the lungs and most common type of lung cancer in non-smokers; squamous cell
carcinoma (originates in the squamous cells that line the inside of the airways in the lungs), and large
cell carcinoma (can appear in any part of lungs), a less common subtype and the detailed histological

classification has given in Fig. 2.1 [8,9].
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L
Lung adenocarcinoma is highly prevalent among non-small cell lung cancers (NSCLC) because it

originates in the peripheral regions of the lungs, making it more likely to be influenced by environmental
factors like smoking and air pollution [6].

Breast cancer is known for its high degree of heterogeneity [10]. A generalized therapeutic approach is
not practical in clinical settings because each subgroup has distinct morphology, molecular
characteristics, and clinical outcomes. Extensive research has been conducted to categorize patients
based on histological and molecular features, aiming to customize treatments for specific subgroups. In
histopathology, cytoarchitectural features help determine whether tumors originate from ductal or
lobular tissue according to WHO classification standards (Fig. 2.2) [10-12]. Another method of
classification relies on the molecular characteristics of cells. Pathologists use immunohistochemistry
(IHC) to detect markers such as estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor 2 (HER2), and Ki67. These markers form the basis of clinical subtyping and are
crucial for treatment decision-making, serving as the only accepted method of stratification in clinical
practice. IHC markers classify tumors into the following subtypes: luminal A (ER+ PR+ HER2- Ki67-
), luminal B (ER+ PR-/+ HER2+ Ki67+), HER2 overexpression (ER- PR- HER2+ Ki67+), and basal
(ER- PR- HER2- KI67+). Each subtype has its unique morphology, distinct molecular characteristics,
and specific clinical outcomes [13]. Luminal A and Luminal B breast cancers make up 65% of all breast
cancer cases and generally have a good prognosis (Table 2.1). Triple negative breast cancer is a subtype
of invasive ductal carcinoma (IDC), is the most common type of breast cancer, originating in the milk
ducts and then invading the surrounding breast tissue. TNBC is characterized by the absence of three
receptors commonly found in other breast cancers: estrogen receptors (ER), progesterone receptors
(PR), and human epidermal growth factor receptor 2 (HER2) [14-16]. TNBC does not respond to
hormonal therapy or therapies that target HER2 receptors, making it more challenging to treat compared
to other types of breast cancer [17]. TNBC tends to be more aggressive and has a higher likelihood of
recurrence.

The primary non-molecular risk factors for non-small cell lung cancer (NSCLC) include cigarette
smoking, air pollution, radon exposure (a radioactive gas), and occupational hazards such as exposure
to asbestos, arsenic, and other carcinogens [ 18]. Molecular risk factors include mutations in the EGFR
gene, which are common in adenocarcinomas and lead to abnormal cell signaling and proliferation [19].
KRAS mutations, often found in smokers, contribute to uncontrolled cell growth. ALK rearrangements
produce abnormal ALK fusion proteins that drive cancer growth, and TP53 mutations result in the loss
of tumor suppressor function, promoting cancer development [20].

TNBC is caused by BRCA1 and BRCA2 gene mutations, which significantly increase the risk of
TNBC; reproductive history, such as early menarche, late menopause, and not having children; obesity,
which is also a risk factor due to hormonal changes; and ethnicity, as evidenced by the high prevalence
rate seen in African American women compared to other ethnic groups [21,22]. Looking at the genetic

risk factors, BRCA1/BRCA2 mutations cause poor DNA repair pathways, raising cancer risk. P53
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mutations are widespread in TNBC, resulting in tumour suppressor function loss, while PI3K/AKT

pathway changes, which contribute to cell growth and survival, are frequently observed in TNBC [21-

23].
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Table 2.1 Four main intrinsic or molecular subtypes of breast cancer [12,15,17]

Luminal A Luminal B HER?2 +ve TNBC
Frequency 50 15 20 15
(%)
(Most prevalent (Most aggressive
subtype) subtype, occurs
more often in

younger women)

ER + + - -

PR + -/+ - -

HER2 - +/- + -

Proliferative Low Ki67 Low-Med Ki67 High Ki67 High ki67
index
Mutation No BRCA2 pS3 P53 and BRCA1
Prognosis Good Good Poor Poor
Therapy Hormonal Hormonal therapies | HER2 targeted Novel targeted
therapies HER?2 targeted therapies therapies
therapies
Targeted therapy
(Tamoxifen)
Chemotherapy

+ positive, - negative, +/- mostly positive, -/+ mostly negative, ER, estrogen receptor;, HER, human
epidermal receptor;, HER2, human epidermal growth factor receptor 2; PR, progesterone receptor;

TNBC, triple-negative breast cancer.

2.1.1 Molecular characteristic features of NSCLC and TNBC

Non-small cell lung cancer (NSCLC) is a complex and diverse disease, composed of several subtypes,
each with its unique molecular characteristics [3, 4]. Among these subtypes, adenocarcinoma, squamous
cell carcinoma, and large cell carcinoma stand out due to their distinct genetic and molecular profiles.
Adenocarcinoma is often driven by specific genetic mutations [24]. Key players include mutations in
the EGFR (epidermal growth factor receptor), rearrangements in the ALK (anaplastic lymphoma
kinase) gene, and mutations in the KRAS gene [20,21]. These mutations are not just random changes;

they lead to continuous cell growth and division by activating critical signalling pathways such as the
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.
PI3K/AKT and MAPK pathways [25]. These pathways, when dysregulated, can drive the uncontrolled

proliferation of cancer cells, making adenocarcinoma a formidable foe.

In contrast, squamous cell carcinoma frequently involves alterations in the TP53 gene, which is known
as the "guardian of the genome" due to its role in preventing genetic mutations [25, 26]. Additionally,
amplifications in the FGFR1 gene and mutations in the PIK3CA gene are common [26]. These genetic
changes disrupt normal cell cycle control, promoting relentless cell proliferation and survival. The loss
of TP53 function, in particular, removes a crucial barrier to cancer development, allowing squamous
cell carcinoma cells to thrive and spread [27]. Large cell carcinoma is a bit more enigmatic, as it can
harbour a range of genetic changes, including mutations in TP53 and KRAS [29]. However, it lacks the
specific mutations commonly seen in adenocarcinoma and squamous cell carcinoma. Despite this
variability, large cell carcinoma often involves disruptions in pathways that control cell growth and
apoptosis, much like its NSCLC counterparts [4,26]. These disruptions enable the cancer cells to evade
normal growth controls and resist cell death, contributing to their aggressive behaviour. Across all
NSCLC subtypes, certain molecular markers are shared, providing valuable targets for treatment. One
such marker is PD-L1, a protein expressed on the surface of cancer cells. PD-L1 expression is a
significant indicator used to predict response to immunotherapy, a treatment that harnesses the body's
immune system to fight cancer [30]. Additionally, MET amplifications and exon 14 skipping mutations
are alterations that can drive tumor growth and are targetable with specific inhibitors [31]. Finally,
BRAF mutations, though less common, are present in a subset of NSCLC and can be targeted with
therapies specifically designed to inhibit BRAF signaling. Understanding these molecular
characteristics is crucial for developing personalized treatment approaches [32]. By targeting the
specific genetic and molecular abnormalities present in each subtype of NSCLC, it is possible to
improve patient outcomes and combat this challenging disease more effectively.

The key molecular characteristics of TNBC. Many TNBC cases are associated with mutations in the
BRCA1 and BRCA2 genes [33,34]. These mutations impair DNA repair mechanisms, leading to
genomic instability and a higher risk of developing cancer. Additionally, TNBC frequently harbours
mutations in the TP53 gene, which encodes the tumor suppressor protein p53 [35]. When p53 function
is lost, it results in uncontrolled cell growth and survival, further contributing to the cancer's
aggressiveness [35]. Several molecular pathways are significantly altered in TNBC, driving its
progression. The PI3K/AKT pathway, for instance, often shows alterations that promote cell
proliferation and survival. Another common feature is the overexpression of the epidermal growth
factor receptor (EGFR), which drives tumor growth and progression [36]. The JAK/STAT signalling
pathway is also frequently activated in TNBC, contributing to tumor growth and helping the cancer
evade the immune system [35-37]. TNBC can be divided into different molecular subtypes, each with
unique characteristics. The majority of TNBC cases fall into the basal-like category, characterized by
the expression of basal cytokeratin such as CK5/6, CK14, and CK17 [38]. This subtype shares

similarities with basal cells of the breast and is known for its aggressive clinical course. Another
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1
subtype, the mesenchymal subtype, exhibits features of epithelial-mesenchymal transition (EMT),

which increases the cancer’s invasiveness and metastatic potential. Some TNBC tumor belong to the
immunomodulatory subtype, which is notable for high levels of immune cell infiltration and the
expression of immune checkpoint molecules [38]. These tumor are potential candidates for
immunotherapy, offering a ray of hope for targeted treatment. Lastly, the luminal androgen receptor
(LAR) subtype expresses the androgen receptor (AR) and displays luminal gene expression patterns,
despite the absence of ER, PR, and HER2 [39, 40] . Together, these genetic mutations, altered molecular
pathways, and diverse subtypes illustrate the complexity of TNBC and emphasize the need for tailored

therapeutic approaches to combat this challenging form of cancer.
2.2 Impact of hypoxia in solid tumor

Oxygen is vital for the biological process of all aerobic organisms. In healthy tissues, oxygen levels
(pO2) typically range from 10 to 80 mmHg. In contrast, tumors often have areas with very low oxygen
concentrations, experiencing severe hypoxia (<0.5 mmHg) and intermediate hypoxia (0.5-20 mmHg)
[41]. Solid tumor, which account for 90% of all cancers, frequently exhibit hypoxia, resulting in
decreased therapeutic response and increased malignant progression. Hypoxia-inducible factors (HIFs)
are key transcriptional regulators that respond to low oxygen conditions, playing a critical role in tumor
adaptation to hypoxic environments [42,43]. They comprise an oxygen-sensitive HIF-a subunit (either
HIF-1a or HIF-2a), which forms a dimer with HIF-1P under hypoxic conditions. HIF-1 specifically
binds to hypoxic response element (HRE)-driven promoters on various genes, including vascular
endothelial growth factor (VEGF), heme oxygenase, glucose transporter-1, and erythropoietin. HIF-1
is a heterodimeric complex composed of HIF-1a and HIF-1f subunits. HIF-1f is present in all cells,
whereas HIF-1la is the oxygen-regulated subunit. Hypoxia-inducible factor 1 (HIF-1) has been
identified as a pivotal regulator of these adaptive processes, promoting tumor cell survival, proliferation,
invasion, and metastasis [44,45]. The hypoxic environment promotes genomic instability, leading to
mutations and more aggressive tumor traits. Factors such as VEGF drive angiogenesis, enabling tumor
cells to escape hypoxic conditions [44]. Consequently, hypoxia contributes to tumor aggressiveness and
resistance to treatment.

In the context of lung cancer and breast cancer, hypoxia plays a critical role (Fig. 2.3). Both types of
cancer, being solid tumors, often experience hypoxic conditions that contribute to their aggressive
behaviour and resistance to therapy [46]. In lung cancer, especially non-small cell lung cancer
(NSCLC), hypoxia can lead to enhanced tumor growth and metastasis through HIF-1 mediated
pathways [47]. Similarly, in breast cancer, particularly in aggressive subtypes like triple-negative breast
cancer (TNBC), hypoxia-driven changes promote tumor invasiveness and metastatic potential,
complicating treatment efforts and impacting patient outcomes [48,49]. Understanding the role of

hypoxia in these cancers is crucial for developing effective therapeutic strategies.
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Figure 2.3: Schematic overview of the HIF-1a in solid tumor
The role of HIF-1o. in solid tumor. Breast cancer, and NSCLC, non-small-cell lung cancer; EMT, epithelial

to mesenchymal transition;, APA, apatinib;, BEV, bevacizumab, VEGF, vascular endothelial growth factor
[50,51,52].

2.2.1 Impact on Epithelial-Mesenchymal transition

At first, EMT and hypoxia are thought to be distinct processes which led to invasion and spread of
different kinds of cancer. Because of the relationships between the signalling pathways, the term
hypoxia-induced EMT has recently been proposed. Under hypoxic conditions, Hypoxia-Inducible
Factor 1-alpha (HIF-1a) promotes the transcription of various genes that facilitate adaptation to low
oxygen levels, including those involved in the Epithelial-Mesenchymal Transition (EMT). EMT is a
process where epithelial cells lose their characteristics and gain mesenchymal properties, which is
critical for cancer metastasis [53, 54]. Key Mechanisms of HIF-la Mediated EMT Pathways are

following;

A. Transforming Growth Factor § (TGF-p) Pathway:
HIF-1a is linked with TGF-p activation, which plays a significant role in inducing EMT. TGF-
B can increase HIF-1a stability by suppressing PHD2, a prolyl hydroxylase that promotes HIF-
la degradation under normoxic conditions. TGF- signaling includes SMAD-dependent and
non-SMAD pathways. HIF-1a interacts with these pathways to enhance the transcription of
EMT-related genes [54 - 57].

B. Wnt/pB-Catenin Pathway:
HIF-1a can potentiate the Wnt/B-catenin pathway, enhancing EMT in certain cancers like
hepatocellular carcinoma [58].

C. Hedgehog Signaling:
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L
HIF-1a mediates hedgehog signaling, which is involved in EMT and invasion in pancreatic cancer

cells [59,60].
As aresult, HIF-1a and other EMT signalling pathways were clearly interacting; however, the specifics
of these interactions may differ based on the kind of tumour [61]. Apart from research on the
interactions between HIF-1a and other EMT pathways, several studies have examined the effects of
HIF-1a on different EMT transcription factors, such as TWIST, Snail, Slug, SIP1, and ZEB1 (Table
2.2). In hypopharyngeal and breast cancer cell lines, HIF-1a may directly bind to TWIST through HRE
in the TWIST proximal promoter. In addition, it encouraged metastasis and, in contrast to other EMT
inducers like Snail, TWIST overexpression was non-redundant and necessary for HIF-la-mediated
EMT [62]. The worst prognosis was associated with co-expression of HIF-1a, TWIST, and Snail in
primary tumours of individuals with head and neck cancer [62,63].
These pathways illustrate the crosstalk between HIF-1a and other major signaling mechanisms that
collectively drive EMT. The interplay is complex and often context-dependent, varying across different
cancer types.
Hypoxia-Induced Non-HIF EMT Pathways
In addition to HIF-mediated pathways, hypoxia can induce EMT through several other signaling
pathways, each with unique roles and implications in cancer progression.
A. AMPK (AMP-Activated Protein Kinase):
Hypoxia can upregulate AMPK, a key regulator of cellular energy homeostasis. While
traditionally seen as a metabolic tumor suppressor, AMPK has controversial roles in EMT.
Some studies suggest AMPK activation promotes EMT via TWIST1, while others indicate it
suppresses EMT by modulating the Akt-MDM?2-Foxo3 signaling axis [64-67].
B. PI3K-Akt-mTOR Pathway:
This pathway is crucial for cell proliferation and survival and is frequently activated in cancer
cells. Under hypoxic conditions, it contributes to EMT by promoting anabolic reactions and
autophagy, processes critical for maintaining cancer cell viability and metastasis [68-70].
C. MAPK Pathways (ERK, JNK, p38 MAPK):
MAPKSs are essential for various cellular processes, including proliferation and differentiation.
Under hypoxia, MAPK signaling can induce EMT by stabilizing and activating EMT
transcription factors like TWIST1, Snail, and Slug. For instance, ERK-mediated EMT is
observed in lung cancer cell lines, while JNK and p38 MAPK are involved in TGF-B-induced
EMT in various cancers [71,72].
Hypoxia-induced EMT involves a network of signaling pathways where HIF-1a plays a central
role, but other pathways like AMPK, PI3K-Akt-mTOR, and MAPKs also significantly
contribute. Understanding these pathways can provide insights into therapeutic targets for

inhibiting cancer metastasis by disrupting EMT.
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Figure 2.4: Summary of signalling pathways in tumor hypoxia and cancer progression.

The activation of HIF-1o. under hypoxic condition Stable HIF-1a forms a heterodimer with the HIF-1b

(ARNT) subunit after translocation to the nucleus, which in turn binds to CBP/p300 and binds to hypoxia-

responsive elements (HREs) on the promoter of HIF-1 target genes to constitute a transcription initiation

complex, which eventually activates downstream of target genes, including angiogenesis, invasion migration

and metastasis, tumor promoting inflammation, chemoresistance, and altered bioenergetics [modified form,

42,44].

Table 2.2 : HIF-10-EMT transcription factors association studies in different cancer types

S.No. EMT transcription factors | Cancer type (Cell line, samples | References
studied)
1. TWIST Hypopharyngeal cancer (FaDu) [62]
Breast Cancer (MCF-7)
Ovarian epithelial cancer (Clinical
samples) [73]
2. Snail Hepatocellular carcinoma (HepG2 and | [74]
SMMC-7721)
Lung adenocarcinoma (A549) [63]
Renal clear-cell carcinoma (786-0)
[75]
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3. Slug Head and neck squamous cell carcinoma | [76]
(UM-SCC1, UM-SCC23, clinical
samples [63]
Lung adenocarcinoma (A549)
Prostate cancer (LNCaP) [77]

Pancreatic ductal adenocarcinoma
(AsPC-1, BxPc-3, Capan-1, Capan-2 and [78]
MIA-PacCa2)

4. SIP1 Renal clear cell carcinoma (786-0O) [75]

5. Zebl Pancreatic  ductal  adenocarcinoma | [78]
(AsPC-1,BxPC-3, Capan-1, Capan-2 and
MIA-PaCa?2)

Colorectal cancer (HT-29 and HCT-116) | [79]

Bladder cancer (T24-P, T24-L, clinical

samples)

[80]
Glioblastoma (SNB78 and U87)

[81]
Pancreatic cancer (PANC-1 and SW-
1990) [82]

2.2.2 Hypoxia induced tumor angiogenesis

Tumour angiogenesis gained popularity in the early 1970s when Folkman et al. demonstrated that
developing tumour cells need to replace their own blood supply in order to stay oxygenated and fed
[83].Experimental evidence has consistently reported that hypoxia stimulates endothelial cell (EC)
proliferation and migration and drives tumor angiogenesis. In cancer cells, the loss of p53 increases
HIF-1a levels, boosting the transcriptional activation of HIF-1-dependent genes such as VEGF and
erythropoietin (EPO) in response to hypoxia. This promotes EC proliferation, migration, and
angiogenesis. Furthermore, hypoxia-induced E74-like ETS transcription factor 3 (ELF3) enhances the
secretion of insulin-like growth factor (IGF1) and VEGF, which also drive EC proliferation, migration,
and angiogenesis [84-89]. Hypoxia-induced E74-like ETS transcription factor 3 (ELF3) facilitates the
increased secretion of insulin-like growth factor 1 (IGF1) and vascular endothelial growth factor
(VEGF), which, in turn, promote endothelial cell (EC) proliferation, migration, and angiogenesis [90].
Additionally, HIF-1a mediates B-adrenergic receptor-driven pro-angiogenic effects. In hypoxia, HIF-
la escapes degradation, dimerizes with HIF-1P, and activates target genes by binding to hypoxic
response elements (HREs). This activation leads to the expression of vascular endothelial growth factor
(VEGF) and other pro-angiogenic factors, promoting endothelial cell proliferation and migration. [91-
94]. Hypoxia also stimulates the production of hyaluronic acid, a key component of the vascular

basement membrane, and increases hyaluronidase activity. This may further enhance angiogenesis as a
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compensatory response to hypoxic conditions, thereby supporting the formation of new blood vessels

to improve oxygen supply [95]. Further hypoxia can increase Zebl (transcription factor) expression,
which in turn can influence VEGFA production [96]. Liu et al. (2016) investigated the role of Zeb 1 in
breast cancer and found that ectopic expression of Zebl significantly increases VEGFA synthesis in
MDA-MB-231 breast cancer cells, thereby promoting tumor angiogenesis both in vitro and in vivo.
Additionally, their study revealed that elevated levels of Zebl correlate with increased blood vessel
density in breast cancer specimens [97]. Zebl may activate these pathways, leading to VEGFA
production. In lung adenocarcinoma, Zebl activates PI3K by repressing miR-200 targets. In breast
cancer, it may inhibit PP2A, promoting p38 phosphorylation. Zeb 1 might interact with HIF-1 in a
feedback loop.

2.2.3 Hypoxia-mediated drug resistance

In the recent years hypoxia has been widely recognized as a significant factor in tumor therapy
resistance across various cancer cells. Roland Wenger and colleagues found that inactivating HIF-1
enhances the effectiveness of carboplatin and etoposide in inhibiting mouse embryonic fibroblast
proliferation [99,100]. HIF-1a protein is overexpressed in numerous solid malignant tumors, including
breast, colon, gastric, lung, skin, ovarian, pancreatic, prostate, and renal cancers, compared to normal
tissues [101,102].

It is known that hypoxia-mediated overexpression of drug efflux proteins is a key factor in
chemoresistance. Hypoxia in the tumor microenvironment (TME) leads to decreased pH, which
contributes to multidrug resistance (MDR) through mechanisms such as ion trapping, reduced
apoptosis, genetic alterations like p53 mutations, and increased activity of the drug transporter P-
glycoprotein (P-gp) [103,104]. Ion trapping occurs when uncharged molecules diffuse through cell
membranes more easily than charged ones, causing chemotherapeutic drugs to be less effective in acidic
environments. This pH dependency of drugs reduces their accumulation in tumor cells, leading to drug
resistance [105].

Additionally, HIF-1 activates the multidrug resistance 1 (MDR1) gene under hypoxic conditions,
leading to a sevenfold increase in MDR in epithelial cells. MDR1 encodes P- glycoprotein (P-gp), an
ATP-binding cassette (ABC) transporter that acts as a drug efflux pump, reducing intracellular
concentrations of chemotherapeutic drugs [106]. The ABC transporter family includes at least 48
members, with 12 recognized as drug transporters, such as P-gp (ABCB1), MRP1 (ABCC1), and
ABCG?2 (breast cancer resistance protein). Chemotherapeutic drugs like benzoate mustard have shown
higher efficacy than doxorubicin, but this efficacy decreases with alkalinization [107,108] . Melphalan,
effective in slightly acidic environments, also demonstrates this phenomenon. P-gp activity, encoded
by the MDRI1 gene, increases in low-oxygen conditions, pumping out drugs like doxorubicin and

paclitaxel, although its mRNA levels remain unchanged in acidic environments. Moreover studies have
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shown that HIF-1a inhibition can reverse MDR in colon cancer cells by downregulating MDR1/P-gp.

Additionally, ABC2 overexpression contributes to resistance in an estramustine-resistant ovarian
carcinoma cell line, while antisense-mediated downregulation of ABC2 sensitizes these cells to the drug
[107]. A study investigating the impact of hypoxia on P-gp and MDR protein expression in the A549
human lung adenocarcinoma cell line found that hypoxia led to elevated levels of HIF-1a, P-gp, and
MDR protein, resulting in increased resistance of A549 cells to adriamycin [109]. The loss of apoptotic
potential and genomic instability, often due to p53 mutations, further contributes to drug resistance.
Hypoxia induces a cascade of reactions, enhancing gene expression and promoting malignancy in the
hypoxic core of tumors. Cell-based targeted nanoparticles have been proposed as a strategy to combat
drug resistance and improve chemotherapy efficacy [110]. Overall, hypoxia is a significant factor in
tumor progression and therapeutic resistance, with HIF-1 playing a crucial role. HIF-1 is overexpressed
in many tumors, including breast, prostate, lung, pancreatic, and head and neck cancers, affecting

various cellular pathways and mechanisms [111].
2.3 Paradoxical role of ROS in solid tumor

Reactive oxygen species (ROS) have evolved to control important signalling pathways because they
are produced by aerobic metabolism in eukaryotic cells. These extremely reactive oxygen-containing
molecules are now known to be more important for biological processes than being merely byproducts
of cellular respiration [112].

Reactive oxygen species (ROS) are highly reactive molecules containing reactive oxygen such as
superoxide (O2+—), hydrogen peroxide (H202), hydroxyl radical (*OH), singlet oxygen (102), and
ozone (O3) [113]. These species are natural by-products of metabolism and participate in various
cellular signalling pathways such as cell proliferation, necrosis, apoptosis, and protease activities,
serving a dual function within the human body [113]. The two primary sources of ROS generation in
normally functioning cells are mitochondria and NADPH oxidase (NOX) [114,115]. The
tumorigenesis-promoting activity of ROS was first investigated in the mid-90s [116,117]. Cancer cells
exhibit higher oxidative stress compared to normal cells due to excessive ROS production and impaired
antioxidant mechanisms. This imbalance aids in tumor cell survival, progression, and proliferation. In
cancer cells, several key signalling pathways regulate reactive oxygen species (ROS) production.
Important pathways involved in ROS production in cancer cells are the PI3K/Akt Pathway,
RAS/RAF/MEK/ERK Pathway, Hypoxia-Inducible Factor (HIF) Pathway, NF-«xB Pathway, p53
Pathway, and NADPH Oxidase (NOX) Pathway. PI3K/Akt Pathway which increases mitochondrial
respiration and metabolic activity, is stimulated by growth factors and oncogenic signals, which in turn
increase the production of ROS. ROS levels are raised further by PI3K/Akt hyperactivation brought on
by inactivating the tumor suppressor PTEN [118-120]. The MEK/ERK/RAS/RAF pathway often
activated by mutations in RAS or upstream growth factor receptors frequently trigger this pathway,

which promotes cell survival and proliferation and raises ROS generation and mitochondrial activity.
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Additionally, oxidative stress inhibits MAPK phosphatase, leading to ERK activation [118,121].

Hypoxia-Inducible Factor (HIF) pathway activated under low oxygen condition, stabilized HIF-1a
increase the production of enzymes that produce reactive oxygen species (ROS), such as NOX and
mitochondrial respiratory chain enzymes [122,123]. Further, the ROS production can be increased by
activating ROS-generating genes and encouraging mitochondrial dysfunction through the NF-xB
pathway, which is triggered by inflammatory cytokines, growth factors, and stress signals [124,125].
Antioxidant reactions are often induced by the p53 pathway, which is activated in response to stress
and damage to DNA. Yet, because of altered metabolism and malfunctioning mitochondria, p53
mutations or failure frequently result in elevated generation of reactive oxygen species [126,127].
NADPH oxidase (NOX) pathway is activated by various signals, including growth factors and
cytokines, NOX enzymes produce ROS by transferring electrons from NADPH to oxygen [128-129].
NOX upregulation in cancer cells significantly contributes to ROS generation. These pathways further
elevate ROS levels and decrease the antioxidant expression, maintaining oxidative stress and driving

cancer cell proliferation and tumorigenesis [130].

2.4 Conventional therapeutic modalities for the treatment of NSCLC and

TNBC

The treatment landscape for lung cancer has evolved significantly, moving from the empirical use of
cytotoxic therapies based on physician preference to a more personalized approach. Non-small cell lung
cancer (NSCLC) and Triple negative breast cancer (TNBC) are among the most aggressive types of
solid tumors [131]. NSCLC is marked by the incorporation of malignant carcinoma into the respiratory
system. TNBC is defined by the lack of progesterone receptor, HER2/neu, and estrogen receptor genetic
components in breast cancer [132]. Both cancers are linked to low median and overall survival rates,
poor progression-free survival, and high relapse rates. These cancers exhibit tumor heterogeneity,
genetic mutations, the generation of cancer stem cells, immune resistance, and chemoresistance.
Therapeutic regimens for solid tumor, depending on the stage and degree of metastasis, can be divided
into localized treatments (such as surgery and radiation) and systemic treatments (including
chemotherapy, immunotherapy, gene therapy, and targeted therapy) [132,133]. Table 2.3 outlines the
various treatment approaches for localized therapy in triple negative breast cancer (TNBC) and non-
small cell lung cancer (NSCLC). For localized treatment, surgery and/or radiation therapy are
commonly used. Research has shown that mastectomy for TNBC and pneumonectomy for NSCLC are
less invasive and help preserve the aesthetics of the organs [134-137]. External beam radiation therapy
(EBRT) and radiofrequency ablation (RFA) are also utilized in radiotherapy for these cancers. Systemic
treatments for both cancers include conventional chemotherapy, immunotherapy, and targeted therapy
(Fig. 2.5) specific to biomarkers and oncogenes. Metastatic tumors often show poor response rates, with
chemoresistance contributing to reduced treatment efficacy [138]. Neoadjuvant chemotherapy is

frequently recommended for TNBC, with the anthracycline—cyclophosphamide (AC) regimen proving
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highly effective. In cases with BRCA mutations, AC therapy has been associated with improved

pathological complete response rates (pCR) and reduced relapse rates. Additionally, the use of
platinum-based therapies in neoadjuvant settings has further improved prognosis, showing higher pCR
rates compared to AC therapy [139-142]. Still 50% of patients diagnosed with early-stage triple-
negative breast cancer (stages I to III) experience disease recurrence, and 37% die in the first 5 years
after surgery [143] . In fact, 30% to 55% of patients with NSCLC develop recurrence and die of their

disease despite curative resection [145].

'
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Surgery
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Figure 2.5: An overview of existing therapeutic strategies for treating NSCLC and TNBC. Chemotherapy,
radiotherapy, immunotherapy, hormone therapy, targeted therapy, and surgery [modified form; 133].

Table 2.3: Conventional and current treatment strategies for NSCLC and TNBC

Non-Small Cell Lung Cancer (NSCLC)

Radiation therapy 1. Radio Frequency Ablation (RFA) [140]
2. External beam radiation therapy

(A) Stereotactic body radiation therapy
(SBRT)/ Stereotactic ablative

24



Chapter 2 | Literature Review

Local treatment Surgery 1. Pneumonectomy
2. Lobectomy
(Early stage of Cancer) 3. Segmentectomy or Wedge
resection
4. Sleeve resection
Systematic Chemotherapy Neoadjuvant and  Adjuvant
treatments therapy
2. For locally advanced NSCLC
3. For metastatic (stage IV) NSCLC
4. Chemotherapy Regimens used
with Radiation Therapy (RT)
Targeted therapy 1. Angiogenesis inhibitors:
Bevacizumab Ramucirumab
2. Epidermal growth factor receptor
(EGFR) inhibitors:  Erlotinib,
Afatinib,
Immunotherapy Immune checkpoint inhibitors:

1. PD-1/PD-Llinhibitors:  Nivolumab
and pembrolizumab.

2. Atezolizumab

3.  Durvalumab

Palliative procedures

Treating fluid build-up in the area around
the lung (Pleural effusion):

1. Thoracentesis

2.Pleurodesis: Chemical a. pleurodesis b.
Surgical pleurodesis

3.Catheter placement

Triple Negative breast cancer (TNBC)

Local treatment

Radiation therapy

External beam radiation therapy (EBRT)

1. Whole breast radiation

2. Hypofractionated radiation therapy 3.
Accelerated partial breast irradiation
(APBI)

4. Intraoperative radiation therapy (IORT)
5. 3D-conformal radiotherapy (3D-CRT)
6. Intensity-modulated  radiotherapy
(IMRT)

7. Brachytherapy (internal radiation)
Intracavitary

brachytherapy

Interstitial brachytherapy

Surgery

(Early stage of Cancer)

1. Breast-conserving surgery
lumpectomy, quadrantectomy,
partial mastectomy, or segmental
mastectomy)
or Mastectomy

2. Sentinel lymph node biopsy
(SLNB) or axillary lymph node
dissection (ALND)

3. Breast reconstruction

[141,
142]
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4. To relieve symptoms of advanced

cancer

Systematic Chemotherapy 1. After surgery (adjuvant chemotherapy)

treatments 2. Before  surgery (neoadjuvant
chemotherapy)

A. PARP inhibitors Carboplatin, Cisplatin
Other chemotherapeutics mTOR inhibitors
B. Growth-factor inhibitors

C. PD1/PD-L1 inhibitors Other immune
checkpoint inhibitors

D. mTOR inhibitors EMT- targeted
therapy CSC- targeted therapy AXL
inhibitor.

E. PI3K inhibitors, Antiangiogenic
therapy, Src antagonist

F. Antiandrogen blockade, CDK4/6
inhibitors, Immune checkpoint inhibitors
Examples:  Anthracyclines, such as
doxorubicin (Adriamycin) and epirubicin
(Ellence), Taxanes, such as paclitaxel
(Taxol) and docetaxel (Taxotere), S5-
fluorouracil (5-FU) or capecitabine,
Cyclophosphamide, Carboplatin

4. For advanced breast cancer: Taxanes,

such as
paclitaxel, docetaxel, and albumin-
bound paclitaxel,
Anthracyclines (Doxorubicin,
pegylated liposomal doxorubicin, and
Epirubicin), Platinum agents
(cisplatin, carboplatin), Vinorelbine,
Capecitabine, Gemcitabine,
Ixabepilone, Eribulin

5. Dose-dense chemotherapy:

Doxorubicin ~ (Adriamycin)  and
cyclophosphamide, followed by
weekly paclitaxel.

6. Nanocarriers: Liposomal doxorubicin
(Doxil™), albumin-bound paclitaxel
or Nab-Paclitaxel (Abraxane™).

Immunotherapy/ Advanced therapeutic strategies Passive,

Targeted therapy Active and Immunotherapy Poly ADP-

ribose polymerase (PARP) enzyme

inhibitors  Avastin, Ibrance, Kisqali,

Lynparza, Piqray, Trodelvy, Talzenna,

Verzenio
Eg.: Anitbody-drug conjugate:
Sacituzumab govitecan

Gene Therapy Metastasis suppressor genes (MSGs) and

Metastasis promoter genes (MPGs).

A. Epidermal growth factor receptor and
their inhibitors

B. Inhibitors of multiple receptors of
EGFR
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HER?2 inhibitors:

Dual inhibitors of EGFR and HER2
Inhibition of the urokinase-type
plasminogen activator system (uPA)
Matrix metalloproteinases inhibitors
Histone acetyl transferases (HATS)
and histone deacetylases (HDACS)
insulin-like growth factor and insulin-
like growth factor inhibitors (IGF-IR)
H. Vascular endothelial growth
factor(VEGF) and five glycoproteins
VEGFA, VEGFB, VEGFD, and
placental growth factor.

MY O

o

In this thesis, we explore three innovative therapeutic strategies, emphasizing their mechanisms of
action against solid tumors, specifically targeting non-small cell lung cancer (NSCLC) and triple-
negative breast cancer (TNBC). These approaches aim to tackle the aggressive nature and treatment
resistance of these cancers, offering potential advancements in patient outcomes and novel avenues for

cancer therapy. The strategies include:

1. Investigating the novel role of Imidazo[1,2-a] pyridine (IMPA) derivatives in combating
NSCLC.

2. Elucidating the therapeutic potential of liposomal oxygen nanobubbles in the treatment of both
lung and breast cancers.

3. Delineating the effectiveness of LNP-conjugated Zebl siRNA as a targeted therapy to inhibit

tumor angiogenesis.

This chapter will provide a comprehensive literature review on the anticancer activity of
imidazopyridine-based derivatives, the role of oxygen nanobubbles, and the potential of LNP-loaded

Zebl siRNA in targeting tumor angiogenesis.

2.4.1 Imidazo [1,2-a] pyridine promising therapeutic candidates for anti-

tumor activity

Chemotherapy, surgery, and radiotherapy have traditionally been the pillars of cancer treatment,
with chemotherapy being the most commonly utilized method, as previously discussed. A wide
range of chemotherapeutic agents have been discovered and developed to target different types of
cancers through various mechanisms. However, the side effects, toxicity, and the issue of drug
resistance associated with these treatments have driven researchers to find out compounds with
fewer adverse effects [145].

Among the various classes of anti-tumor compounds, heterocyclic organic molecules have garnered

significant attention from researchers for their potential in treating neoplastic diseases. Compounds
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such as pyrrole, pyrimidine, indole, quinoline, and purine are examples of heterocycles that have

demonstrated noteworthy cytotoxic profiles [146]. Heterocycles are fundamental structural
elements in many approved anti-cancer drugs. In fact, nearly two-thirds of FDA-approved anti-
cancer agents contain heterocyclic rings within their molecular frameworks (Figure 2.6) [147].
Their widespread use in anti-cancer drug design is attributed to their natural abundance, unique
physicochemical properties, and their ability to modulate a wide range of cellular signaling
pathways and metabolic processes, making them indispensable in medicinal chemistry [148]. When
the imidazole ring is fused with a pyridine ring, it forms the bicyclic 5-6 heterocyclic structure
known as imidazo[ 1,2-a]pyridine [149]. This moiety is well recognized for its therapeutic potential
due to its biologically active nitrogen-containing heterocycle. Among the derivatives of
imidazopyridine, the imidazo[1,2-a]pyridine scaffold is particularly significant in the field of
natural products and pharmaceuticals, exhibiting a wide range of biological activities, including
notable anti-tumor effects. Several drugs containing the imidazo[ 1,2-a]pyridine structure, such as
zolpidem (used to treat insomnia), alpidem (an anxiolytic), olprinone (for acute heart failure), and
zolimidine (for peptic ulcer treatment), highlight its therapeutic versatility [150-155]. Other
compounds like necopidem and saripidem also function as anxiolytic agents. The broad
pharmacological activity and diverse biological applications of imidazo[1,2-a]pyridine derivatives
underscore their importance as potential anti-proliferative agents. These compounds are actively
being explored for their efficacy against various cancers. In parallel, oxygen-containing
heterocycles, particularly those in the pyran family, have shown excellent pharmacological efficacy
[152]. Additionally, Imidazopyridines, in particular, have gained attention as potential anticancer
agents due to their strong inhibitory effects on the proliferation of various cancer cells. Studies have
shown that different substituted imidazopyridines exhibit considerable anticancer activity through
multiple mechanisms [153].

Many pyran derivatives are accessible and can be fused with both carbocyclic and heterocyclic
frameworks [156]. Among these, 2-amino-4H-pyrans have emerged as particularly attractive
candidates in medicinal chemistry due to their selective cytotoxic and antimicrobial properties
[157]. However, despite their promising activity, the precise mechanisms of action of amino pyran
heterocycles remain largely unclear. Significantly, imidazo[1,2-a]pyridine compounds stand out not
only for their therapeutic applications but also for their role in the ongoing search for more effective
anti-cancer agents [158,160]. Their structural versatility and ability to interact with key biological
targets make them prime candidates for further research and development in the quest to overcome

cancer's resistance to conventional therapies.
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Figure 2.6: Diverse pharmacological activity of Imidazo [1,2-a] pyridine derivatives compound; anti-
cancer, anti-fungal, DPP-1V inhibitors, corrosion inhibiotrs, hypnotic agents, CNS agents, anti-viral agent,
hypertensive agents, anti-ulcer agents, anti-inflammatory agent, and luminescence agents[modified from

152,155].

Several small molecule inhibitors, including buparlisib, everolimus, vandetanib, apatinib, olaparib, and
salidroside, have been identified as potential therapeutics for treating triple-negative breast cancer
(TNBC). These inhibitors target various signaling pathways such as VEGF, PARP, STAT3, MAPK,
EGFR, P13K, and SRC (Table 2.4). Despite these advancements, drug development for TNBC remains
challenging due to the absence of specific biomarkers, making chemotherapy the primary treatment.
However, chemotherapy is often associated with chemoresistance and high toxicity to healthy cells.
Consequently, there is a continuous need for small molecule inhibitors that specifically target the

abnormally expressed signaling pathways in TNBC.

Table 2.4 Examples of small molecule inhibitors, used for NSCLC and TNBC [modified from 160]

S.N. Small Clinical stage Mechanism of Class of Drug Reference
Molecule Action
1. Buparlisib NCTO015766666 An orally PI3K/AKT/mTOR/ | [161]
(Phase 1) bioavailable Class I | small molecule
(BKM120, PI3K inhibitor inhibitors
Norvatis)
2. Ipatasertib Phase 1 Potent small- [162]
molecule kinase
inhibitor that shows
selectivity for AKT.
It competes for ATP
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and is sensitive to
high levels of
phosphorylated AKT
and mutations in
PIK3CA and PTEN

Capivasertib

(AZD5363)

PAKT trial

Novel
pyrrolopyrimidine-
derived small
molecule inhibitor
that inhibits all forms
of AKT

Everolimus

(RADO001)

NCT01931163
(phase 2),
NCT02616848
(phase 1),
NCT02456857
(phase 2),
NCT02120469
(phase 1),
NCT02890069
(phase 1)

A small-molecule
derivative of
sirolimus
(rapamycin), inhibits
mTOR, thereby
preventing cell cycle
growth, progression,
and proliferation

[163]

[164]

Olaparib

Phasel, 11

First PARP inhibitor
approved in 2018 by
the FDA for the
treatment of cancer in
patients with
metastatic breast
cancer and a germline
BRCA mutation

Velaparib

Phase II

Potent, orally
bioavailable selective
inhibitor of PARP
protein onto the DNA
site

Talazoparib

EMBRACA
Phase III

PARPi (poly(ADP-
ribose) polymerase
inhibitor) that
exhibits its anti-
tumor activity by
firmly trapping
PARP onto damaged
DNA, thereby
causing cell death in
BRCA-mutated BC

PARP inhibitors

[164]

[164]

[166]

Ruxolitinib

LLL12B

10.

Flubendazole

NCTO01562873
(phase 1)

an orally bioavailable
inhibitor of JAK1 and
JAK2,

An orally
Bioavailable
carbamate prodrug of
LLLI12

Inhibition of tubulin
polymerization, and

JAK/STAT3
inhibitors.

[164]

[167]

[164]
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dysfunction in the
activation of STAT3

Act through the
reduction of
CD44+/Cd24-

[164]

12.

E6201

13.

Cobimetinib

14.

Nifetepimine

15.

BL-E1001

None

An ATP-competitive
dual kinase inhibitor
of MEK1

MEK inhibitor that
has been reported in a
three-cohort phase 11
COLET
(NCT02322814) to
ascertain its anti-
tumor efficacy in
combination with
chemotherapy with or
without atezolizumab
in advanced or
metastatic TNBC
patients

Endoplasmic stress
induced apoptosis in
TNBC

A small molecule
inhibitor, has been
reported to induce
mitochondrial
apoptosis,
independent of the
Ras/Raf/MEK
pathway

MAPK inhibitors.

[168]

[169]

[170]

[171]

16.

Cannabidiol

17.

Varlitinib

18.

Salidroside

19.

Vandetanib

NCT02338245
(phase 2)

CBD induces
programmed cell
death, decreases ID1
(metastatic) factors,
increases 1D2 (pro-
differentiation)
factors, and acts as an
inverse agonist for
CB2, as well as an
antagonist for CB1
and GPRS5S5 receptors,
all being G-protein
coupled receptors

Potent reversible
HER inhibitor of the
receptor tyrosine

Regulate the STAT3
and JAK2 and EGFR
pathways through
MMPs

Inhibition of EGFR
phosphorylation

EGFR pathway
inhibitors

[172]

[173]

[174]

[175]

31



Chapter 2 | Literature Review

[
20. | Dasatinib NCTO02720185 | A small molecule SRC inhibitors. [176]
21. | Bj-2302 (phase 2) inhibitor of Src and [177]
22. 11j abl proteins. [178]

2.4.2 Oxygen nanobubble (ONB) for oxygenation as anti-cancer therapy

An oxygen nanobubble is a tiny, gas-filled pocket containing oxygen, typically in the form of
a spherical cap. These nanobubbles have a height ranging from more than 10 nanometres (nm)
to less than 100 nm. The radius at the contact line, which is the three-phase boundary where the
gas, liquid, and solid meet, generally falls between 50 nm and 500 nm [179].

Looking at the history, in the early 1950s, Donald A. Glaser discovered that as charged particles
moved through a superheated liquid within a glass chamber, the liquid would vaporize along
the particle's path, forming a trail of microscopic bubbles that could be observed [180]. The
concept of bulk NBs originated from early speculations that submicron gas units, stabilized by
organic films, could serve as nuclei for microbubble growth during cavitation [181-184]. The
first experimental evidence of interfacial NBs came from Parker et al., who measured attractive
forces between hydrophobic surfaces in water [185]. Since then, extensive research has been
conducted on generating and characterizing NBs, revealing their surprising stability in pure
water or surfactant solutions shown in Fig. 2.7 [186].

To analyze the morphological appearance of nanobubbles (NBs), atomic force microscopy was
first used in 2000, providing direct observation of these structures. By 2004, NBs were
investigated as ultrasound (US) contrast agents [186]. Their unique ability to remain suspended
in liquid, attributed to their negative surface potential, prevents them from coalescing or
disappearing. This stability allows for continuous gas transfer throughout the liquid volume
until the NBs eventually collapse. In 2013, the International Standards Organization (ISO)
formed a technical committee (ISO TC/281) to develop standards and regulatory procedures
for fine bubble technology. In 2017, they officially defined nanobubbles as ultrafine bubbles

with a diameter of less than 1 micrometer (<1 um) [188].
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Figure 2.7: Highlighting the key milestones in the research and development of nanobubble generation,

properties, and applications [modified from 179,180,181].

Characterization and compositions of micro/nanobubbles (MNBs)

Micro/nanobubbles (MNBs) exhibit enhanced echogenicity due to the encapsulated gas, which
significantly improves ultrasound backscatter [189]. The core of MNBs typically contains a medical
gas, while the shell is composed of biomolecules such as lipids, proteins, polymers, or surfactants [190].
These components ensure efficient gas solubility inside the shell. Under the influence of acoustic waves,
MNBs oscillate, which can either enhance stable gas diffusion through stable cavitation or lead to
violent collapse during inertial cavitation. MNBs generally range from 0.1 to 20 micrometers in size.
Their stability is governed by Laplace pressure, and surfactants are used to stabilize the bubbles by
reducing interfacial tension [190-192].
Research indicates that unstabilized gas bubbles dissolve rapidly. The stability and biocompatibility of
micro/nanobubbles (MNBs), as well as the release rate of the core gas, are influenced by both the type
of shell and the core gas used [193]. The shell creates a protective barrier around the gas, enhancing
stability and shielding the bubbles from endogenous scavengers. It also slows the diffusion of the core
gas into the surrounding environment. The properties of the shell, including its stiffness, elasticity, gas
exchange capability, half-life, resistance to ultrasonic pressure, and ease of excretion from the body, are
crucial in determining the overall performance of MNBs [194]. Below is a summary of the key
properties associated with different types of shells.
A. Lipid Shells: These are biocompatible and flexible, can be functionalized, and are often
stabilized with polyethylene glycol (PEG) [194-196].
B. Protein Shells: Known for their rigidity and biocompatibility, protein shells are used in
commercial products such as Albunex [197].
C. Polymer Shells: These shells are thicker, provide a higher drug-loading capacity, and offer
enhanced stability [197].
D. Core Gas: The core of bubble can contain various medical gases, such as oxygen. The use of

mixed gases can improve the stability and longevity of the bubbles [198,199].
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Further synthesized, MNBs/NBs characterized by employing a different techniques, including optical

microscopy, dynamic light scattering (DLS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electrochemical sensing, fiber-optic based sensing, and fluorescence
quenching. MNBs possess unique properties, such as high echogenicity, efficient gas solubility, and
stability due to negative surface potential [197-199]. These features make them promising for diverse
medical applications, including drug delivery, oxygen delivery, and ultrasound imaging. The flexibility
offered by different shell compositions allows for tailored stability, biocompatibility, and
functionalization. Challenges remain in maintaining the stability and uniformity of micro bubble or
nanobubble [200,201]. Careful control of MNBs/NBs size is crucial to prevent blockages in capillaries.
Additionally, long-term in vivo stability and biocompatibility require further research to avoid immune
responses and ensure safe excretion. Several research findings highlight the significant potential of

oxygen nanobubbles (ONBs) and their applications in cancer therapy:

A. Lipid-polymer bilaminar oxygen nanobubbles for photodynamic therapy (PDT): Using an
emulsion evaporation and phase separation method, researchers developed lipid-polymer bilaminar
oxygen nanobubbles conjugated with Ce6 for PDT. These nanobubbles can be stored as freeze-
dried powders and demonstrate excellent biocompatibility, stability, and higher cellular uptake and
tumor targeting efficiency compared to free Ce6. In vitro and in vivo experiments showed
significant therapeutic efficacy and improved survival rates in C6 glioma tumors, indicating a
potent photodynamic anticancer strategy for hypoxic tumors [202].

B. Combining nanobubbles (NBs) with ultrasound (US): The combination of NBs with US presents
a promising approach for targeted anticancer therapy. This method enhances drug efficacy and
minimizes off-target effects. US, an established non-invasive imaging technique, when paired with
NBs, improves the delivery and distribution of therapeutic agents in specific tissues. This approach
is highly promising for cancer treatment and is expected to see broader applications with ongoing
research [203].

C. Oxygen nanobubbles (ONBs) and epigenetic regulation: P. Bhandari et al. (2017) demonstrated
that ONBs could reverse global DNA hypomethylation in hypoxic tumors, stabilizing the
epigenome and reactivating tumor suppressor genes to inhibit cell proliferation. Synthesized using
FDA-approved sodium carboxymethyl cellulose, ONBs are non-cytotoxic, localize easily in tumor
regions, and deliver supplemental oxygen directly to tumor cells, arresting tumor progression.
Additionally, ONBs enable real-time diagnosis and monitoring, targeted delivery to hypoxic tumor

areas, and enhanced effectiveness of epigenetic therapy [204].

Together, these findings emphasize the potential of ONBs in improving cancer outcomes through
targeted delivery, enhanced therapeutic efficacy, and innovative treatment strategies for hypoxic

tumors.
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2.4.3 RNAI based therapeutic approaches

RNA interference (RNAI) is an innovative method that involves introducing noncoding double-
stranded RNA (dsRNA) into cancer cells to induce the homology-dependent degradation of target
messenger RNA (mRNA), resulting in specific gene silencing. This mechanism was first described
by Fire and colleagues in (1998) [205]. Unlike traditional drugs that target proteins directly, RNAi-
based therapeutics primarily target mRNA. These drugs utilize non-coding RNA (ncRNA) to cleave
and downregulate the targeted mRNA, reducing protein production. Epigenetically-related ncRNAs
include small interfering RNAs (siRNAs), microRNAs (miRNAs), piwi-interacting RNAs
(piRNAs), and long intervening noncoding RNAs (lincRNAs). SiRNAs, consisting of 21-23
nucleotides, are a notable group of short ncRNAs. Synthetic siRNAs leverage the natural RNAi
mechanism in a predictable and consistent manner, making them attractive as therapeutic agents
[206]. Introducing siRNAs leads to the degradation of mRNA sequences that match those in the
siRNAs, making RNAI a valuable method for cancer therapy through gene silencing.

RNA interference (RNAI) is an effective mechanism for post-transcriptional gene silencing. The
RNAI process occurs in the cytoplasm of cells [207]. It begins with the enzyme Dicer, a dSRNA-
specific endonuclease, which cleaves long double-stranded RNAs into shorter duplexes consisting
of 19 base pairs with two-nucleotide overhangs at the 3' ends. These short dsSRNAs are known as
siRNAs [208]. The siRNA duplex then associates with a multiprotein complex called RISC. RISC
unwinds the siRNA duplex, separating the strands. The sense strand is degraded by cellular
nucleases due to RISC's RNA helicase activity, while the antisense strand remains bound to RISC.
This antisense strand guides the RISC complex to the complementary mRNA sequence through
Watson-Crick base pairing. Once bound, the RISC complex cleaves the target mRNA through its
endonucleolytic activity, preventing its translation into protein [209,210]. The degraded mRNA
fragments are further broken down by cellular nucleases, and the RISC complex can then target

additional mRNA molecules, continuing the gene silencing process [211,212].

Lipid nanoparticles (LNPs) have emerged as effective delivery systems for siRNAs, which are
potent therapeutic agents against cancer due to their ability to silence genes involved in
tumorigenesis and metastasis [213]. LNPs protect siRNAs from degradation, enhance their
bioavailability, and enable selective delivery to target cells, thereby reducing off-target effects
[214,215]. Numerous studies have focused on LNP-based siRNA delivery systems for therapeutic
applications. In 2018, a clinical trial demonstrated breakthrough results with the siRNA drug
“Patisiran,” used to treat hereditary transthyretin (TTR) amyloidosis [216]. Patisiran, delivered via
LNPs, effectively induced the degradation of TTR mRNA in the liver, leading to its FDA approval
as the first siRNA drug [216,217].

Recent advancements include the development of siP2X7-LNPs, a lipid nanocarrier system for

delivering siRNA targeting the P2X7 receptor in mouse mammary carcinoma cells. This system,
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which incorporates a novel symmetric branched ionizable lipid (SIL), has successfully transfected

siP2X7 and induced apoptosis, demonstrating therapeutic efficacy in a triple-negative breast cancer
cell line [218]. To further enhance therapeutic outcomes, co-delivery of chemotherapeutic drugs
and siRNA within LNPs has been explored. However, this approach presents challenges, such as
disrupting the LNP structure and reducing encapsulation efficiency.

To address these issues, a study in 2023 introduced surface-modified siRNA-loaded LNPs for co-
delivery. By using a sulfur-containing phospholipid to conjugate a DOX derivative onto the LNPs,
researchers achieved effective Bcl-2 knockdown and successful delivery of DOX-EMCH to the cell
nucleus, leading to significant tumor growth inhibition in vivo in a mouse model [219]. Despite
these advancements, challenges like hypoxic drug resistance remain prevalent in the tumor
microenvironment.

In this thesis, we explore three innovative therapeutic strategies, emphasizing their mechanisms of
action against solid tumors, specifically targeting non-small cell lung cancer (NSCLC) and triple-
negative breast cancer (TNBC). These approaches aim to tackle the aggressive nature and treatment
resistance of these cancers, offering potential advancements in patient outcomes and novel avenues

for cancer therapy. The strategies include:

1. Investigating the novel role of Imidazo[1,2-a] pyridine (IMPA) derivatives in combating
NSCLC.

2. Elucidating the therapeutic potential of liposomal oxygen nanobubbles in the treatment of both
lung and breast cancers.

3. Delineating the effectiveness of LNP-conjugated Zebl siRNA as a targeted therapy to inhibit

tumor angiogenesis.

This thesis presents a comprehensive literature review on the anticancer properties of
imidazopyridine-based derivatives, the therapeutic potential of oxygen nanobubbles (ONBs), and
the innovative use of lipid nanoparticle (LNP)-loaded Zebl siRNA in inhibiting tumor
angiogenesis. The review explores the molecular mechanisms and therapeutic efficacy of
imidazopyridine derivatives in cancer treatment, highlighting their ability to interfere with various
signaling pathways involved in tumor progression. Additionally, it delves into the role of oxygen
nanobubbles as a novel approach to enhance oxygen delivery to hypoxic tumor microenvironments,
thereby improving the efficacy of conventional therapies and inducing epigenetic changes that
suppress tumor growth. The chapter also examines recent advancements in LNP technology for
siRNA delivery, focusing on Zeb1 siRNA's ability to target and disrupt angiogenesis in tumors. By
integrating these diverse therapeutic strategies, the review underscores the potential for developing
multifaceted approaches to cancer treatment, aiming to improve therapeutic outcomes and reduce

adverse effects.
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Chapter 3

Investigating the therapeutic efficacy of
Imidazo[1,2-a] pyridine (IMPA) derivatives
against non-small cell lung cancer

3.1 Background and Challenges

Non-small cell lung cancer (NSCLC) is the most frequently observed cancer irrespective of
men and women [ 1]. Among all lung cancer types, NSCLC accounts for approximately 85% of all cases
of lung cancer [2,3]. NSCLC is any type of epithelial lung cancer other than small cell lung cancer
(SCLC). The main subtypes of NSCLC are adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma. Lung adenocarcinoma is the most common type. The treatment options for lung cancer
patients typically consist of surgery, radiation, and chemotherapy [4]. Due to the poor prognostic nature,
chemotherapy remains at the cornerstone of NSCLC treatment [5,6]. Although chemotherapy has many
drawbacks especially for drug resistance and non-specific cell toxicity, however, in absence of selective
drug candidates, patients still treated with known anti-cancer drugs like Fluorouracil, Doxorubicin and
Cisplatin, though that showed severe side effects [3,4]. Therefore, development of new therapeutic drug
candidates with higher efficacy to treat NSCLC are critically needed. Among the family of antitumor
compounds, heterocyclic organic compounds have been extensively used by many researchers in order
to treat neoplastic disease. Pyrrole, pyrimidine, indole, quinoline and purine are few classes of
heterocycles which showed interesting cytotoxicity profiles. Heterocycles are key structural
components of many of the marketed anti-cancer drugs. Indeed, of the novel molecular anti-cancer
agents approved by the FDA between 2010 and 2015, almost two-thirds of them having heterocyclic
rings within their structures [5]. Their prevalence in anti-cancer drug design can be partly attributed to
their being extremely common in nature, with a vast number of cellular processes and mechanisms
having evolved the ability to interact with them. The variety of and distinct physicochemical features
have established them as fundamental foundations of pharmaceutical chemistry [6,7]. Structurally,
when the imidazole moiety fused with the pyridine ring, it formed imidazopyridine, which is the fused
bicyclic 5-6 heterocycles [5-7]. It is well known for its medicinal application due to carrying
biologically active nitrogen containing heterocycle. Among the various imidazopyridine derivatives,
the imidazo[1,2-a]pyridine moiety is the most important in the area of natural products and
pharmaceuticals [8]. These derivatives show a wide range of biological activities such as anti-fungal,
anti-inflammatory, anti-tumor, anti-viral, anti-bacterial, anti-protozoal, anti-pyretic, analgesic, anti-

apoptotic, hypnoselective, and anxioselective activities. Several drugs such as zolpidem used in the
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treatment of insomnia, alpidem used as an anxiolytic agent, olprinone used for the treatment of acute
heart failure, zolimidine used for the treatment of peptic ulcer, necopidem and saripidem both work as
an anxiolytic agent [9-15]. They all contain the imidazo[l,2-a]pyridine moiety. Due to massive
pharmacology activities and biological application of imidazo[1,2-a]pyridine and its substituent’s are
paying attention for anti-proliferative agent [9-11]. On the other direction, oxygen accommodated
branch of heterocycles involves magnificent utility in pharmacology, selectively in a pyran family [12].
Most of the pyran motifs are accessible solely and fused to several carbocyclic and heterocycles.
Amongst these classes of molecules 2-amino-4H-pyrans hold an attractive highlighted in the field of
medicinal chemistry from the decades. In between the early 1960s and late 1950s pyranopyranone and
pyranopyrazole with spiro conjugates being discovered as foremost molecules. Amino pyran
heterocycles possess as anticancer, antimicrobial, antifungal, anti-inflammatory also engaged both
biodegradable agrichemicals and pigments [13-16] either way for the treatment of myoclonus and
schizophrenia, also for curing of Alzheimer’s related harms They are an arrow towards the target of
mitigating the diseases selectively in the field of cancer therapy. However, conjugation of imidazo[1,2-
alpyridine with pyran, carrying properties of both, had not explored yet to treat any cancer type.

In this study, we synthesized a series of new Imidazo[1,2-a]pyridine derivatives by the
hybridization of imidazo[1,2-a]pyridine with 2-amino-4H-pyran to get a highly active small drug
candidates. So far we have designed and developed fifteen newly Imidazo [1,2-a] pyridine (IMPA)
derivative and we found improved biological efficacy against against NSCLC by targeting apoptosis

pathway and arrest the cell-cycle.
3.2 Results

3.2.1 Design, and synthesis of novel imidazo [1,2-a] pyridine- 2-amino-4H-pyran derivatives

We are the first who have designed and synthesized novel derivatives of imidazo[1,2-a]pyridine by
coupling with 2-amino-4H-pyrane through molecular hybridization. The synthesis involves two steps,
the commercially available 2-aminopyridine (compound 1) reacts with ethyl 2-bromoacetate resulted
compound 2, which further cyclization to obtain key intermediate of imidazo[1,2-a]pyridin-2-ol
(compound 3). The final compounds were synthesized involving the multi-component one-pot reaction
of intermediate (compound 3) with Malononitrile (compound 4) and corresponding aromatic
aldehydes as an initial step used benzaldehyde (compound 5) in a green protocol [17] to obtain 2-
amino-4-phenyl-4H-pyrano[2',3":4,5]imidazo[ 1,2-a]pyridine-3-carbonitrile derivatives (IMPA-1 to
IMPA-15) in good yield (Fig. 3.1A-C). The detailed spectral characterization of IMPA 1-15 is presented
in the Appendix (A-1). Furthermore, NMR (*H and '*C), Mass spectroscopy (MS), IR (Infra-red)
spectroscopy, and HPLC (High Performance Liquid Chromatography) spectra for IMPA-2, -5, -6, -8,
and -12 are also thoroughly discussed in the Appendix (A -2). Based on the inhibitory concentration
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value (IC50) obtained from cell cytotoxicity assay results, six IMPA compounds were further selected

from the initial fifteen for their anti-cancer activity against non-small cell lung cancer.

A
Scheme-I: Synthesis of imidazo[1,2-a]pyridin-2-ol
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Figure 3.1: Design and synthesis of IMPA derivatives (1-15); (4) The IMPA synthesis involves two steps

i.e scheme I and Il (B) Designed protocol of imidazo[1,2-a]pyridine by coupling with 2-amino-4H-pyrane
through molecular hybridization. (C) Chemical structure of IMPA derivatives 1 to 15. Out of 15, IMPA-2,-
5,-6,-8, and -12 are highlighted in blue color boxes.

56



Chapter 3 | Therapeutic efficacy of IMPA derivatives against NSCLC

L
3.2.2 Anti-cancer activity of novel imidazo [1,2-a] pyridine- 2-amino-4H-pyran derivatives
To evaluate the cytotoxic effect of IMPA derivatives on human lung adenocarcinoma cells, we
treated A549 lung adenocarcinoma cells with these newly 15 different IMPAs at varying concentrations
for 24h and the cell viability was analyzed by MTT assay. Treatment of A549 cells with these IMPAs
significantly decreased cell viability in a dose-dependent manner; however, the cytotoxic effect of five
IMPAs (IMPA-2,-5,-6,-8, and -12) was more profound compared to other IMPA derivatives as indicated
by the ICso values (Fig. 3.2 A). The ICso of IMPA-2,-5,-6,-8, and -12 were 2.1 + 0.7 uM, 3.1 + 0.07 pM,
3.2+ 0.08uM, 3.4+ 0.14uM, and 3+ 0.7 uM, respectively (Fig. 3.2 B). We subsequently examined the
impact of these five IMPAs on the viability of normal human lung epithelial BEAS-2B cells and mouse
fibroblast 1.929 cells. No significant mortality was observed at the IC50 concentrations of these IMPAs
(Fig. 3.2 C-D). Based on these findings, we selected the following IMPAs for further studies: IMPA-2,
-5, -6, -8, and -12. Cellular morphological changes are frequently regarded as indicators of cell
pathology. Therefore, we investigated the morphological variations in A549 cancer cells in response to
these IMPA derivatives. The Scanning Electron Microscopy (SEM) assay is significant in cancer studies
as it provides high-resolution images that reveal detailed cellular structures and surface morphology
changes, which are crucial for understanding the effects of therapeutic compounds [18]. The scanning
electron microscopy (SEM) images indicated markedly altered epithelial morphology with appearance
of membrane blebbing and formation of apoptotic bodies in IMPA-2,-5,-6,-8, and -12 treated A549 cells
(Fig. 3.2 E). To confirm further the anti-cancer effect of these five IMPAs on A549 lung cancer cells,
we performed clonogenic, wound scratch, trans-well migration and invasion assay. IMPA-2,-5,-6,-8,
and -12 treatments significantly suppressed cancer cell growth, migration, and invasion as indicated by
decreased colony numbers (Fig. 3.2 F,G), inhibits wound healing rate (Fig. 3.2 H,I) and cellular
migration (Fig. 3.2 J,K) and invasion (Fig. 3.2 L,M) as compared to control untreated cells. All these
results suggested that IMPA derivatives IMPA-2,-5,-6,-8, and -12 had promising antitumor activity

against human lung adenocarcinoma.
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Figure 3.2: Imidazo[1,2-alpyridine-2-amino-4H-pyrane (IMPA) derivatives induces cytotoxicity, restricts
invasion in A549 lung adenocarcinoma. (A, B) Analysis of A549 cell viability after treatment with different
concentrations of IMPA derivatives such as IMPA -2,-5,-6,-8, and-12 for 24 h and their (B) minimal
inhibitory concentrations (ICsg) of IMPA-2, -5, -6, -8, and -12 on A549 cell viability. (C, D) Cell cytotoxicity
assay of BEAS2B and L929 cells viability at concentrations of ICsg values of IMPA-2, -5, -6, -8, and -12. (E)
Representative scanning electron microscopic images showing morphological characteristics of A549 cells
treated with these IMPA derivatives for 24h. (F, G) Clonogenic assay images (F) and its quantification(G)
showing A549 cells colony development in response to IMPA-2, -5, -6, -8, and-12 incubations for 24h.
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Inhibition of A549 cell migration and invasion in response to IMPAs incubation. (H,I) Representative
microscopic images (H) and their quantifications (I) of wound healing scratch assays of control and treated
A549 cells treated without or with IMPA-2, -5, -6, -8,and -12 for different time periods (Oh, 4h, 8h, 12h and
24h). (J,K) Representative images (J) and their quantifications (K) of trans-well migration of A549 cells
treated without or with IMPA-2,-5,-6,-8, and -12 for 24 h. (L,M) Representative images (L) and their
quantifications (M) of A549 cells invasiveness in control and IMPA-2,-5,-6,-8, and -12 treated A549 cells.
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Data are expressed as mean + SD from three independent experiments, *p<0.05, **p<0.01, and

*akkn<0.001.
3.2.3 Elevated NOX activity in response to IMPA treatment leads to ROS-mediated disruption of
mitochondrial membrane potential in A549 cells

To explore the mechanism of cell death induced by IMPA derivatives, we assessed
mitochondrial transmembrane potential (Aym), a critical and early indicator of the intrinsic pathway of
cellular apoptosis. JC-1 staining was utilized to evaluate the loss of Aym through fluorescence
microscopy in A549 cells treated with IMPAs. JC-1 accumulates in the mitochondrial matrix and emits
red fluorescence when the membrane potential is high, whereas mitochondria with lower membrane
potential emit green fluorescence. Treatment with IMPA-2, -5, -6, -8, and -12 markedly increased green
fluorescence and reduced red fluorescence in A549 cells compared to untreated control cells (Fig. 3.3
A,B,C), indicating a compromised mitochondrial membrane potential in the treated cells. Increased
production of reactive oxygen species (ROS) has been shown to lead to mitochondrial membrane
depolarization and damage, which significantly contribute to apoptotic cell death when exceeding the
cellular antioxidant defense mechanisms. Consequently, we measured intracellular ROS levels by
evaluating the fluorescence intensity generated from DCFDA through cellular redox reactions.
Treatment of A549 cells with IMPA-2, -5, -6, -8, and -12 significantly elevated fluorescence intensity,
suggesting a substantial increase in intracellular ROS production by these IMPAs compared to control
cells (Fig. 3.3 D,E).

To investigate the potential reasons behind the ROS-mediated loss of Aym, we analyzed the
gene expression profiles of pro-apoptotic markers Bax and Bak and the anti-apoptotic marker Bcl2 in
AS549 cells treated with IMPA-2, -5, -6, -8, and -12, which are involved in regulating mitochondrial
membrane permeability. The results showed that these IMPAs significantly increased the expression of
Bax and Bak1 genes (Fig. 3.3 F) while decreasing the expression of the Bcl2 gene (Fig. 3.3 G), thereby
increasing the pro-apoptotic/anti-apoptotic ratio. Treatment with the ROS inhibitor N-acetyl-L-cysteine
(NAC) notably prevented the upregulation of Bax and Bakl gene expression induced by IMPAs (Fig
3.3 H), indicating the involvement of ROS in the impairment of mitochondrial membrane potential. We
also assessed the activity of NADPH oxidase (NOX), key membrane enzymes responsible for ROS
generation. We found that IMPA-treated cancer cells exhibited higher NOX activity compared to
controls (Fig. 3.3 I), while co-treatment with NAC significantly reduced IMPA-induced NOX activity
(Fig. 3.3 I). These findings suggest that IMPAs, by targeting NOX activation, cause ROS-mediated

impairment of mitochondrial membrane potential.
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Figure 3.3: IMPA derivatives promote ROS-dependent impairment of mitochondrial membrane potential
through NOX activation. (A, B, C) Schematic graphical representation of mitochondrial membrane
potential JC-1 assay (A) Fluorescence microscopy images (B) and their quantifications (C) representing JC-
1 staining of A549 cells exhibiting mitochondrial membrane potential in response to IMPA -2, -5, -6, -8, and
-12 treatments (D, E) schematic representation of DCFDA ROS assay (D) Measurement of ROS generation
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(E) in A549 cells treated without or with these IMPAs using DCFDA reagent. (F, G) RT-qPCR analysis of

pro-apoptotic Bax, and Bakl gene expression (F) and anti-apoptotic Bcl2 gene expression (G) in control
untreated and IMPA-2, -5, -6, -8 and -12 treated A549 cells at 24 h. 18s RNA served as an internal control
for normalization. (H) RT-gPCR analysis of pro-apoptotic Bax, and Bakl gene expression in presence of
NAC (5mM) for 24h. (I) Relative NOX activity was measured in A549 cells incubated without or with IMPA-
2, -5, -6, -8 and -12 in absence or presence of NAC (5mM) for 24h. Data are expressed as mean + SD from
three independent experiments, *p<0.05, **p<0.01, ***p<0.001 vs Con; #p<0.05, ##p<0.01 vs IMPAs.
3.2.4 IMPAs activate the intrinsic apoptotic pathway in lung adenocarcinoma

To determine whether the inhibition of A549 cell proliferation by IMPA derivatives is due to
the induction of apoptosis, we investigated apoptotic markers using flow cytometry. Flow cytometric
analysis of FITC-Annexin V/Propidium lodide (PI) revealed that treating A549 cells with IMPA-2, -5,
-6, -8, and -12 for 24 hours significantly decreased the percentage of live cells and induced both early
and late apoptosis compared to control cells (Fig. 3.4 A, B). Caspases, central mediators of apoptotic
cell death, act as initiators (caspase-8 and -9) in response to apoptotic signals or as effectors (caspase-
3, -6, and -7), orchestrating the cleavage of various proteins and DNA leading to programmed cell death.
Therefore, we examined caspase activation and its downstream targets in IMPA-treated A549 cells.
Treatments with IMPA-2, -5, -6, -8, and -12 notably increased the levels of cleaved caspase-9 and
cleaved caspase-3 in A549 cells (Fig. 3.4 C), while cotreatment with NAC significantly prevented the
effects of IMPAs (Fig. 3.4 D), suggesting that IMPA treatment induces ROS-mediated intrinsic
mitochondrial apoptotic pathways in cancer cells. Additionally, we found a significant downregulation
of Poly [ADP-ribose] Polymerase-1 (PARP-1), a DNA damage repair enzyme and a substrate of
activated caspase-3, in IMPA-2, -5, -6, -8, and -12 treated A549 cells (Fig. 3.4 E). These results suggest
that IMPA treatment stimulates the mitochondrial intrinsic apoptotic pathway of caspase activation,

which subsequently degrades its cellular targets, promoting cancer cell apoptosis.
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Figure 3.4: IMPAs induced A549 cell death by activating caspase9/3 dependent apoptosis. (4,B) Flow
cytometric analysis of Annexin V-FITC/PI staining (4) and its quantifications (B) indicating A549 cells
apoptosis in response to IMPA -2,-5,-6,-8, and -12 incubation for 24h. (C, D) Immunoblot image (upper) and
its quantification (lower) showing abundance of cleaved caspase 3, and 9 levels in A549 cells treated without
or with IMPA-2, -5, -6, -8 and -12 in absence (C) or presence (D) of NAC (5mM) for 24 h. p-actin was used
as loading control. (E) Immunoblot image (upper panel) and its quantification (lower panel) showing
abundance of PARP-1 protein level in control and IMPA-2, -5, -6, -8 and -12 treated A549 cells at 24 h. p-
actin was used as loading control. Data are expressed as mean = SD from three independent experiments,

*0<0.05, **p<0.01, and ***p<0.001 vs Con; #p<0.05, ##p<0.01 vs IMPAs.
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3.2.5 p38 MAPK inactivation and cell cycle arrest in A549 cells by IMPAs

Dysregulation of cell cycle progression is commonly associated with many human cancers [19]

Therefore, we investigated the effect of these IMPAs on cell cycle distribution in A549 cells using flow
cytometry. We observed a marked increase in the cell populations in the GO/G1 phase, accompanied by
a proportional decrease in the S phase populations in A549 cells treated with IMPA-2, -5, -6 and -12.
Interestingly, IMPA-8 did not increase the GO/G1 cell populations; instead, it enhanced the G2/M phase
cell populations (Fig. 3.5A, B). These results suggest that while IMPA-2, -5, -6, and -12 inhibit NSCLC
growth by blocking the G1/S transition, IMPA-8 induces cell cycle arrest at the G2/M phase.
Given that p38 MAPK signaling regulates both G1/S and G2/M cell cycle checkpoints in response to
cellular stress such as ROS and DNA damage, [20-22] we assessed p38 MAPK activation by western
blot analysis. A significant reduction in activated p38 MAPK was observed in A549 cells treated with
IMPA-2, -5, -6, -8, and -12 (Fig. 3.5C, D). Activated p38 is known to induce phosphorylation-mediated
degradation of p53, a tumor suppressor that regulates cell cycle checkpoints [22,23]. Treatment of A549
cells with IMPA-2, -5, -6, -8, and -12 markedly increased p53 gene expression (Fig. 3.5E), whereas
cotreatment with NAC notably restored p53 expression (Fig. 3.5E). Furthermore, analysis of p53
downstream targets, including pl6INK4A, p21Cipl, and p27Kipl, revealed significant induction of
these genes in A549 cells in response to IMPAs (Fig. 3.5F). These findings provide mechanistic insights
into the cell cycle arrest induced by these IMPA derivatives.
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Figure 3.5: IMPAs promote cell cycle arrest by the induction of p53 tumor suppressor protein in A549
cells via p38 MAPK activation. (A,B) Flow cytometric analysis of cell cycle distribution (A) and its
quantification (B) showing % of GO/G1, S, and G2/M cell populations in response to IMPA-2,-5,-6,-8 and -
12 treated A549 cells at 24 h. (C) Immunoblot image and its (D) quantification showing phospho-p38 MAPK
abundance in A549 cells treated without or with IMPAs for 24 h. p-actin was used as loading control. (E)
RT-qPCR analysis of p53 gene expression in A549 cells treated without or with IMPA-2, -5, -6, -8, and -12
in absence or presence of NAC (5mM) for 24 h. 18sRNA served as an internal control for normalization. (F)
RT-qPCR analysis of pl16, p21, and p27 gene expression in untreated and IMPA-2, -5, -6, -8 and -12 treated
A549 cells at 24 h. 18sRNA served as an internal control for normalization. Data are expressed as mean %
SD from three independent experiments, *p<0.05, **p<0.01, and ***p<0.001 vs Con, #p<0.05, ##p<0.01
vs IMPAs.
3.2.6 IMPAs restricts the growth and progression of 3D lung tumor spheroids

Since 3D multicellular tumor spheroids can better reflect the in-vivo features of a tumor
microenvironment compared to 2D monolayers, [24-26] we analyzed the effects of various IMPA
derivatives on a 3D multicellular tumor spheroid model. Phase-contrast imaging demonstrated a
significant impact of the IMPA derivatives on the size and characteristics of lung tumor spheroids. We
observed that these spheroids were sensitive to IMPAs, showing a reduction in size and diameter after
24 hours of treatment and a marked increase in spheroid disintegration after 48 hours (Fig. 3.6 A). A
live/dead assay indicated a striking reduction in viable cells and a notable increase in dead cells in tumor
spheroids treated with IMPA-2, -5, -6, -8, and -12 at both 24 and 48 hours compared to controls (Fig.
3.6 A).
To confirm that the observed tumor cell death was due to apoptosis, we performed FITC-Annexin
V/Propidium lodide (PI) staining followed by flow cytometry. As shown in (Fig. 3.6 B-D), treatment

with these IMPAs significantly decreased the percentage of live cells and concomitantly increased the
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proportion of early and late apoptotic cells in the tumor spheroids compared to untreated controls, both

at 24 and 48 hours. Additionally, we checked the cytotoxicity of IMPA derivatives on non-malignant
3D spheroid by phase contrast microscopy and calcein AM/ PI live dead assay, and we found that there
was no size reduction, and enhanced green signal (Indicating viable non-malignant spheroids) in non-
malignant tumor spheroids treated with IMPA-2, -5, -6, -8, and -12 at 48 hours (Fig 3.6 E) with respect
to controls. These results indicate that the IMPA derivatives IMPA-2, -5, -6, -8, and -12 effectively
reduce the growth and viability of lung cancer cells in 3D multicellular lung tumor spheroids, on the

other hand there was no detrimental effect observed in non-malignant tumor spheroids.
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Figure 3.6: IMPAs stimulate cell death and promote apoptosis in 3D Ilung tumor spheroids. (A)
Microscopic phase-contrast images of multicellular tumor spheroids (4549, MRC-5 and THP-1) treated
without or with IMPA-2, -5, -6, -8, and -12 for 24 h and 48 h (upper panel) and representative fluorescence
microscopic images of Calcein AM (green) and propidium iodide (red) staining of multicellular tumor
spheroids (Lower panel) treated without or with IMPA-2, -5, -6, -8, and -12 for 24 h and 48 h. (B,C,D) Flow
cytometric apoptosis assay (Annexin-v and PI) indicating percentage of early apoptotic, late apoptotic and
dead cells in multicellular tumor spheroids at 24 h and 48 h (B) in response to IMPA-2, -5, -6, -8, and -12
treatment and quantification of flow cytometric analysis of Annexin V-FITC/PI staining representing
percentage of early apoptotic, late apoptotic and dead cells in multicellular tumor spheroids at 24 h (C) and
48 h (D) in response to IMPA-2, -5, -6, -8, and -12 treatment. (E) Fluorescence microscopic images of
Calcein AM (green) and propidium iodide (red) staining of multicellular non-malignant (BEAS-2B, MRC-5
and THP-1) spheroids (Lower panel) treated without or with IMPA-2, -5, -6, -8, and -12 for 24 h and 48 h.
Data are expressed as mean + SD from three independent experiments, *p<0.05, **p<0.01, and

35 < (). 001
3.3 Discussion

Heterocycles are crucial in the metabolism of living cells and are found in natural products,
veterinary and agrochemical components, luminophores, and as building blocks in many

pharmaceutical drugs. Several drugs on the market or in clinical stages have imidazo[1,2-a]pyridine as
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a core unit, including Zolimidine, SCH 28080, and Alpidem [13,14], due to their potent

pharmacological activities and biological applications. However, they have limitations, including toxic
side effects and poor bioavailability. Therefore, there is a need to develop novel molecules with anti-
cancer potential. Oxygen-accommodated heterocycles, particularly the pyran family, have shown
excellent pharmacological efficacy [27]. Among these, 2-amino-4H-pyrans are of particular interest in
medicinal chemistry [13-16]. In this study, novel IMPA derivatives were designed and synthesized by
coupling imidazo[l,2-a]pyridine with 2-amino-4H-pyran to enhance bioactivity. The study
demonstrated potent anti-cancer activity of five IMPA derivatives (IMPA-2, -5, -6, -8, -12) against lung
adenocarcinoma.

Lung adenocarcinoma is highly metastatic and a major cause of cancer-related mortality, necessitating
therapeutic agents that target both cancer cell proliferation and tumor metastasis [28]. The IMPA
derivatives, particularly IMPA-2, -5, -6, -8, and -12, showed potent anti-proliferative activity in lung
adenocarcinoma cells, inducing apoptotic cell death and cell cycle arrest. These derivatives also
significantly reduced cancer cell migration and invasion, key features of tumor metastasis.

Apoptosis can be initiated via two principal pathways: one involves the activation of death receptors
and caspase-8, and the other involves mitochondrial membrane alterations leading to caspase-9
activation [29-31]. To investigate the effect of these IMPAs on the induction of apoptosis, we first
performed flow cytometry with PI/annexin V staining, and western blot of caspase proteins. We found
that these IMPA derivatives significantly increased intrinsic apoptosis in A549 cells by markedly
induced cleaved caspase-9 formations. We then look into the probable factors for upregulating intrinsic
apoptotic pathway by IMPAs.

Due to uncontrolled metabolic processes, cancer cells produce more reactive oxygen species (ROS)
than normal cells, resulting in a higher level of antioxidative capacity [32]. Anti-cancer therapies that
increase ROS levels beyond the cytotoxic threshold are effective in selectively killing cancer cells. This
imbalance in cellular redox homeostasis generates excessive ROS, which reacts with DNA, causing
damage. Consequently, this heightened ROS makes cancer cells more vulnerable than normal cells,
leading to cell death through apoptosis activation. We observed a significant induction of ROS
production in lung cancer cells by IMPA-2,-5,-6,-8, and -12 due to the enhancement of NADPH oxidase
(NOX) activity, a major cellular source of ROS generation [33].

Various studies have found that increased ROS production causes the change of mitochondrial
membrane potential [32,34,35]. The anti-apoptotic Bcl2 to pro-apoptotic Bax ratio regulates
mitochondrial membrane permeability, which governs cell survival or apoptosis [36]. In this study, we
discovered that IMPA derivative treatment significantly increased pro-apoptotic Bax and Bakl

expression while decreasing anti-apoptotic Bcl-2 expression, resulting in loss of mitochondrial
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membrane potential and permeability, caspase activation, and DNA damage [37]. The application of
NAC (a known free radical scavenger) significantly reduces IMPAs-induced NOX activity and pro-
apoptotic gene expression, implying that ROS-mediated apoptosis is involved in IMPAs-treated A549
cells. When DNA is damaged, Poly(ADP-ribose) Polymerase-1 (PARP-1) is recruited at the damage
site to either facilitate DNA repair and cell viability or to cause DNA fragmentation, which favours cell
death [38]. Because PARP-1 is a key target of active caspase-3, we studied PARP-1 cleavage in response
to IMPA incubations. We observed a substantial increase in PARP-1 degradation in A549 cells, which
indicates IMPA-induced apoptosis. Many chemotherapy medications work by inducing cancer cell
apoptosis, and apoptosis resistance is a major contributor to chemotherapeutic drug resistance. As a
result, using targeted therapies to restore apoptotic signalling in cancer cells holds huge potential for
improving cancer treatment outcomes.

Dysregulation of cell cycle progression is a hallmark of many human cancers [19] and thus, targeting
cell cycle arrest has long been considered a viable option for cancer treatment [39]. To determine if the
growth inhibitory impact of IMPA derivatives was also caused by suppression of cell cycle progression,
we used flow cytometry to examine cell cycle distribution in IMPA-treated A549 cells. Cancer cells
treated with IMPA-2,-5,-6, and -12 arrest at G0/G1 phase and are unable to enter S phase, but IMPA-8
inhibits cell cycle progression at G2/M. The tumour suppressor p53, one of the most frequently altered
genes in cancer, regulates cell cycle progression and apoptosis [40, 41] The p53 regulates the production
of target genes such as pl6INK4A, p21Cipl, and p27Kip1, which act as inhibitors of the cyclin/CDK
complex, a master regulator of cell cycle checkpoints [42, 43]. In A549 cells, IMPA-2,-5,-6,-8, and -12
treatment significantly increased the expression of p53 and its downstream target genes. It is now well
documented that abnormal p38 MAPK signalling is a common occurrence in several human
malignancies [22]. Activated p38 MAPK targets p5S3 degradation, allowing cancer cells to proliferate
[21,44]. Our findings revealed that incubation with IMPA-2,-5,-6,-8, and -12 significantly inactivates
p38 MAPK, potentially facilitating activation of p53 expression and concomitant cell cycle arrest in

A549 lung cancer cells.

In-vivo solid tumours have many similarities with multi-cellular tumour spheroids, which are a relevant
3D model for in-vitro preclinical investigation because they mimic the tumour microenvironment,
which is made up of various cell types such as fibroblasts, macrophages, endothelial cells, and immune
cells [45,46]. IMPA derivatives IMPA-2,-5,-6,-8, and -12 demonstrated substantial anti-proliferative
effects in multi-cellular lung tumour spheroids, and the increased rate of apoptotic cell counts in 3D
tumour spheroids in response to these IMPA derivatives suggests their potential usefulness in vivo.

In conclusion, IMPA-2,-5,-6,-8, and -12 act by inducing p53-dependent cell cycle arrest and activating
the intrinsic apoptotic pathway, respectively, to exacerbate ROS-mediated cell cycle arrest and

apoptosis in human A549 lung adenocarcinoma cells. As a result, recent research demonstrates the
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pleiotropic effects of these IMPA derivatives on A549 cells, raising the prospect of using them to treat
lung cancer. Therefore, IMPA derivatives may be used even more as lead chemicals in the treatment of

non-small cell lung cancer in humans.

3.4 Materials and Methods

3.4.1 Reagents and antibodies: The list of all antibodies and reagents provided in Tables A and C
(Appendix).
3.4.2 Design and synthesis of IMPAs
For synthesis of different IMPA derivatives, all the required chemicals were purchased from Sigma-
Aldrich, SpectrochemPvt. Ltd. and Combi Blocks, USA. Reactions were monitored by silica gel coated
aluminium plates and visualized by UV light. Spectra of 1H NMR and 13C NMR were recorded on
Avance (400 & 300 MHz), Bruker instruments. Spectral values were assigned in & and TMS as the
internal standard. Mass was analyzed in ESI+APCI instrument and IR data was recorded on FT-IR
instrument recorded in cm-1for major peaks. The purity of compounds was determined by HPLC
(Agilent Technologies 1200).
(a) Synthesis of 2-amino-1-(2-ethoxy-2-oxoethyl)pyridin-1-ium (2)
In a 100 mL multi neck RBF pyridine-2-amine (1, 1 gm) was charged at room temperature. Then the
ethyl 2-bromoacetate (5 vol.) was added slowly over 5 min and allowed to stir for 16 h at rt. MTBE
was added and filtered the precipitated solid and washed twice with MTBE and dried to obtain 2-
amino-1-(2-ethoxy-2-oxoethyl) pyridine-1-ium (2) as brown color solid with a quantitative yield
which was used for next step without any further purification.
(b) Synthesis of imidazo[1,2-alpyridin-2-0l(3)
To a stirred solution of 2-amino-1-(2-ethoxy-2-oxoethyl)pyridine-1-ium (2, 1 mmol) in ethanol was
added sodium ethoxide solution in ethanol (2 mmol) drop wise over 15 min at room temperature. The
resulting reaction mixture was stirred for 3h at RT, the progress of the reaction monitored by TLC.
After completion of starting material neutralized the reaction by 1N HCI solution and extracted with
dichloromethane. Combined organic layers were dried over Na2SO4 and filtered, concentrated under
reduced pressure to obtain imidazo[ 1,2-a]pyridin-2-ol (3) as light brown solid with 80% yield.
(c) General procedure for the synthesis of designed compounds (IMPAs)

To a stirred solution of Malononitrile (4, 1 mmol) in an equity ratio of ethanol and water, was added
corresponding aldehyde [(5 a-0, 1 mmol] at rt and allowed to stir for 10 min followed by addition of
imidazo[1,2-a] pyridin-2-ol (3, 1 mmol). The reaction mixture was heated to 100° C and maintained
for 16 h. After the completion of the reaction cooled the reaction mixture to room temperature and

filtered the solid and washed with ethanol to yield title compounds (IMPA-1 to 15).
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3.4.3 Treatment conditions
The cells were cultured at 37°C in a 90% humidified incubator with 5% CO2 environment. Cells when
attained 80% confluency were sub-cultured in fresh media. IMPA derivatives IMPA-2,-5,-6,-8,-12 and
curcumin were dissolved in DMSO (HiMedia, India) to prepare a stock solution at a concentration of 1
mg/ml and stored in -20°C. The working solutions of these compounds were freshly prepared in the
culture medium before use. The cells were seeded in a 6-well plate with 3.0 x10° cells/well and allowed
to adhere for 24h. Then, the cells were incubated with varied concentration of IMPA derivatives or
curcumin for different time periods. Control and treated cells images were captured using a light
microscope (Evos XL core, USA). Upon termination of incubations, cells were washed twice with ice-
cold Dulbecco’s phosphate-buffered saline (DPBS) and harvested with trypsin~EDTA (Gibco, UK)
solution. Harvested cells were centrifuged for 5 min for 2000 rpm to collect the cell pellets which were
used to perform various assays.
3.4.4 Cytotoxicity assay
Cell cytotoxicity was measured by MTT assay following the method described previously [47]. Briefly,
cells (1X10* cells/ml) were seeded into a 96-well plate after overnight adherence, the cells were
incubated with a two-fold serial dilution of IMPAs starting from 0.1 pg/ml with the maximum
concentration of 100 pg/ml for 24 h. Curcumin with similar dose concentrations were also tested for 24
h serving as a positive control. Then 10ul (Smg/ml) MTT solution was added to each well and incubated
for 4 h and on termination of incubation the supernatants were removed and 100ul MTT solubilizing
agent was added to each well for 30 min at 37°C to dissolve the formazan crystals. The cell viability
was estimated spectrophotometrically by measuring absorbance at 570 nm with Multiskan GO (Thermo
scientific, USA). The cell viability percentage was calculated after absorbance values were blanked
against acidic isopropanol and the absorbance of cells exposed to medium only (without any treatment)
were taken as 100% cell viability (control).
3.4.5 Wound healing assay
A549 cells (1X10° cells/well) were seeded in 12-well cell culture plates and cultured until they reach
90% confluency. Cells were then serum starved for 12 h and treated with mitomycin C (1 pg/ml) for 1
h to stop cell proliferation. A straight scratch area was created to simulate wound formation in each well
using a sterile micropipette tip and washed once to remove non-adherent cells. Cells were then treated
without or with IMPA derivatives individually. Cells migrations on the wound surface were observed
under a microscope and images were captured at various time points (Oh, 4h, 8h, 12h and 24h). The
percentage of wound closure was measured from 3 random fields for each well by calculating the width

of the wound remaining compared to the initial wound width area.
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3.4.6 Trans-well migration and invasion assay

Trans-well cell migration and invasion assays were performed using trans-well inserts containing 8.0
um pores (HiMedia, India). The serum-starved A549 cells (5 x10* cells/well) were incubated without or
with different IMPA derivatives in a serum-free medium for 24 h. On termination of incubations, cells
were trypsinised and resuspended in serum free media. For migration assay, cells were directly placed
in the upper chamber of transwell inserts; whereas, for invasion assay, cells were placed in the upper
chamber of Matrigel coated transwell inserts. The lower chamber was filled with 10% FBS containing
media in both the cases and then incubated for 24 h. The upper surface of the membrane were gently
scrubbed with a cotton swab, and the cells that migrated or invaded to the lower membrane surface were
fixed with 2.5% glutaraldehyde for 10 min and stained with 0.5% crystal violet solution for 2 h. The
bright field images of migrated and invaded cells were captured by a microscope (Nikon, Japan) at a
magnification of 200x. The migrated and invaded cell numbers also counted for at least 5 random fields
for each membrane.

3.4.7 Double staining cell apoptosis assay:

Apoptosis assessment was conducted using flow cytometry to determine the phosphatidylserine
exposed apoptotic cells by Annexin V-FITC and propidium iodide (PI) double staining (FITC-Annexin
V apoptosis detection kit, BD Biosciences) in accordance with manufacturers protocol. Briefly, A549
monolayer samples (1X10° cells/well) or 3D-multicellular tumor spheroid were treated without or with
different IMPA derivatives. On termination of incubations, single-cell suspensions were collected in
tubes and thoroughly washed with PBS. Cells were then resuspended in Binding Buffer, and subjected
to incubation with FITC-Annexin V/Propidium lodide (PI) solution in the dark for 15 min. Each cell
samples were subjected to flow cytometric analysis within 1 h using FACS Calibur (Becton Dickinson,
CA). Data analysis was performed with FlowJo software (BD Bioscience). Dot-plot graphs were used
to illustrate the viable cells (the lower left quadrant), early-phase apoptotic cells (the lower right
quadrant), late-phase apoptotic or dead cells (the upper right quadrant), and the necrotic cells (the upper
left quadrant).

3.4.8 Real-time quantitative PCR (RT-qPCR) analysis

Gene expression was analyzed by two-step qRT-PCR. Total RNA was extracted from the cells of
different incubations using RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s
instruction. RNA was treated with DNase I and reverse transcribed using the iScript Reverse
Transcription Supermix. We used PowerUp SYBR® Green Master Mix qPCR (2X) Universal to
perform RT-qPCR analysis inQuantStudio 5 Real-Time PCR System (Applied Biosystem, USA) to
quantify the relative mRNA expression levels using gene specific primers. Primer sequences used for

RT-qPCR were listed in Supplementary Table 4. Thermal cycling was initiated at 95°C for 2 minutes,
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followed by 40 cycles consisting of denaturation at 95°C for 10 seconds and combined
annealing/extension steps at 60°C for 1 minute. A melt curve analysis was performed by gradually
heating the samples from 70°C to 95°C with a 0.5°C increment per second while the fluorescence was
measured continuously after the final extension to ensure the specificity of the products. All data were
normalized to the expression of the reference gene 18s RNA.

3.4.9 Western blot analysis

Control and treated cells were lysed in NuPAGE lysis buffer (Invitrogen, USA) supplemented with the
Halt protease and phosphatase inhibitor cocktail and protein concentrations were determined by BCA
method [48]. Western blot analysis was performed following our previously described method [49].
Briefly, cell lysates (50 pg of protein) were subjected to either 10% or 12.5% SDS-PAGE and
transferred on to ImmbilonP PVDF membranes (Millipore, Bedford, MA) with the help of Wet/Tank
Blotting System (Bio-Rad Laboratories, Hercules, CA). Membranes were first blocked with 5% BSA
in TBS (Tris-buffered saline) buffer for 1 h followed by the overnight incubation with primary
antibodies (1:500 or 1:1000 dilutions) in a rotating shaker at 4°C. The membranes were then washed
three times with TBST (TBS containing 0.1% Tween 20) buffer for 10 min interval and incubated with
peroxidise conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (1:20000 dilution) for
2 h at room temperature. Membranes were then washed three times with TBST for 10 min interval and
subjected to Clarity™ Western ECL Substrate incubation for 5 min at room temperature. Protein bands
were visualized and quantified in Chemidoc XRS+ System (Bio-Rad Laboratories, USA) using Image
Lab Software.

3.4.10 Colony formation assay

AS549 cells (100 cells/plate) were seeded into 6-well platesand allowed to adhere for 24 h. Cells were
then treated without or with different IMPA derivatives and continued to grow for two weeks. After that,
cell culture media was discarded; cells were washed with PBS twice and fixed with 4%
paraformaldehyde for 15 min. After fixation, cells were stained with 0.5% crystal violet solution at
room temperature for 10 min and then plates were rinsed with distilled water and air-dried. Cell plates
were photographed and cellular clones in each well was counted under an inverted microscope (Leica
DMi8, Germany).

3.4.11 Scanning electron microscopy

For the scanning electron microscopy studies, A549 cells (1X10cells) were grown on a glass cover slip
for 24 h and treated without or with different IMPAs. Cells were fixed with 2.5% glutaraldehyde for 30
min at room temperature and then dehydrated through graded ethanol concentrations (25%, 50%, 75%,
95%., and 100%) for 15min at each step followed by drying with hexamethyldisilane (HMDS). The cell

samples were mounted to remove charging and sputtering using a sputter coater. The samples were then
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examined using variable pressure scanning electron microscope (SEM LaB6, JEOL, Model: 6610LV)

at 3500x and 5000x magnification.

3.4.12 Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (Ayn) assay was performed using JC-1 fluorescent probe following
previously described method [50]. Briefly, A549 cells (3X10° cells/well) were seeded into 6-well plates
and allowed to adhere for 24 h. The cells were then treated without or with IMPA derivatives for 24 h.
Cells were then incubated with 5 uM of JC-1 stain (Invitrogen, USA) for 30 min at 37°C in the dark.
On termination of incubations, cells were washed twice with PBS and fluorescent images were captured
using fluorescence microscope (Leica DMi8, Germany). The JC-1 probe was excited by 488 nm laser
light and emission was captured at 568 nm. The green/red fluorescence intensity ratio was calculated
from 5 random fields for each sample.

3.4.13 DCFDA ROS assay

Intracellular reactive oxygen species (ROS) were detected using the DCFDA fluorescent probe
(#D6883, Sigma) following a previously described method [51]. In summary, A549 cells (2.5 x 10™4
cells/well) were seeded into 96-well plates and allowed to reach approximately 70—80% confluency.
The media was then aspirated, and the cells were rinsed with DPBS. Subsequently, the cells were treated
with 100 pl/well of a 10 uM DCFDA solution, diluted in serum-free media, and incubated for 45
minutes at 37 °C in the dark. After incubation, the media was removed, and 150 pl/well of RPMI-1640
media, with or without IMPA derivatives, was added and incubated for 24 hours. As a positive control,
0.03% hydrogen peroxide was used, while a negative control consisted of cells not treated with IMPAs
but stained with DCFDA. An unstained control was also included, where cells were not exposed to
DCFDA staining. ROS levels were measured using a microplate reader at an excitation/emission
wavelength of 495/529 nm.

3.4.14 NOX activity assay

To assess NOX (NADPH oxidase) activity, a major source of free radicals in nonphagocytic cells, a
lucigenin-based assay was performed following the method of Zhang et al. [52]. Lucigenin, a reagent
that generates luminescence upon interacting with free radicals, allows for quantitative analysis using a
luminometer. Briefly, after the cells (1 x 10"6) were treated, they were thoroughly washed with PBS
and sonicated in ice-cold Krebs buffer (pH 7.4) containing 130 mM NaCl, 5 mM KCl, 2 mM MgCI2,
1.5 mM CaCl2, 5 mM glucose, 35 mM phosphoric acid, and 20 mM HEPES. The cell homogenate was
then centrifuged at 1000 g, and the resulting pellet was resuspended in a luminescence buffer (Krebs
buffer containing 0.5 mM lucigenin). NADPH (0.1 mM) was added as a substrate, and the luminescence
emitted was measured using a luminometer (FluoStar Optima; BMG Labtech, Durham, NC). The NOX
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activity was expressed in relative luminescence units (RLU). A549 cells were assessed for NOX activity
both with and without NAC (5 mM) following treatment with IMPA derivatives.

3.4.15 Cell cycle analysis by flow cytometry

The cell cycle analysis was performed using BD Cycletest™Plus DNA kit following manufacturer
instructions. Briefly, A549 cells (1X10* cells/well) seeded in 6-well plates and treated without or with
IMPA derivatives for 24 h. On termination of incubations, cells were trypsinized and centrifuged for 5
min at 1500 rpm at room temperature. After discarding the supernatant, cell pellets were resuspended
in buffer solution and incubate with PI stain solution on ice for 10 min in the dark. Cells were then
filtered and used for analysis on the FACS Calibur (Becton Dickinson, CA) flow cytometer. The data
acquisition and analysis were performed using FlowJo (10.6.0) software.

3.4.16 3D multicellular tumor spheroid culture

3D multi-cellular tumor spheroids were generated by following hanging drop plate method [53,54].
Briefly, cell suspension (30ul) of A549 (3.5x10* cells), MRC-5 (5x10” cells) and THP-1 (5x10* cells)
mixtures were spotted onto the lid of 90 mm cell culture dish through pipette drop. The lid was then
placed on the plate and 4 to 5 ml of autoclaved Milli-Q water was added in the bottom of the dish to
keep the cells hydrated. The plate was labelled and was maintained at 37°C in humidified incubator
with 5% CO2 environment for five days to allow the spheroids to form. Cells were routinely observed
under microscope and imaged to examine cell aggregation and proliferation. The growth media was
exchanged every alternate day by taking 10 pl media from a drop and adding 14ul fresh media into a
drop to provide enough nutrients for cells. The 3D multi-cellular tumor spheroids were then incubated
without or with different IMPA derivatives for 24h and 48h and on termination of incubations, phase
contrast images were captured by a microscope (Nikon, Japan).

3.4.17 Live/Dead assay of 3D tumor spheroids

To examine the viability of cells in multi-cellular (A549, MRC-5 and THP-1) tumor spheroids treated
without or with different IMPA derivatives for 24h and 48h followed by the determination of viability
and cytotoxicity with the live/dead assay. The culture media were aspirated and the cells were treated
with 5 uM of Calcein AM (Invitrogen, USA) and Propidium lodide (BD Biosciences, USA) for 2 h at
37°C. Images of cell spheroids were subsequently captured using an inverted fluorescent microscope
(Leica DMi8, Germany).

3.4.18 Statistical analysis

Data were obtained from at least three separate experiments and values were presented as the mean +
SD. T-test was employed for comparison among multiple groups using SigmaPlot 10.0 software. A level

of P < 0.05 was considered statistically significant.
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Chapter 4

Oxygen Nanobubbles restricts hypoxia-induced
epithelial-to-mesenchymal  transition and
metastasis in lung and breast tumor

I
4.1 Background and Challenges

The initiation and progression of cancer are closely associated with the abnormal and extensive
proliferation of tumor cells and the formation of abnormal tumor blood vessels, [1] resulting in
increased nutrient consumption and reduced oxygen delivery [1-3]. This leads to the creation of hypoxic
microenvironments, which are hallmarks of solid tumor development [1-4]. It drives tumor
aggressiveness through heightening epithelial-to-mesenchymal transition (EMT), dysregulated
angiogenesis, and enhanced cancer cell migration, invasion, and metastasis [4-8]. Furthermore, cancer
cells under chronic hypoxia exhibit increased resistance to various cancer therapies, including
chemotherapy, radiotherapy, and photodynamic therapy [6-10]. Numerous studies have shown that
hypoxia within tumors induces EMT in epithelial cancer cells, promoting invasion and migration
through the enhanced production of matrix metalloproteinases (MMPs) [5-9]. Hypoxia stabilizes HIF-
la, which would otherwise be degraded under normal oxygen conditions. Stabilized HIF-1a triggers a
range of responses, including EMT initiation, apoptosis suppression, autophagy promotion, and the
induction of metastatic processes [10-13]. HIF-1a modulates the expression of various genes and
signaling pathways, such as those involving Transforming Growth Factor-B (TGF-f), Notch, Sonic
Hedgehog, and Wnt [2,3,6,7,9], and it plays a crucial role in regulating EMT and metastasis by
influencing key transcription factors like Twist, Snail, Slug, Smad interacting protein 1 (Sipl), and
ZEBI1 [5,11,12,14-16]. Thus, targeting HIF-1a could reduce hypoxia severity and alleviate hypoxia-
induced cancer aggressiveness and improved the drug efficacy [16-18].

In response to the challenges posed by tumor hypoxia, oxygenation therapy is emerging as a novel anti-
cancer strategy. Oxygen nanobubbles (ONBs), a recent advancement in gas-liquid systems, are
submicron-sized oxygen-filled cavities stabilized by surfactants. They are highly efficient in delivering
oxygen to tissues [19-21], and have gained significant attention in various scientific and industrial fields
[22,23]. ONBs possess unique properties, such as a high surface charge, [23-25] neutral buoyancy
enabling them to reach surfaces through Brownian motion, and longevity in suspension for extended
periods [26-28]. These characteristics make them attractive for medical applications. ONBs can
penetrate biological membranes and tissues, releasing oxygen into hypoxic cells and tissues, thereby

attenuating hypoxic effects [21,26,28-32] and improving the efficacy of cancer treatments, including
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radiation therapy and chemotherapy [33-39]. Existing ONBs face several limitations in cancer therapy.
Despite their small size and robust polymer shells, they can exhibit instability in complex physiological
environments, leading to inconsistent delivery of oxygen and therapeutic agents. Premature oxygen
release is also a concern, as maintaining adequate oxygen levels during circulation is critical for
effective hypoxia-targeted therapy. Additionally, the high interstitial fluid pressure and deregulated
extracellular matrix in tumors can hinder the deep and uniform penetration of ONBs, reducing their
overall therapeutic efficacy. L-ONBs address these limitations by incorporating a lipid-polymer
bilaminar shell for enhanced stability and controlled oxygen release, allowing for better tumor
penetration and retention. Their precise response to external stimuli enables targeted activation and
localized drug release, significantly improving therapeutic outcomes.

In this study, we prepared highly stable liposome-encapsulated oxygen nanobubbles (L-ONBs) using
dipalmitoyl phosphatidylcholine (DPPC) lipid via an acoustic cavitation approach. We investigated
their efficacy in mitigating hypoxia-induced aggressiveness in lung adenocarcinoma (LUAD) and
mammary adenocarcinoma (MAC). Our findings demonstrated that L-ONBs effectively reduced
LUAD and MAC tumor progression and aggressiveness by targeting the HIF-la-mediated EMT
pathway.

4.2 Results

4.2.1 Fabrication, physiochemical-characterization and stability of liposome-encapsulated

oxygen nanobubbles (L-ONB)

In this study, we developed liposome-encapsulated oxygen nanobubbles (L-ONB) that provide
a larger surface area and greater colloidal stability compared to existing oxygen bubble systems [20,21].
Our formulation involves encapsulating oxygen nanobubbles within liposomes made from dipalmitoyl
phosphatidylcholine (DPPC) and cholesterol. DPPC has a high phase transition temperature, while
cholesterol enhances structural integrity and fortifies the lipid bilayer when combined with DPPC.
Cholesterol also helps reduce liposome fusion and aggregation. The fabrication process of L-ONB is
schematically illustrated in (Fig. 4.1A). The liposomes, ONB, and L-ONB were characterized by using
Nanoparticle Tracking Analysis (NTA), Dynamic Light Scattering (DLS), Cryo-Transmission Electron
Microscopy (Cryo-TEM), and Transmission Electron Microscopy (TEM). The NTA study revealed that
the average sizes were 107-509 nm for liposomes, 150-180 nm for ONB, and 100-468 nm for L-ONB
(Fig. 4.1B). Zeta potential measurements showed negative charges for all samples: -11.3 = 0.5 for
liposomes, -33.8 + 1.5 for ONB, and -25.6 = 0.8 for L-ONB (Fig. 4.1C), which is likely due to the OH-
ion adsorption at the gas-liquid interface. This electric double layer acts as a repulsive force preventing
bubble aggregation [23,36,37]. The mean diameters were 217 = 117.6 nm for liposomes, 158.7 £ 74.2
nm for ONB, and 274.8 + 115.6 nm for L-ONB (Fig. 4.1 D). NTA-based particle number density
measurements were approximately 1.41 £ 0.0903 x 108 particles/mL for liposomes, 3.71 = 0.376 x
1078 bubbles/mL for ONB, and 3.16 + 0.676 x 10”8 bubbles/mL for L-ONB (Fig. 4.1 E). Further,
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dynamic light scattering analyses showed the size of L-ONBs as 267 + 37 nm, (Fig. 4.1 F) which aligns

with tumor vasculature openings (400 to 800 nm), suggesting potential passive targeting to tumor
tissues due to its enhanced permeability and retention (EPR) effect [5]. L-ONB exhibited a
polydispersity index (PDI) of 0.157 £ 0.161, indicating sample homogeneity. Comprehensive data on
mean size, PDI, and zeta potential are presented in Table S3. Cryo-TEM and TEM techniques were
used to visualize the morphological structure of L-ONB (Fig. 4.1 G and 4.1 H). An increase in the
mean diameter of L-ONB serves as an acoustic trigger for drug release. We performed the oxygen
release kinetics study [32] and calculated the dissolved oxygen by monitoring the oxygen release from
L-ONB in hypoxic solutions at two different pH levels. Before L-ONB injection, the oxygen
concentration in deoxygenated water was 0.35 = 0.21 mg/L at pH 7.4 and 0.4 + 0.07 mg/L at pH 4.4.
After L-ONB injection, a time-dependent increase in oxygen concentration was observed, reaching a
plateau after 12 hours at pH 4.4 and 55 hours at pH 7.4 (Fig. 4.1 I). Oxygen release was higher at low
pH due to a higher gas mass transfer rate as the zeta potential decreases with pH. Intracellular oxygen
levels in cancer cells showed greater oxygen uptake in L-ONB-treated cells compared to ONB-treated
ones (Fig. 4.1J). FITC-labelled L-ONBs were used to confirm delivery to MDA-MB-231 cells, showing
internalization through cytoplasmic green fluorescence signals (Fig. 4.1 K-L). To explore tumor-
targeting specificity, 3D lung and breast tumor spheroid models were treated with FITC-tagged L-
ONBs, showing significant accumulation in immunofluorescence analysis (Fig. 4.1 M-N). The indirect
method of oxygen release from L-ONB was examined by quantifying HIF-la gene expression in
hypoxic MDA-MB-231 cells treated with L-ONB, showing a significant reduction, indicating effective
oxygen release and its utilization. Moreover, L-ONB stability was assessed in water, PBS, and FBS
over 15 days using DLS, zeta potential measurements, and Cryo-TEM imaging. Interestingly, the
particle size and zeta potential values of L-ONBs exhibited minimal changes over time from day 0 to
day 15 in water, PBS, and FBS (Fig. 4.1 O-P). This stable size and zeta potential profile may be
attributed to the use of DPPC lipid, known for its high phase transition temperature. Cryo-TEM imaging
at days 0 and 10 (Fig. 4.1 Q) further confirmed no significant morphological changes in L-ONBs over

time.
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Figure 4.1: Synthesis and fabrication of liposomes, ONB, and L-ONB and their characterizations, (4)
Schematic diagram of L-ONB generation system. (B) Measurement of bubble size distributions of liposomes,
ONBs, and L-ONBs by NTA analysis. (C) Zeta potential estimation by Zetasizer. (D, E) The mean bubble
diameter and bubble number density of liposomes, ONB, and L-ONBs by NTA analysis. (F) Dynamic light
scattering characterization of L-ONB using Microtrac/Nanotrac Flex. (G) Cryo-TEM image of L-ONBs. (H)
TEM image of L-ONB. (1) In vitro oxygen release kinetics assay of the L-ONBs under hypoxic condition
incubated at pH 7.4 and 4.4 at different time interval (0 min., 5 min., 10 min., 30 min., 1 h, 2h, 4 h, 8 h, 12
h, 24 h, 48 h, and 72h ) (J) Intracellular oxygen level of ONB and L-ONB treated MDA-MB-231 cells at 24
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h. (K, L) Confocal laser microscopy images and the quantification of mean fluorescence intensity showing
subcellular localization of L-ONB-FITC in the MDA-MB-231 cells treated with FITC-labelled L-ONBs for
8 h (Magnification, 40x). DAPI was used for nuclear counterstaining. (M, N) Fluorescence microscopy
images of cellular uptake of untreated and L-ONB-FITC treated 3D spheroids of A549 (M), and MDA-MB-
231 cells (N) Scale bar, 250 um,; Magnification 20x. (O, P) A line graph of DLS (Dynamic Light Scattering)
for size analysis (O) and Zeta potential (P) for particle charge of Liposome and L-ONB in PBS, water and
FBS at different time interval. (Q) Cryo-TEM image of L-ONB at day 0 and day 10, Scale bar, 1um. Scale
bar, 20 um. Data are expressed as mean + SD of three independent experiments (n = 3), and #p<0.05;

*0<0.01; and **p<0.001 were considered significant difference.

4.2.2 L-ONB destabilizes hypoxia-induced HIF-1a in cancer cells, enhancing ROS generation

and cytotoxicity

In solid tumors, cells deprived of oxygen exhibit hypoxia, a key factor driving tumor
progression and metastasis [1-3,40]. Under hypoxic conditions, the transcription factor HIF-la is
stabilized and translocated to the nucleus, where it forms a heterodimer with ARNT (Aryl Hydrocarbon
Receptor Nuclear Translocator). This complex binds to the hypoxia response element (HRE) of target
genes, influencing their expression [5-7,41]. Recently, in vitro 3D tumor spheroid models have gained
popularity for their ability to mimic many in vivo solid tumor features, including a hypoxic core zone
[1,3,5]. Using MDA-MB-231 cells, 3D breast tumor spheroids were developed to simulate the hypoxic
core and assess the efficacy of L-ONB in reducing hypoxia. A live/dead assay confirmed the viability
and plasma membrane integrity of the tumor spheroids, (Fig. 4.2 A) while image-iT green hypoxia
staining demonstrated hypoxia induction in MDA-MB-231 monolayer cells and spheroids under 1%
oxygen conditions. After an 8 h incubation with 20% L-ONB under 1% oxygen conditions, a significant
reduction in hypoxia was observed, as shown by image-iT green hypoxia staining in Fig. 4.2 B-D.
Comparative analysis of L-ONB's effect on HIF-1a gene and protein levels was conducted in both A549
and MDA-MB-231 cells. Significant down-regulation of HIF-1a gene and protein expression was
observed in these hypoxic lung and breast cell lines treated with L-ONB (Fig. 4.2 E, F). Additionally,
cells preincubated with the proteasomal inhibitor MG132 [11] followed by L-ONB treatment showed
restored HIF-1a protein levels in both cell lines, suggesting that L-ONB induces HIF-1a destabilization
(Fig. 4.2 G). Persistent hypoxia leads to inefficient electron transfer in the electron transport chain due
to the lack of oxygen molecules at the mitochondria, resulting in the accumulation of reactive oxygen
species (ROS), which can cause irreversible cellular damage [42]. Therefore, the effect of L-ONB on
cellular ROS production was analyzed [44,52]. The DCFDA staining results showed a significant
increase in ROS generation (27.5 + 2.3%) in hypoxic A549 cells treated with L-ONB, (Fig. 4.2 H)
potentially contributing to cancer cell death.
A study by Chen SY et al. (2021) indicated that non-small cell lung adenocarcinoma A549 cells become

more aggressive under oxygen-deficient conditions and can metastasize. Hyperbaric oxygen treatment
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not only improves tumor hypoxia but also suppresses tumor growth in murine xenograft models [43,44].
Thus, this study aimed to evaluate the cytotoxic potential of L-ONB against cancer cells. MTT cell
viability assays performed on A549 and MDA-MB-231 cells with varying concentrations of L-ONB
revealed a significant reduction in cell viability: 58.06 + 6.12% and 54.57 = 3.87% in A549 cells, and
66.28 + 2.06% and 63.72 = 4.29% in MDA-MB-231 cells, after 24 and 48 hours of treatment,
respectively (Fig. 4.2 I-J). In contrast, normal mouse fibroblast L.929 cells showed no significant
viability reduction (Fig. 4.2 K). Collectively, these results demonstrate that L-ONB delivery
destabilizes HIF-1a in A549 and MDA-MB-231 cells, leading to increased ROS production and cancer
cell death.
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Figure 4.2: The uptake of L-ONB destabilizes HIF-1a, and induces ROS production in hypoxic A549
and MDA-MB-231 cancer cells; (A) Schematic representation of 3D spheroid preparation of MDA-MB-
321 by hanging drop method at day 0 and day 4 (left panel). Fluorescence microscopic images (20x)
demonstrating viability of 3D unicellular spheroid of MDA-MB-231 cells at day 0, day 5 and day 10 by
live/dead assay (right panel). Scale bar, 200 um (B-D) Fluorescence microscopy images (20x) of Image iT
green hypoxia staining of MDA-MB-231 cells exposed to normoxia (N) or hypoxia (H) or hypoxia with 20%
L-ONB (H+L-ONB) for 24 h (B) (Scale bar: 100 um); and N and L-ONB treated of 3D unicellular spheroid
of MDA-MB-231 of day 10 (C) and their quantifications (D) Scale bar, 280 um. (E) RT-qPCR analysis of
HIF-1a gene expression in A549 and MDA-MB-231 cells treated with N, H, and H+L-ONB. (F, G) Western
blot analysis of HIF-1o protein and its quantification in presence or absence of MG132 treated A549 and
MDA-MB-231 cells. p-actin served as loading control. (H) Flow cytometric analysis of ROS production in
A549 cells treated with N, H, and H+L-ONB at 24 h by measuring the DCFDA levels. (I-J) MTT assay
exhibiting concentration-dependent alteration of A549 and MDA-MB-231 cells viability when exposed to L-
ONB for 24 h (1) or 48 h (J). (K) Cell cytotoxicity assay of concentration-dependent alteration of L929 cells
viability at 24 h and 48 h.Data are expressed as mean + SD of three independent experiments (n = 3), and
#p<0.05; *p<0.01; and **p<0.001 were considered as significant difference.
4.2.3 L-ONB reduces hypoxia-induced tumor aggressiveness in lung and breast cancer cells by

modulating the EMT pathway

Hypoxia-driven epithelial-to-mesenchymal transition (EMT) plays a crucial role in cancer
progression, where epithelial cells gain mesenchymal characteristics and increased invasiveness. This
process enhances tumor aggressiveness by increasing the invasiveness and metastatic potential of solid
tumors [44-48]. Given that L-ONB significantly reduced HIF-1a expression, we investigated its effect
on hypoxia-mediated tumor aggressiveness and the gene expression profile of epithelial (E-cadherin)
and mesenchymal markers (N-cadherin, Fibronectin, Vimentin, and Snail) using the RT-qPCR assay.
L-ONB treatment resulted in a significant increase in E-cadherin gene expression in hypoxic A549 and
MDA-MB-231 cells (Fig. 4.3 A), while the expressions of N-cadherin, Fibronectin, Vimentin, and Snail
were significantly suppressed (Fig. 4.3 B - E). Immunoblot analyses confirmed these findings, showing
increased E-cadherin protein levels and reduced vimentin protein levels in hypoxia-exposed, L-ONB-

treated cells (Fig. 4.3 F - G), indicating that L-ONB delivery mitigates the hypoxia-induced EMT
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Y
pathway. Additionally, transwell and wound scratch assays demonstrated that L-ONB treatment

significantly inhibited the invasion and migration of A549 and MDA-MB-231 cells under hypoxic
conditions (Fig. 4.3 H - K), suggesting L-ONB's potential to reduce cancer cell migration and invasion
in a hypoxic microenvironment.

To further explore the effect of L-ONB on HIF-1a-activated TGF- and VEGFA expressions, which
promote tumor progression and metastasis through the activation of the Smad pathway [39,58-60], we
conducted a series of in vitro and in vivo experiments. L-ONB treatment significantly suppressed HIF-
la-induced TGF-f and VEGFA gene expressions in hypoxic A549 and MDA-MB-231 cells compared
to the control (Fig. 4.3 L - M). Notably, L-ONB treatment caused significant changes in pSmad2/3
protein deactivation in hypoxic A549 cells, with a slight downregulation observed in MDA-MB-231
cells (Fig. 4.3 N - O), suggesting the involvement of the pSmad2/3 pathways in mediating L-ONB's
effects.

Collectively, these findings indicate that L-ONB holds significant potential for mitigating the epithelial-
to-mesenchymal transition (EMT) and inhibiting the migratory behaviour of cancer cells. Furthermore,
to evaluate the combined effect of L-ONBs on tumor treatment, we selected doxorubicin, an
anthracycline class chemotherapeutic agent known for effectively inhibiting the transcriptional activity
of HIF-1a [49,50] and enhancing the sensitivity of hypoxic tumor cells to chemotherapy. We observed
a significant increase in doxorubicin's cytotoxic effect in the presence of L-ONBs in A549 and MDA-
MB-231 cells (Fig. 4.3 P). Additionally, we investigated the combined effect of doxorubicin and L-
ONBs on the gene expression of HIF-1a, E-cadherin, vimentin, TGF-f, and VEGFA in A549 and
MDA-MB-231 cells, finding that doxorubicin's effects were significantly enhanced (Fig. 4.3 Q - U) in
the presence of L-ONBs.
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Figure 4.3: L-ONB treatment reverts hypoxia-induced tumor aggressiveness in A549 and MDA-MB-231
cell lines. RT-gPCR analysis of epithelial marker E-cadherin (4) and mesenchymal markers N-cadherin (B),
Fibronectin (C), Vimentin (D), and Snail (E) gene expressions in A549 and MDA-MB-231 cells exposed to
N, H, and H+L-ONB at 24 h. Western blots analyses (F) and their quantifications (G) showing protein
expression of E-cadherin and Vimentin proteins in N, H, H+L-ONB treated A549 and MDA-MB-231 cells
at 24 h. p-actin served as loading control. (H, 1) Trans-well migration and their quantifications in A549 and
MDA-MB-231 cells treated with N, H, and H+L-ONB (Scale bar: 200 um). (J, K) Wound scratch assay and
their quantification showing migration potential of MDA-MB-231 cells exposed to N, H, and H+L-ONB for
Oh,8h, 12 h, and 24 h at 20x (Scale bar: 100 um). RT-qPCR analysis of TGF-f (L) VEGF-A (M) of N, H,
and H+L-ONB treated A549 and MDA-MB-231 cells at 24 h. (N-O) Western blot analysis (N) and their
quantifications (O) showing pSmad2/3 levels in A549 and MDA-MB-231 cells treated with N, or H, or H+L-
ONB for 24 h. p-actin served as loading control. (P) Cell cytotoxicity assay of H+Dox, H+L-ONB, and
H+L-ONB+Dox treated A549 cells for 24 hours at different Dox concentrations shown on the X axis, and
20%-L-ONBs concentration were utilised. (Q-U) RT-gPCR analysis of HIF-1a (Q), E-cadherin (R), VIM
(Vimentin) (S), VEGF-A (T) and TGF-f (U) genes in A549 and MDA-MB-231 treated cells with H, H+L-
ONB, H+Dox and H+L-ONB+Dox respectively. (H = Hypoxia, L-ONB= Liposomal oxygen nanobubble,
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Dox = Doxorubicin). Data are expressed as mean + SD of three independent experiments (n = 3), and

#p<0.05; *p<0.01; and **p<0.001 were considered significant difference.

4.2.4. L-ONB reduces growth of lung and breast tumors in zebrafish and mouse models

To assess the therapeutic potential of L-ONB in lung adenocarcinoma (LUAD) tumorigenesis,
an adult zebrafish tumour xenograft model with A549 cells was developed. The adult zebrafish tumor
xenograft model offers an in-vivo approach for high-throughput screening of potential anti-cancer
compounds [51-54]. In this model, significant reductions in tumor size and weight were observed in L-
ONB treated zebrafish compared to those treated with liposomes (Fig. 4.4 A - C). The L-ONB treated
group also showed a substantial decrease in HIF-1a gene expression, accompanied by a significant
increase in E-cadherin gene expression and suppression of N-cadherin and vimentin compared to the
liposome and control groups (Fig. 4.4 D). These results highlight the efficacy of L-ONB in reducing
LUAD in the zebrafish xenograft model. Subsequently, we examined the effects of L-ONB in an in-
vivo 4T1 BALB/c breast tumor xenograft model. The experimental protocol, study duration, and
treatment regimen for L-ONB compared to the vehicle (control) and bare liposomes are depicted in the
Fig. 4.4 E. Significant reductions in tumor size, weight, and volume were observed in L-ONB treated
mice over a 14-day period, (Fig. 4.4 F - H) without any notable changes in body weight between treated
and control animals. RT-qPCR analysis revealed a marked down-regulation of HIF-la, TGF-f,
VEGFA, and Vimentin gene expressions, alongside an up-regulation of E-cadherin gene expression in
tumor samples from the L-ONB treated group compared to the liposome and control groups (Fig. 4.4
J). Immunoblot analysis corroborated these findings, showing increased levels of E-cadherin protein
and decreased levels of HIF-1a, Vimentin, and pSmad2/3 proteins in tumor samples (Fig. 4.4 K - N)
from the L-ONB treated group.
To further investigate L-ONB's efficacy in metastasis attenuation, we collected spleen, lung, liver, and
kidney tissues from untreated and L-ONB-treated 4T1 tumor-bearing mice for hematoxylin and eosin
(H&E) and immunohistochemistry (IHC) staining. Histological examination of tumor tissues from
untreated mice revealed poor differentiation, considerable pleomorphism, and inflammatory cell
infiltration, characteristic of aggressive cancer tissues [47]. In contrast, tumor sections from L-ONB-
treated mice displayed inflammatory edema and nuclear fragments (Fig. 4.4 O), indicating cytotoxic
effects leading to cancer cell death. In order to determine the protein level of treated and untreated
section of tumor tissue, therefore immunostaining for HIF-1a, E-cadherin, and Vimentin were
performed and showed decreased intensity for HIF-1a and Vimentin proteins, and increased intensity
for E-cadherin (Fig. S 4.4 Q, R) in L-ONB-treated tumor tissues compared to controls.
Histopathological analysis of spleen, lung, liver, and kidney sections from control 4T1 tumor-bearing
mice revealed unusual pleomorphism, whereas sections from L-ONB-treated mice exhibited

inflammatory edema, severe necrosis, fibrosis, and nuclear fragments (Fig. 4.4 P and Fig. 4.4 S).
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Collectively, these findings suggest that L-ONB treatment not only reduced tumors by targeting HIF-

la-mediated EMT but also inhibited organ metastasis in the in-vivo mice xenograft model, underscoring

L-ONB's therapeutic potential for managing lung and breast cancers.

B C D
] 5. [ Control [] Liposomes [l L-ONB
(Control |- 87 © Control O Liposomes 4 L-ONB g -
s o Vo 1 20 - =
v LI g =S4 .
g ¢ U L ~ 6 ° ]
= i 6 -
. Chit || | |, ™ * 7 )
tumor development treatment Liposomes | == S -EB g Q;
a1 d3 a5 T S 4 58
do d14 +d7 4 3 o, - )
A549 cells l 1% : E
implant ° . =] a = e
tissue harvest L-ONB @-9 £ 2 4 'E o1 T
@ che B
- ST
[ T i 0 & 0-
1 3l 4 HIF-1a  E-cadherin Vimentin N-cadherin
E PBS/Li Ip()sl)ml s/L-ONB delivery F H |
‘? © Control O Liposomes A L-ONB 800, ® Control = Liposomes & L-ONB 25, ® Control  Liposomes & L-ONB
P N
- g _
‘1&, E o0 Zule—es
@ =
S0
- - s QL E Tn
l tumor treatment E =
development | g2 44 d6d8d10 d12 ‘E' 200 K=
do di4 +d14 =
4T1 cells | 0 21
implant Control Liposomes L-ONB 0 2 4 6 8 10 12 0 2 4 6 8 10 12
tissue harvest — Days Days
>
Q
J K & 5@ L M
© Control 0 Liposomes v L-ONB ¢® %3 147  © Control v L-ONB & é*
- - e«“
E 2.59 ',E, _g 12 v C
® = M HIF-1a £.%9
= 8 S8 % w0
= B 20 B2 pSmad2/3 | .
s ., ’ 2% ﬁ
@ Qs . & 220
g s 15 . E-cadherin ' % % -% 15 - . B- Actin . |
) 9 L g S
3 ,E 1s éo.s
@ o| 0.0-
2 W Vimentin - d HIF-la  E-cadherin Vimentin
= 2 05 M
== S - .
2l
HIF-la  TGF-p VEGFA E-cadherin Vimenﬂn

in

© Control v L-ONB

N |

o =
0 >

Relative protein expression =z
(pSmad2/3/B-actin)
g

4 © Control Vv L-ONB

Mean fluorescence intensity A

0-
HIF-la  E-cadherin Vimentin

Figure: 4.4: The administration of L-ONB results in regression of lung and breast tumor growth in
zebrafish and BALB/c tumor xenograft models; (1) The schematic diagram explains experimental design
with zebrafish lung tumor xenograft model treated with control (PBS), or liposomes (bare liposomes), or L-
ONB. (B-C) Photographic tumor images and of lung tumor xenograft zebrafishes (B), and bar diagram
representing tumor weight of control and L-ONB treated groups. (D) RT-gPCR analyses of HIF-1o, E-
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cadherin, Vimentin, and N-cadherin gene expressions in control and L-ONB treated tumor. (E) Schematic
diagram of the experimental design of 4T1 breast tumor xenograft model in BALB/c mice treated with either
control (PBS) or liposomes (bare liposomes), or L-ONB for 14 days, (F) photographic images of respective
tumors, (G) tumor weight, (H) tumor volume and (I) body weight of control (PBS), liposomes (bare
liposomes), and L-ONB treated BALB/c tumor xenograft mice. (J) RT-gPCR analyses of HIF-1a, TGF-p,
VEGF-A, E-cadherin and Vimentin gene expressions of tumor samples. (K, L) Western blot analysis of HIF-
lo, E-cadherin, and Vimentin proteins in the tumor tissue samples (K) and its quantification (L). (M,N)
Western blot analysis and (M) its quantification (N) of pSmad2/3 in the control and L-ONB treated tumor
tissue samples of 4T1 tumor xenograft BALB/c mice. f-actin used as loading control. (O) Haematoxylin and
eosin (H&E) staining of 4T1 tumor tissue sections of control and L-ONB treated sample. (P) H&E-stained
images of spleen tissue sections (20x and 40x); Scale bars: 50 um, 200 um. (O, R)
Immunofluorescence staining of HIF-10, E-cadherin, and Vimentin proteins in tumor tissue sections, mice
treated with control or L-ONB for 14 days (Q) and their quantification (R). (S) H&E stained images of lung,
liver, and kidney tissue sections (20x and 40x). Data are expressed as mean = SD (n = 3) of each group, and

#p<0.05; *p<0.01; and **p<0.001 were considered as significant difference.

4.3 Discussion

Recent rise in the importance of oxygen nanobubbles (ONBs) is attributed to their potential in
various medical and therapeutic applications. Various research groups have developed ONBs alone or
combined with other compounds or drugs to enhance tissue oxygenation and deliver therapies for
managing different cancers in in vivo models [18,28,30,55]. Bhandari et al., (2017) reported that
hypoxic tumor regions contain hypomethylated sites at 5-methylcytosine (5SmC), which can be
effectively reversed with ONBs, thus enhancing cancer treatment by modulating epigenetic regulation
[42]. Compared to oxygen microbubbles (OMBs) and haemoglobin-based oxygen carriers (HBOCs),
ONBs offer significant advantages: (i) their smaller size facilitates efficient passage through tumor
vasculature with increased permeability and retention (EPR) effects, and (ii) they have extended
intravascular dwell times for precise tumor targeting [33,57]. Despite these benefits, ONBs face
instability in solutions over time, limiting their clinical applicability. Addressing the challenge of
fabricating stable ONBs is essential due to the significant pressure gradient and surface tension that
currently limit their stability, potentially compromising effective oxygen delivery at tumor sites. Wu et
al., (2021) highlighted the potential of oxygen microcapsules as an effective strategy for targeting
tumors. Oxygen microcapsules combined with gemcitabine have been used to target hypoxia in
pancreatic cancer [58]. Additionally, modified oxygen microcapsules have shown promise in enhancing
immune checkpoint blockade by alleviating hypoxia in pancreatic ductal adenocarcinoma [59]. In our
study, we developed liposome-encapsulated oxygen nanobubbles (L-ONB), utilizing only oxygen

nanobubbles to target hypoxia in various tumors. L-ONBs provide a larger surface area and greater
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colloidal stability compared to other oxygen bubble systems. Our formulation involves entrapping
oxygen nanobubbles within liposomes composed of dipalmitoyl phosphatidylcholine (DPPC) and
cholesterol. DPPC has a high phase transition temperature, while cholesterol maintains structural
integrity and strengthens the lipid bilayer, reducing fusion and aggregation of liposomes. Due to their
nano-dimensions, L-ONBs are expected to target tumors more efficiently via the EPR effect.
Encapsulating oxygen nanobubbles within liposomes provides protection and stability, allowing for
sustained release over time.

Our investigation also highlighted the potent therapeutic potential of L-ONB as an anti-cancer agent.
In-vitro analysis of O2 release kinetics and efficient delivery of FITC-labelled L-ONB to MDA-MB-
231 cancer cells underscored its promise as an anti-cancer agent. L-ONB delivery effectively inhibited
hypoxia-induced tumor aggressiveness by mitigating EMT and cancer cell migration through the
destabilization of HIF-1a. Furthermore, histopathological examinations using hematoxylin and eosin
(H&E) staining of spleen, lung, liver, and kidney tissues demonstrated the efficiency of L-ONB in
attenuating breast cancer metastasis in the 4T1 BALB/C mice model. These collective findings
emphasize the therapeutic efficacy of L-ONB in combating hypoxia-associated adverse effects.

To date, no studies have explored the effect of L-ONB in the HIF-la-mediated epithelial-to-
mesenchymal transition (EMT), either in vitro or in vivo. We are the first to elucidate the mechanistic
action of L-ONB in significantly inhibiting hypoxia-induced tumor aggressiveness, and metastasis of
cancer cells through disturbing HIF-1a. — TGFb/VEGF pathway. Therefore, our fabricated L-ONB
emerges as a highly promising adjuvant therapeutic candidate for solid tumor therapy, offering

considerable potential for clinical application.

4.4 Materials and Methods

4.4.1 Reagents and Antibodies: The list of all antibodies and reagents provided in Tables A and
C (Appendix).

4.4.2 Fabrication of oxygen nanobubbles (ONB), liposome, and liposomes encapsulated ONB (L-
ONB)

Ultrapure water from a Milli-Q purification system (conductivity: 1.055 pS.cm™, pH: 6.85, surface
tension: 71.89 mN/m at 20 °C) was used to synthesize oxygen nanobubbles (ONB), liposomes, and
liposome-encapsulated ONBs (L-ONB). An in-house setup with a gas regulator and flow meter was
used to generate nanoscale bubbles. O, gas (>99.5% purity) and ultrapure water were used as the gas
and liquid phases. Compressed O, at 2 bar pressure was diffused through nanopores into the liquid to
create bulk ONBs. Liposomes were fabricated using the thin film hydration method. DPPC (25 mg/mL)
and cholesterol were mixed in a 2:1 molar ratio, dissolved in chloroform, and dried to a thin film using

a rotary evaporator. The film was rehydrated with PBS above the lipid transition temperature using a
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bath sonicator. The solution was extruded through a 0.1 pm polycarbonate membrane. For L-ONB
fabrication, the liposome solution was sparged with O gas and ultrasonicated (20 kHz, 750W, 60%
amplitude) for 5 min. The L-ONBs were characterized by DLS, NTA, and TEM.

4.4.3 Characterization of L-ONBs using nanoparticle tracking analysis and zetasizer

The bubble size distribution and concentration of fabricated liposomes, ONBs, and L-ONBs were
analyzed using NTA (NanoSight NS 300) with a 405 nm laser, 20x microscope objective, and sSCMOS
camera. The hydrodynamic diameter was calculated using the Stokes-Einstein equation given below:

kT
> (1)

B 3nnd

D,

where, kg, 7, and 1 are Boltzmann constant, temperature, and liquid viscosity, respectively. Samples
were diluted 1:10 for measurements. Mean size, polydispersity index (PDI), and surface charge (C-
potential) were measured using a Zetasizer (Nano ZSP) with a 633 nm laser. Zeta potential is influenced
by pH, ionic strength, and temperature based on the interaction of particles with counter-ions and co-
ions.

4.4.4 Transmission electron microscopy (TEM)

Nested-nanobubbles (Nested-NBs) in drug-loaded liposomes were characterized using TEM [20,33].
TEM samples for L-ONBs were prepared with negative staining using a 1% uranyl acetate solution,
followed by placing 2 pL of the sample onto holey carbon-coated grids. Images were taken at high
magnification using a Tecnai-G2 12 TWIN TEM (120 KV) and analyzed with ImageJ software to
determine particle diameter.

4.4.5 Cryo-Transmission electron microscopy (Cryo-TEM) imaging

Briefly, 5 pL. of ONB was applied on Quantifoil holy carbon EM grids (R2/2, 400 mesh; EMS) before
and after ultrasound disruption. The samples were vitrified within an hour of sonication. TEM grids
were glow-discharged for 30 seconds at 15 mA, blotted, and plunged into liquid ethane. Cryo-TEM
grids were scanned using a JEOL 2200FS transmission electron microscope with a Tietz TVIPS 4k
CMOS camera at 200 kV. Micrographs were taken with a total electron dosage of 60 e/A? and a defocus
range of 4 to 4.5 um. A total electron dose of 900 e/A? was dispersed over 45 frames, with each frame
exposed for 800 ms over 40 s. Image]J software was used for image analysis.

4.4.6 In vitro oxygen release

Oxygen release from liposomal ONBs was determined using a dissolved oxygen meter. A 20 ml saline
solution was deoxygenated with N, gas, and 3 ml of liposomal solution was oxygenated for 10 min and
sonicated to prepare liposomal ONBs. The ONBs were mixed with deoxygenated water in a 1:9 ratio.
Oxygen release was measured at various intervals up to 48 hours using a dissolved oxygen meter (Hanna
#H198198) at pH 7.4 and pH 4.

4.4.7 Cell culture
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Human lung adenocarcinoma A549, human triple-negative breast adenocarcinoma MDA-MB-231, and

mouse fibroblast L.929 cell lines were obtained from the NCCS, Pune, India. A549 and L929 cells were
cultured in a complete RPMI 1640 growth medium supplemented with 10% FBS, and penicillin (10,000
units/ml)-streptomycin (10 mg/ml) solution in a humidified incubator supplied with 5% CO, at 37 °C.
MDA-MB-231cells were cultured in a complete growth medium of Leibovitz’s L15 with 2 mM
glutamine supplemented with 10% FBS, and penicillin (10,000 units/ml)-streptomycin (10 mg/ml)
solution in a humidified incubator supplied with 5% CO, at 37 °C.

4.4.8 In vitro measurement of the relative intracellular oxygen concentration

MDAMB231 cells were seeded into a 35-mm dish and treated with ONB and L-ONB for 24 h. The
cells were trypsinized, collected in microcentrifuge tubes, washed with 1x PBS, and resuspended in 3
ml of cell culture media. Cells were lysed by ultrasonication to measure relative intracellular oxygen
concentration using a dissolved oxygen meter.

4.4.9 3D unicellular spheroid preparation

The hanging drop method was used to prepare unicellular 3D tumorigenic spheroids of MDA-MB-231
cells in a 90 mm culture dish [61]. MDA-MB-231 cells were cultured in complete growth medium in
T25 flasks. At 80-85% confluency, cells were washed with PBS, treated with Trypsin-EDTA (0.25%)
for 3-4 min at 37 °C, neutralized with 4 ml growth medium, and collected in a 15 ml falcon tube. After
centrifugation at 800 rpm for 5 min, cells were resuspended in DMEM complete medium.
Approximately 10,000 cells/ml were dispensed as 25 pl drops onto the lid of a 90 mm dish, which was
then placed on a plate with 6 ml autoclaved water at the bottom. The setup was incubated at 37 °C with
5% CO; for 3 days. Spheroids were monitored under a microscope for cell aggregation and proliferation.
For cell viability, a live/dead assay was performed on days 5 and 10. Five spheroids were collected,
washed with PBS, and incubated with calcein-AM (100 uM) and propidium iodide (750 pM) for 10
min. Spheroids were washed with PBS, placed on a 35 mm dish, and imaged using an inverted
fluorescence microscope (Leica DMi8, Germany).

4.4.10 Hypoxia induction

A549 and MDA-MB-231 cells were exposed to hypoxia (1% O, 5% CO.) or normoxia conditions for
24 h at 37 °C using a HERACELL VIOSTM 160i incubator (Thermo Scientific).

4.4.11 Cellular uptake assay

MDA-MB-231 cells were cultured on 22 x 22 mm coverslips in 35 mm dishes. Cells were transfected
with L-ONB (Control) or L-ONB-FITC at a 20% concentration in basal medium. Control cells remained
untreated and were maintained in their respective basal media. After 8 h of transfection, cells were
washed with PBS and stained with DAPI for nuclear staining for 5 min. Subsequently, cells were
washed again with PBS and fixed using a 4% paraformaldehyde solution. After additional washing with

1X DPBS, cells on coverslips were mounted on slides using DPX medium. Images were acquired using
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confocal laser microscopy (CLSM, Zeiss LSM 900 with Airyscan 2) at 40x and 63x magnification,

capturing DAPI and rhodamine channels.
4.4.12 Measurement of hypoxia using Image-iT green hypoxia reagents
MDA-MB-231 cells were seeded in 35 mm dishes and exposed to three conditions: Normoxia (N, 5%
0,), Hypoxia (H, 1% O), and Hypoxia with Liposomal-oxygen nanobubbles (H+L-ONBs, 20%). After
washing with 1X PBS, the cells and 3D spheroids (day 10, five each) were incubated in serum-free L15
medium containing 10 uM Image-iT green hypoxia reagent for 30 min and 1 h, respectively, in a
humidified CO» incubator. Cells were then washed with 1X PBS and fresh culture media was added.
Imaging was performed using a fluorescence microscope (Leica, DMi8, Germany) at 20x magnification
in DIC and FITC channels (Ex/Em 498/517).
4.4.13 Quantitative Real time polymerase chain reaction (qPCR) assay: As described earlier in
section 3.4.7
4.4.14 Immunoblot analysis
Control (N), hypoxia (H), and H+ONB treated cells were lysed using NuPAGE lysis buffer with
protease and phosphatase inhibitors. Tissue samples from 4T1 BALB/c mice were lysed with RIPA
buffer using the TissueLyser II instrument. Protein concentrations were measured by the BCA method.
Western blot analysis was performed as previously described [42]. Briefly, cell/tissue lysates (50 pg
protein) were subjected to 10% or 12.5% SDS-PAGE and transferred to PVDF membranes. Membranes
were blocked with 5% BSA in TBS for 1 h, incubated overnight with primary antibodies at 4 °C, washed
with TBST, and then incubated with peroxidase-conjugated secondary antibodies for 2 h at room
temperature. After further washing, membranes were treated with Clarity Western ECL Substrate and
protein bands were visualized and quantified using the Chemidoc XRS+ System and Image Lab
Software.
4.4.15 Transwell migration assay
Transwell cell migration assays were conducted using 8.0 um pore transwell inserts according to our
established protocol [62]. Serum-starved A549 and MDA-MB-231 cells (5 x 10* cells/well) were
incubated under hypoxia (H) with or without L-ONBs for 24 h. After incubation, cells were trypsinized
and suspended in serum-free media. Cells were then placed in the upper chamber of transwell inserts,
with the lower chamber containing media supplemented with 10% FBS, and incubated for 24 h.
Following incubation, non-migratory cells on the upper surface of the membrane were removed by
gentle scrubbing with a cotton swab. Cells that had migrated to the lower membrane surface were fixed
with 2.5% glutaraldehyde for 10 min and stained with 0.5% crystal violet solution for 2 h. Bright-field
images of migrated cells were captured using a microscope (Leica DMi8, Germany) at 200x
magnification. The number of migrated cells was counted in at least 5 random fields for each membrane.

4.4.16 Wound scratch assay
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The wound scratch assay [63] assessed cell migration in MDA-MB-231 cells (1 x 10° cells/well) seeded

in 12-well plates and cultured until reaching 90% confluency. A straight scratch was made in each well
using a sterile micropipette tip to simulate wound formation, followed by a wash to remove non-
adherent cells. Cells were then treated with H alone, or H+L-ONB. Cell migration was monitored under
a microscope, capturing images at 0 h, 8 h, 12 h, and 24 h intervals. Wound width was quantified using

ImagelJ 1.53k software, and wound healing percentage was calculated using the appropriate formula.

Wound width

Wound healing (%) =1 — X100, @)

Wound width at 0 h

4.4.17 Cell cytotoxicity assay

Cancerous cells (A549 and MDA-MB-231) along with normal mouse fibroblast cells L929 were seeded
in a 96-well plate at a concentration of 1 x 10* cells/ml and allowed to adhere overnight. The cells were
then treated with various concentrations of L-ONB (0%, 5%, 10%, 20%, 25%, and 50%) in incomplete
media for 24 h and 48 h. Additionally, different concentrations of doxorubicin (1 mg, 5 mg, 10 mg, 25
mg, and 50 mg) were used in this study. After incubation, 10 pl (5 mg/ml) of MTT solution was added
to each well and incubated for 4 h. The supernatants were removed, and 100 pl of MTT solubilizing
agent was added to dissolve the formazan precipitate. Cell viability was assessed
spectrophotometrically by measuring absorbance at 570 nm using a Multiskan GO (Thermo Scientific,
USA). Percentage cell viability was calculated by blanking absorbance values against acidic

isopropanol, with absorbance of untreated cells considered as 100% cell viability (control).

OD test at 570nm — OD blank at 570 nm

Cell viability (%) = X 100............ 3)

OD control at 570nm — 0D blank at 570nm

4.4.18 ROS measurement by flow cytometry

The oxidation-sensitive fluorescent probe, 2',7'-dichlorofluorescein diacetate (DCFH-DA), was used to
detect the mitochondrial reactive oxygen species (ROS). DCFH-DA enters cells and is enzymatically
converted to fluorescent 2',7'-dichlorofluorescin (DCF), which reacts with intracellular peroxides.
Control and treated cells were exposed to 50 pM DCFH-DA and incubated in a dark, humidified
incubator at 37 °C for 60 min. Fluorescence intensity was measured using a flow cytometer (FACS
Calibur, BD Bioscience) with FL-1 band pass filter and Cyflogic v.1.2.1 software, analyzing at an
average of 10,000 events per determination.

4.4.19 Zebrafish tumor xenograft model and treatments

The fish (male and female, wild type strain) were kept in an automatic stand-alone housing system with
autoclaved sterilized water containing penicillin and streptomycin solution at a constant temperature of
28 °Cunder a 14 h light/10 h dark cycle. All procedures regarding fish maintenance and experimentation
were performed following the principles of Good Animal Practice guidelines. The study protocol and
procedures were approved by the Institutional Animal Ethics Committee, University of Delhi (Protocol

no: DU/KR/IAEC/ZF2021/1) and Institute Biosafety Committee (IBSC/1/2020/A/2). The fish were fed
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three times daily with a commercially available dry fish feed (MicroMac, Aqua World, India). The

zebrafish lung cancer xenograft model was developed following a modified protocol described
previously [41,45,46]. Prior to A549 cell transplantation, immune suppression was induced by
intraperitoneally administering caerulomycin at a dose of 100 mg/Kg body weight for three consecutive
days and fish were maintained in water containing 1% penicillin and streptomycin. On the third day,
10° cells/fish were suspended in PBS and injected into the peritoneal cavity of the zebrafish using a Sul
Hamilton syringe (Hamilton, Nevada USA). Subsequently, fish were maintained in distilled water with
1% penicillin and streptomycin for the next 14 days to allow tumor xenograft development. On the 14"
day post-injection, PBS or bare liposomes or liposomal ONBs (L-ONBs) at a dose of 0.5 mg/kg (100
ul) were administered intratumorally, and fish were sacrificed on day 7 post-treatment. Tumor tissue
was obtained, tumor weight and size were measured, and photographs were taken (n = 5).

4.4.20 4T1 BALB/c mice tumor xenograft model

The study protocol and procedures for the experimentation on BALB/c mice were approved by the
Institutional Animal Ethics Committee, Kirori Mal College, University of Delhi (Protocol no.
DU/KR/TAEC/2019/10). The 4T1 cell line was purchased from the American Type Culture
Collection (Manassas, VA, USA) [47 ,64]. The cells were cultured in RPMI-1640 media with L-
glutamine supplemented with 10% fetal bovine serum (FBS) along with 0.11 mg/ml sodium pyruvate,
100 U/ml penicillin, and 100 pg/ml streptomycin (Biological Industries, Israel) at 37 °C in a humidified
CO; incubator. Female BALB/c mice (aged 6-8 weeks and weighing 20-24 g) were injected
subcutaneously with 1 x 10° 4T1 breast cancer cells into the mammary fat pad. After 14 days, the tumor
size was measured, with each 4T1 BALB/c mouse having a tumor size ranging from 90-120 mm®. PBS
or Bare liposomes or Liposomal ONBs (L-ONBs) were administered intratumorally to mice at a dosage
of 0.5 mg/kg (100 pl) at 24 h intervals for a duration of 14 days. Following the completion of the
treatment regimen, the mice were ecuthanized, and tumor tissues were collected for

immunohistochemical staining. The tumor volume was calculated by the following formula

l h idth?
Tumor volume (mm)3 = % ................................. 4)

Additionally, vital organs were harvested and subjected to hematoxylin-eosin (HE) staining for
morphological examination. Thereafter, the mice were sacrificed, and the xenograft tumors were
excised, weighed, and photographed.

4.4.21 Histological sections

4T1 tumor tissues from mice were fixed in 10% neutral buffered formalin, processed by dehydration in
increasing ethanol concentrations (50%, 70%, 80%, 90%, and 100%) followed by the xylene treatment,
and embedded in paraffin. The embedded samples were cooled and solidified, and paraffin blocks were
prepared for further histological analysis.

4.4.22 Hematoxylin & eosin (H&E) staining
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The paraffin blocks were sectioned in microtome (Leica, Germany) at approximately 5 micrometers
thickness. Sections were placed onto glass slides. The slides underwent a series of steps- they were
immersed three times in xylene solution for 5 min each, followed by a descending ethanol sequence
(100% twice, 95% twice, 80%, and 70%). Next, the slides were washed with tap water and subjected to
hematoxylin staining for 10 min. After rinsing with tap water for a while, the slides-were briefly dipped
in 0.3% acetic acid, washed with water, and replaced with 0.3% ammonia water. Subsequently, they
were washed with water and then dipped into 80% alcohol. Following this, the slides were immersed in
eosin for 5 to 10 sec and dehydrated with 95% and 100% ethanol for 20 sec each. They were then
transferred to xylene for one min before a final wash in 100% ethanol. Finally, the slides were mounted
using DPX

4.4.23 Immunohistochemistry (IHC) staining

Tissue sections were fixed with 100% methanol for 5 min at -20 °C, washed with PBS, and then
permeabilized with 0.1% Triton X-100 in PBS (v/v) for 10 min at room temperature. To block non-
specific binding, tissue sections were incubated with 1% BSA in PBS (w/v) containing 0.05% Tween
(v/v) for 2 h at room temperature. The cells were then placed in a humidified chamber and incubated
with primary antibodies (HIF-1a, 1:100 dilution; E-cadherin, 1:100 dilution; and Vimentin, 1:200
dilution) in 1% BSA in PBS containing 0.05% Tween overnight at 4 °C on a rotating platform.
Afterwards, the slides were washed thrice with ice-cold PBST for 5 min each, followed by the
incubation with Alexa Fluor 594-tagged anti-rabbit antibody (1:1 000) for 1 h at room temperature in
the dark. Tissue sections were then washed thrice for 5 min each with ice-cold PBS and coverslips were
mounted onto glass slides using VECTASHIELD HardSet™ Antifade Mounting Medium with DAPI.
Cellular images were captured by an inverted fluorescence microscope (Leica DMi8, Germany) and
image analysis was performed using LAS X software. Fluorescence intensity measurements were
quantified using ImageJ software (1.48v, NIH, USA).

4.4.24 Statistical analysis

Data were obtained from three separate experiments and presented as the mean + standard deviation of
the mean. T-test was employed for comparison among multiple groups using GraphPad Prism 6

software. A value of p<0.05 was considered statistically significant.
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Chapter 5

Delineating the role of Zeb1siRNA as targeted
therapy against tumor angiogenesis

5.1 Background and Challenges

Tumor angiogenesis is critical for the growth and spread of solid tumors, as it facilitates the formation
of new blood vessels to supply the tumor with oxygen and nutrients [1-2]. Folkman et al., (2007)
postulate that angiogenesis is a fundamental biological process in maintaining normal body functions
and causing various diseases, including cancer [2]. The tumor hypoxia characterized by acidic
conditions within tumor, and high interstitial fluid pressure, drives this angiogenic process [3]. Zinc-
finger E-box binding homeobox 1 (Zebl), a transcription factor regulated by HIF-1a, plays a key role
in promoting tumor invasion and metastasis by inducing epithelial-mesenchymal transition (EMT) and
enhancing the expression of pro-angiogenic factors in carcinoma cells [4].

Zebl is predominantly found in tumor endothelial cells. Many researchers, including Sanchez-Tillo et
al., (2011) and Liu et al., (2016), findings reported that tumors with high Zebl expression upregulate
VEGEF in the tumor endothelium, stimulating angiogenesis and increasing the likelihood of metastasis
[4,5]. Deleting Zebl in tumor endothelial cells reduces angiogenesis, normalizes the remaining tumor
vessels, improves oxygenation, decreases haemorrhagic necrosis, and enhances the efficacy of
anticancer drugs [6-8]. However, Zebl is also implicated in promoting inflammation within the tumor
microenvironment (TME) by regulating pro-inflammatory cytokine secretion in breast cancer [9].
Under hypoxic conditions, Zebl drives macrophage polarization towards a pro-tumor M2 phenotype,
contributing to tumor progression and angiogenesis [10]. This process involves Zeb1-induced metabolic
reprogramming of macrophages, leading to increased glycolysis, glucose uptake, pyruvate production,
lactate secretion, and ATP generation, which ultimately affects tumor endothelial cell function [11 - 13].
Current evidence suggests that targeting endothelial Zebl can inhibit tumor angiogenesis and
progression[6]. In response to tumor hypoxia, Zebl induces gaining of endothelial characteristics by
the tumor-associated macrophages, thereby enhancing tumor invasiveness and metastasis. We employed
an RNA interference (RNAi)-based therapy using Zeb1-specific siRNA delivered via cationic liposome
nanoparticles (LNPs) [11-14]. Although siRNA therapies face challenges such as poor cellular uptake,
low biological stability, and unfavourable pharmacokinetics, this approach aims to overcome these
hurdles [15,16].

Our study is the first to investigate Zeb1's role in macrophage-to-tumor endothelial cell transformation
differentiation using a 3D spheroid tumor models. By utilizing cationic LNPs to deliver Zebl siRNA,

we aim to enhance cellular uptake and biological stability, effectively inhibiting tumor angiogenesis
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and reducing invasiveness and metastasis in lung adenocarcinoma cells, 3D lung tumor spheroids, and
xenograft 4T1 C57BL/6 mouse tumor models. Consequently, silencing Zeb1 through siRNA therapy is

a promising strategy to impede angiogenesis and metastasis in lung and beast tumor.

5.2 Results
5.2.1 High Zeb1 expression correlates with poor prognosis in lung adenocarcinoma

To explore the potential role of Zebl in LUAD, we first analysed the expression levels of Zebl in
LUAD using the available datasets from the GEPIA database (http://gepia.cancer-pku.cn/detail.php).

Relatively high level of Zeb1 was detected in LUAD patients (left bar) compared with normal patients
(right bar) (Fig. 5.1 A). Moreover, Kaplan-Meier analysis demonstrated that LUAD patients with
overexpression of Zebl exhibited poor overall survival (Fig. 5.1 B). These bioinformatics results
indicate a possible link between Zeb1 and LUAD progression. To substantiate the bioinformatics data,
we conducted in vitro experiments to assess Zeb1 expression at both gene and protein levels. Using RT-
gPCR, western blotting, and immunofluorescence staining, we compared Zebl expression between
BEAS-2B (normal lung epithelial) and A549 (LUAD) cell lines. Our results showed that A549 cells
exhibited significantly higher Zebl gene and protein expression compared to BEAS-2B cells (Fig. 5.1
C-G). In parallel, we analyzed Zebl protein levels in LUAD patients’ tissue samples.
Immunohistochemical analysis revealed a marked increase in Zebl protein abundance in cancerous
tissues compared to non-cancerous tissues from the same patients (Fig. 5.1 H-I). Collectively, these
findings reinforce the idea that Zebl’s presence is critical in LUAD progression. The significant
upregulation of Zebl in both LUAD cell lines and patient tissue samples suggests that Zeb1 could be a
key driver of poor prognosis in LUAD. Additionally, these data imply that targeting Zebl might

represent a promising therapeutic strategy in the management of LUAD.
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Figure 5.1: Zebl is aberrantly overexpressed in lung adenocarcinoma and associated with poor
prognosis;

Box plots for Zebl gene expression in LUAD and normal tissues from GEPIA. (B) Kaplan-Meier survival
plot of overall survival of LUAD patients in GEPIA, categorized according to Zebl gene expression (high
vs. low, based on mean expression). (C) Relative mRNA expression of Zebl in lung epithelial cell (BEAS-
2B) vs. lung adenocarcinoma cell (1549). (D-E) Western blot analysis of Zebl protein and its qualification
; p-actin was used as loading control. (F-G). Immunofluorescent staining of Zebl1 (F) and mean fluorescence
intensity quantification (G) in BEAS-2B and A549 (40x and 20x magnification). DAPI was used to stain
nucleus (H) H&E-stained images of non-cancerous and lung adenocarcinoma patient tissue sections
showing morphological structures (I) Immunofluorescent staining of Zeb-1 in non-cancerous and lung
adenocarcinoma tissue sections. Nuclei were stained with DAPI (blue). Data are presented as the mean +
SD of three independent experiments. #P < 0.05; *P < 0.01; **P < 0.001; ns, non-significant, compared

with the normal group.

5.2.2 Synthesis, characterization and cellular uptake of cationic liposomal nanoparticles

To ensure the efficient delivery of ZeblsiRNA in solid tumors, we therefore, synthesized
cationic DC-Chol/DOTAP liposomal nanoparticles (LNP) using a modified ethanol injection method
[17-18] (Fig. 5.2 A). The formulation was synthesized with the permanently charged cationic lipid
DOTAP combined with the cationic lipid 3-[N-(N',N'-dimethyl amino ethane) carbamoyl] cholesterol
(DC-Chol) which contains a three-atom spacer, a hydrolyzable carbamoyl linkage, and a tertiary amino

group. Then it combined with the lipid dioleoyl phosphatidylethanolamine (DOPE) at a 1:2 molar ratio
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to form unilamellar liposomes. The synthesized liposomes were characterized using DLS, zeta potential
measurements, and field emission scanning electron microscopy (FESEM). The average mean size of
the liposomes was approximately 177 + 6.2 nm, with an average polydispersity index (PDI) of 0.11 +
0.09, indicating uniformity in particle size (Fig. 5.2 B - C). The surface charge was approximately +47.5
+ 2.5 mV, (Fig. 5.2 D - E). indicating a positive charge on the LNP particles, which ensures particle
stability. FESEM and Cryo-TEM techniques were employed to visualize the morphological
characteristics of the LNPs (Fig. 5.2 F).

To further assess their biological activity, LNP particles were conjugated with ZeblsiRNA (length
21mer) based on their N/P ratio, utilizing electrostatic interactions. A 3:1 N/P ratio (The cationic lipid
(N) exhibits positive charges, while the phosphate groups of siRNA carry negative charges) was
determined to be optimal, as confirmed by the gel retardation assay, which verified the successful
conjugation of Zebl siRNA to the LNP particles (Fig. 5.2 G). In order to confirm the cellular
internalization of Zeb1 siRNA within endothelial and tumor cells, Cy3-tagged LNP-Zeb1 siRNA was
utilized. The successful delivery of Zebl siRNA into the cells was indicated by the presence of a red
fluorescence signal (Fig. 5.2 H - I) at 8 h . This method allows for the visualization and verification of
the intracellular uptake of the siRNA, ensuring that the LNPZeb1siRNA effectively reaches its target
within the cells. Additionally we found that the DOTAP/DC Chol LNP formulation exhibits the greatest

transfection efficiency in LUAD and ECs cells in vitro.
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LNP-Zeb1SiRNA
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Figure 5.2: Synthesis and characterization of cationic liposome nanoparticle (LNP), and cellular uptake
LNP- ZebIsiRNA
Schematic representation of the LNP synthesis from modified ethanol injection method (B - C) Dynamic light
scattering (DLS) assay and (D - E) Zeta potential and their bar graph (F) Field emission scanning electron
microscopy (FESEM) of LNP. (G) Agarose gel retardation assay of LNP-conjugated ZeblsiRNA
demonstrated electrostatic interactions. This interaction ensures encapsulation at a 3:1 N/P ratio, where
Zeb1siRNA remains immobilized in the lane. (H - I) A cellular uptake assay was performed using LNP-Cy3
tagged ZeblsiRNA in endothelial and tumor cells at 8 hours, (20x and 63x magnification). Data presented
in this figure are representative of 3 independent experiment n = 3.
5.2.3 LNP-Zeb1siRNA inhibits angiogenesis in tumor endothelial cells

Zebl, a transcription factor, plays a key role in the epithelial-to-mesenchymal transition (EMT),
enhancing tumor invasiveness and metastasis [19,20]. Given the elevated expression of Zebl in LUAD,
We aimed to explore the effect of Zebl silencing on tumor angiogenesis. To achieve this, we designed
a co-culture experiment, placing HUVEC cells in the bottom chamber and A549 cells in the upper
chamber under hypoxic conditions for 2 days. Interestingly, we observed a significant increase in the
expression of traditional endothelial markers on the HUVEC cells, indicating the influence of the tumor
hypoxic environment and the crosstalk between cancer cells and endothelial cells, which led to
enhanced endothelial activation (Fig. 5.2 A, B). These HUVEC cells were subsequently used in further

experiments.
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After 24 h of transfection with consiRNA and Zeb1siRNA, there was a significant downregulation of
Zebl as well as angiogenic markers, including CD31, eNOS, VEGFA, VE-cadherin, and vIWF in
endothelial cells, compared to the control group (Fig. 5.3 C). An in vitro AcLDL uptake assay revealed
that endothelial cells treated with LNP-ZeblsiRNA exhibited significantly lower acetylated LDL
uptake compared to those treated with LNP-consiRNA (Fig. 5.3 D, E). Furthermore, Zeb1, CD31, and
VE-cadherin protein expression were significantly reduced in endothelial cells when transfected with
ZeblsiRNA (Fig. 5.3 F, G). To assess the anti-angiogenic effects of LNP-Zeb1siRNA, we performed
an in vitro tubule formation assay using Matrigel. The results demonstrated a significant decrease in the
number of tube formations in LNP-Zeb1siRNA-treated endothelial cells compared to the control (Fig.
5.3 H). This reduction in tube formation further supports the efficacy of LNP-Zeb1siRNA in inhibiting
angiogenic processes, highlighting the therapeutic potential of LNP-ZeblsiRNA in targeting tumor

angiogenesis.
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Figure 5.3 : LNP-Zeb1siRNA suppresses in vitro angiogenic markers in tumor endothelial cells

(4) Schematic presentation of experimental coculture assay setup of HUVEC endothelial cells in the
presence of A549 and hypoxia mimetic Cocl2. (B) Relative mRNA expression analysis of CD31, VE-
cadherin, VEGFA and vWF in cocultured HUVEC cell at 48h. (C) Relative mRNA expression analysis of
Zebl, CD31, eNOS, VEGFA, VE-cad, and vWF in HUVEC cell transfected with LNP-consiRNA and LNP-
Zeb1siRNA. (D-E) Fluorescence microscopy images of acetylated LDL uptake assay in the LNP-consiRNA
and LNP-Zeb1siRNA treated endothelial cells at 24 h (D), and mean fluorescence intensity (E) at 20x.. (F-
G) Western blot analysis of Zebl, CD31, and VE-cadherin (F) of LNP-consiRNA and LNP-ZeblsiRNA
treated endothelial cells at 24 h and relative protein quantification (G), -Actin served as a loading control.
(H)Phase contrast microscopy images of in vitro Matrigel tube formation assay in LNP-consiRNA and LNP-
ZebIsiRNA treated endothelial cells, images captured at 10x magnification, (upper) and processed
skeletonized images (lower) were analysed by wimasis analysis software, Scale bar, 200 um. Data are
presented as the mean + SD of three independent experiments. “P < 0.05; *P < 0.01; **P < 0.001; ns, non-
significant.

5.2.4 LNP-Zebl1siRNA administration inhibits angiogenesis in 4T1 C57BL/6 breast tumor

xenograft models

We evaluated the efficacy of LNP-Zeb1siRNA in vivo using a 4T1 breast tumor xenograft model in
C57BL/6 mice. A detailed schematic of tumor xenograft development and LNP-Zeb1siRNA delivery
is shown in Fig. 5.4 A. The treatment groups included PBS, LNP-consiRNA (as the control), and LNP-
ZeblsiRNA. On day 14, the mice were sacrificed, and tumor photographs were taken. The results
showed significant reductions in tumor size, volume, and weight in the LNP-Zeb1siRNA-treated group
compared to the controls (Fig. 5.4 B - D), with no notable differences in body weight between the
treated and control animals (Fig. 5.4 E). RT-qPCR analysis revealed significant downregulation of
Zebl, CD31, VEGFA, and VE-cadherin expression in the LNP-Zeb1siRNA-treated tumors compared
to the LNP-consiRNA group (Fig. 5.4 F). Additionally, western blot analysis demonstrated reduced
levels of Zebl and CD31 proteins in tumor tissues treated with LNP-ZeblsiRNA (Fig. 5.4 G, H).
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Histological examination of tumor sections stained with Haematoxylin and Eosin (H&E) revealed that
the LNP-consiRNA-treated tumors exhibited dense cellularity, poorly organized structures, and high
rates of cellular proliferation and tumor growth. In contrast, tumors from the LNP-Zeb1siRNA treated
group showed a marked reduction in cellular density (Fig. 5.4 I). Immunostaining further confirmed a
decrease in Zebl expression in LNP-Zeb1siRNA-treated tissues compared to the control group (Fig.
5.4 J, K).

To assess the in vivo anti-angiogenic activity of LNP-Zeb1siRNA, we conducted a Matrigel plug assay.
As shown in Fig. 5.4 L M, LNP-Zeb1siRNA treatment significantly reduced vascularization, while the
control group exhibited strong vascularity, with the plugs appearing dark red due to blood. The blood
vessels in the treated group were more uniformly distributed and less chaotic, indicating reduced
abnormal angiogenesis. Further at gene level we found there was decreased expression of CD3/ and
VE-cadherin in the LNP-Zeb1siRNA treated plug tumor tissue section. Moreover, Haematoxylin and
Eosin (H&E) staining demonstrated the less of number cell proliferation and formation of blood vessels,
with respect to untreated and also we observed there was decreased expression of CD31 protein in the
Immunostaining assay. These findings underscore the therapeutic potential of LNP-ZeblsiRNA in
targeting Zeb1, effectively reducing endothelial cell populations and angiogenesis within breast tumor

xenografts model.

A Cc
PBS, LNP-consiRNA, LNP-Zeb1siRNA delivery
Intravenous route
)
[ B £
@
E
=2
f S
| Tumor development :
[ | S
d2 d4 d6 d8 di10 di2 E
a1 a1g 90
4T1 cells +di4 &
implant I o .
Tissue harvest 0 2 4 6 8 10 12
Days
D E F y
® PBS ¥ LNP-consiRNA ¥ LNP-Zeb1siRNA 26 ® PBS & LNP-consiRNA ¥ LNP-ZebsiRNA LNP-consiRNA ¥ LNP-Zeb1siRNA
2.0 . 1 . 1.5 - o -
24 AT ™ % -
- 2
o0 ) e
1.5 2 I o
g - =2 58 10
-Eﬂ '%n < <
3 z 20 S
g 1.0 3 Z3
9 ] ) ES
E R 181 @& 0.5
€ 05 - 6] k]
&
0.0. 14— : . . 0.0- -en i
B 0 2 4 6 8 10 12 Zebl CD31 VEGFA VE-cad
Days
G LNP-consiRNA  LNP-Zeb1siRNA H 4T1 C57BL/6 Tumor Xenograft

1.57 ® LNP-consiRNA ¥ LNP-Zebl1siRNA

NP-consiRNA
S e AT (7

LNP-Zeb1siRNA

%

o I —
cosi — 4
-
-~

B-actin s———— .
0.0 T

Relative protein expression

(Fold change)
=] —
il Ld

111



Chapter 5 | Therapeutic efficacy of Zeb1siRNA against tumor angiogenesis

Zeb1/DAPI K

-

-
W
=

LNP-consiRNA ¥ LNP-Zeb1siRNA

. N
37 [ LNPConsiRNA [l LNPZeb1siRNA
o
LNPconsiRNA * #

LNP-consiRNA

-
=
=

LNP-consiRNA

7]
<

Mean fluorescence intensity
(%)

LNP-Zeb1siRNA
LNP-Zeb1siRNA

=
o
n

-
=

mRNA expression fold change

v ' 0.5
0.0-
CD31 VE-cadherin

P LNPconsiRNA LNPZeb1siRNA
/

Figure 5.4: LNP-ZebIsiRNA suppress endothelial cell gene expressions in 4T1 C57BL/6 breast tumor
xenograft models.

(A) Schematic diagram representing experimental design. The tumor xenograft mice were divided into three
groups i.e, PBS, LNP-consiRNA, and LNP-Zeb1siRNA for 14 days (n = 3) . (B) Representative photographs
of tumor size. (C-E) Tumor regression analysis by measuring tumor volume, (D) tumor weight (D) and (E)
body weight of LNP-consiRNA and LNP-ZeblsiRNA treated 4T1 C57BL/6 mice.(F)Relative mRNA
expression analysis of Zebl, CD31 and VEGFA gene expression in the tumor tissue samples of LNP-
Zeb1siRNA treated C57BL/6 mice compared with LNP-consiRNA group, [-actin was used for normalization
(G - H) Western blot analysis of Zebl, CD31 proteins (H) and their relative protein quantification in the
tumor tissue samples. f-actin used as loading control. (I) Haematoxylin and eosin (H&E) staining of 4T1
tumor tissue sections of LNP-consiRNA and LNP-ZeblIsiRNA treated mice. (J,K) Immunohistochemistry
assay of Zebl in tumor tissue sections of LNP-consiRNA and LNP-Zeb1siRNA treated mice (J) and their
mean fluorescence quantification (K). In vivo Matrigel plug assay (L-M) Representative photographs (L)
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and microscopy images of Matrigel plugs (M) containing LNP-consiRNA and LNP-Zeb1siRNA. Plugs were
removed from C57BL/6 mice at 10 days post implantation. (N)Relative mRNA expression analysis CD31 and
VE-cadherin in Matrigel plug tissue sample of LNP-Zeb1siRNA treated C57BL/6 mice compared with LNP-
consiRNA group. (O) Haematoxylin and eosin (H&E) staining of Matrigel plug tissue section of LNP-
consiRNA and LNP-ZeblsiRNA treated mice. (P) Immunohistochemistry assay of Matrigel plug tissue
section of CD31 LNP-consiRNA and LNP-Zeb 1siRNA treated mice. Data are presented as the mean + SD of

three independent experiments. "P < 0.05; *P < 0.01; **P < 0.001; ns, non-significant.

The findings from our study demonstrate that LNP-Zeb1siRNA treatment significantly inhibits tumor
growth and disrupts abnormal angiogenesis both in vitro and in vivo, highlighting LNP-Zeb1siRNA as
a promising therapeutic candidate for targeting tumor angiogenesis in breast and lung cancers.
Building on these results, we further explored the potential role of Zebl in enhancing endothelial cell
expression and hypothesized that Zebl plays a critical role in promoting tumor angiogenesis by
influencing macrophage plasticity into tumor endothelial-like cells within the hypoxic tumor
microenvironment. This hypothesis is supported by previous work from our lab Arora et al., (2022),
who reported that within tumorigenic multicellular 3D spheroids, a significant population of
macrophages (CD144+ cells) exhibited endothelial characteristics, marked by the expression of
endothelial-specific markers such as VE-cadherin, VEGF, and CD31 [27,28]. These M2-polarized
macrophages were identified as key contributors to endothelial cell formation in the tumor
microenvironment. Therefore, further investigation into the molecular mechanisms by which Zebl
influences the formation of macrophage-derived endothelial cells, particularly in 3D multicellular lung
tumor spheroid models, is essential to gaining a better understanding of its role in tumor angiogenesis
[29].
5.2.5 Macrophages exhibiting endothelial properties with elevated Zeb1 expression

To study the interactions between cancer cells and macrophages within the tumor
microenvironment [30, 31]. We cocultured the cancer cells A549 with the macrophages together in the
hypoxic condition and observe the change in the macrophage phenotype at different time points. We
have used THP1 human monocytes in this study and were differentiated into macrophages using 25 nM
phorbol 12-myristate 13-acetate (PMA) for 24 h (Fig. 5.4 A). The differentiated macrophages were then
cocultured with A549 cells under hypoxic condition. RT-qPCR analysis revealed a significant
upregulation of Zebl mRNA expression in macrophages cocultured with hypoxic A549 cells at days 3
and 5 compared to day 0. Similarly we found that the significant high expression of Zebl, CD31 and
VE-cadherin at days 3 and 5, indicating a time-dependent enhancement of the endothelial-like
phenotype in these macrophages (Fig. 5.4 B - D). Additionally, western blot and immunofluorescence
staining revealed a time-dependent increase of Zebl and CD31 protein expressions in macrophages
(Fig. 5.4 E - H). In addition, we extracted the Zebl gene expression in the endothelial cell type from

the existing data set of a public “Lung tumor ECTax” (https://endotheliomics.shinyapps.io/lung_ectax/)
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1
which revealed abundant expression of Zeb1 in the tumor patients compared to normal group (Fig. 5.4
I). Next, LNP-consiRNA or LNP-Zeb1siRNA transfected macrophages are cocultured with A549 and
we observed that there was a significant reduction of Zebl, CD31 and VE-cadherin gene expression in
the Zeb1siRNA transfected macrophages compared to control ones (Fig. 5.4 J). These results suggest
that Zebl level in macrophage playing a key role in gaining angiogenic properties, potentially
influencing endothelial formation and their functional contributions to tumor angiogenesis. Overall, the
data highlights the importance of Zebl in hypoxic tumor microenvironment and underscores the

relevance of this molecule in tumor angiogenesis.
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Figure 5.5: Macrophages exhibiting tumor endothelial characteristics with elevated Zebl expression (4)
Schematic representation of THP-1 differentiated macrophage using PMA and their coculture experiment
in the presence of A549; A549 cells grown on upper chamber and THP-1 macrophages cells were grown on
the bottom chamber well, further treated with cocl> and incubated for day 3 and day 5. (B - D) Relative
mRNA expression of Zebl (B) CD31 (C) and VE-cadherin (D) of macrophages at day 0, day 3 and day 5. (E
- F) Western blot analysis of Zebl and CD31 protein levels (E) and relative protein quantification (F) of
macrophages in day 3 (d3 A M) and day 5 (day 5 A_M); -Actin served as a loading control. (G, H) DIC
images of differentiated macrophages after immunofluorescent staining with Zebl and CD31 (G) and their
mean fluorescence intensity (H). (I) Bioinformatic analysis of Zebl mRNA levels in the endothelial cell of
normal and lung adenocarcinoma patient samples. The data were collected from a public data set of
endothelial gene expression in human lung cancer https.//endotheliomics.shinyapps.io/lung ectax/, two side
student t-test. (J) Relative mRNA expression of Zebl, CD31 and VE-cadherin of LNP-consiRNA or LNP-
Zeb1siRNA transfected macrophages, cocultured with A549. Data are presented as the mean + SD of three

independent experiments. *P < 0.05; *P < 0.01; **P < 0.001, ns, non-significant, compared with the normal

group.

5.2.6 CD11b+ macrophages from 3D lung tumor spheroids gained endothelial phenotypes

Fig. 5.6 A image illustrates the process of isolating CD11b+ macrophages using magnetic-
activated cell sorting (MACS) from 3D spheroids of AT (A549 + THP-1) and BT (BEAS-2B + THP-
1) for downstream analysis. Flow cytometric analysis revealed a significant increase in expressing VE-
cadherin (5.09%) and CD31 (17%) in CD11b+ macrophages isolated from the day10 late AT spheroids
(Fig. 5.6 B — C), with respect to the day 4 early AT spheroid indicates attaining of endothelial markers.
Also in this study we examined CD163 as M2 macrophage control marker to monitor the shift from
TAM to tumor endothelial cell (TEC) phenotypes by assessing CD163 expression. Additionally there
was a notable increase in VE-cadherin (4.26%), and CD31 (19%) cell population observed in the day
10 AT spheroid compared to the day10 BT spheroid (Fig. 5.6 D - E).These results indicate gaining of
endothelial properties by the macrophage in the day 10 A549 + THP-1 spheroids, which indicating the
transformation of macrophage into tumor endothelial cell phenotype like. Furthermore, mRNA
expression analysis of MACS sorted macrophages showed significant upregulation of Zebl, CD31, VE-
cadherin, and iPSC markers Oct-4 and Sox-2 (Fig. 5.6 F - G) in CD11b+ macrophages from day10 lung
adenocarcinoma AT spheroids compared to normal lung epithelial BT spheroids. Overall, these findings
highlight the TAMs plasticity towards endothelial is augmented in advanced tumors which could be the

reason for tumor angiogenesis.
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Figure 5.6: Endothelial marker expression in CD11b + macrophages from tumor spheroids
(4) Schematic representation of the isolation process for CD11b+ macrophages from 3D spheroids (4549
+ THP-1 and BEAS-2B + THP-1) using magnetic-activated cell sorting with anti-human CDI11b+

116



Chapter 5 | Therapeutic efficacy of Zeb1siRNA against tumor angiogenesis

microbeads. (B-E) Flow cytometric analysis and quantification of VE-cadherin+, CD31+, and CD163+
cells in early (day 4) and late (day 10) A549 + THP-1 (AT) spheroids (B-C), and comparison of day 10
BEAS-2B + THP-1 (BT) spheroids versus day 10 AT spheroids (D-E). (F-G) mRNA expression analysis of
Zebl, CD31, VE-cadherin (F), and Oct-4, Sox-2 (G) in CD11b+ macrophages isolated from day 0 BT versus
AT spheroids. Data are presented as the mean + SD of three independent experiments. Statistical
significance is indicated as #P < 0.05; *P < 0.01; **P < 0.001; ns, not significant.

5.3 Discussion

Tumor angiogenesis is a crucial process for the growth and metastasis of solid tumors, as it provides
the sufficient oxygen and nutrients to sustain tumor progression and their development [1-3, 17-25].
The tumor microenvironment (TME), characterized by hypoxia, acidic conditions, and high interstitial
fluid pressure, drives the angiogenic process [25-33]. Zinc-finger E-box binding homeobox 1 (Zebl)
has emerged as a significant regulator in this context [4-6,34]. Zebl1 is not only involved in promoting
epithelial-mesenchymal transition (EMT) but also plays a pivotal role in enhancing the expression of
pro-angiogenic factors within tumor endothelial cells [35]. Our study provides novel insights into the
role of Zebl in tumor angiogenesis, particularly within the TME. Previous research has shown that
Zebl is predominantly expressed in tumor endothelial cells rather than tumor epithelial cells, and its
overexpression is associated with poor prognosis in lung adenocarcinoma (LUAD) [4-6, 36]. Zebl
drives the angiogenic process by upregulating VEGF and other pro-angiogenic factors, leading to the
formation of abnormal blood vessels that facilitate tumor growth and metastasis [37-39].

We hypothesized that targeting Zeb1 could be an effective strategy to disrupt angiogenesis and impede
tumor progression. To test this hypothesis, in the present study, we developed a Zebl specific siRNA
therapy delivered via cationic liposome nanoparticles (LNPs). Our LNP-ZeblsiRNA formulation
demonstrated efficient cellular uptake, stability, and silencing of Zeb1 expression both in vitro and in
vivo. The downregulation of Zeb1 led to a significant reduction in the expression of angiogenic markers,
such as CD31, VEGFA, and VE-cadherin, which are critical for endothelial cell function and tumor
vascularization.

In vitro and in vivo plug Matrigel assay of LNP-Zeb1siRNA treatment resulted in a marked inhibition
of endothelial cell tubule formation, indicating impaired tumor angiogenesis. Moreover, in a 4TI
C57BL/6 mouse tumor xenograft model, LNP-Zeb1siRNA treatment significantly reduced tumor size,
volume, and weight, with a corresponding decrease in Zebl and angiogenic marker expression. These
findings demonstrate the therapeutic potential of LNP-Zeb1siRNA in targeting tumor angiogenesis.
Beyond its role in forming blood vessels, Zebl also influence macrophage plasticity within the hypoxic
TME [40]. Our results suggest that Zebl may drive the differentiation of macrophages into tumor
endothelial-like cells, thereby contributing to abnormal angiogenesis. In hypoxic coculture conditions
with A549 cells, macrophages exhibited increased expression of Zebl, CD31, and VE-cadherin,

markers associated with an endothelial-like phenotype. This observation aligns with the hypothesis that
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Zebl facilitates the plasticity of tumor-associated macrophages (TAMs) into tumor endothelial cells
(TECs)

The use of a 3D spheroid model of lung adenocarcinoma, further revealed the potential of TAMs to
adopt endothelial characteristics under the influence of Zeb1l. CD11b+ macrophages isolated from 3D
lung adenocarcinoma spheroids showed enhanced expression of endothelial markers such as VE-
cadherin and CD31. While successful silencing of Zebl inhibit tumor growth and metastasis by

targeting angiogenesis. Furthermore, the observed plasticity of TAMs also disrupt, thus, offering a
promising therapeutic strategy to cancer therapy. Future research is required especially on LUAD tumor
mice model and for elucidating the molecular mechanisms underlying Zebl-mediated macrophage
transformation and its impact on tumor angiogenesis, the Zeb-1 knockout model is vital one.

In conclusion, the successful silencing of Zeb1 using LNP-Zeb1siRNA presents a promising therapeutic
strategy to inhibit tumor growth and metastasis by targeting tumor angiogenesis. Targeting Zebl may
also disrupt macrophages to endothelial conversion within the hypoxic TME. Overall this study suggest
that Zeb1 could be a potential therapeutic candidate for the treatment of solid tumors, particularly, in

context of lung and breast tumors.

5.4 Materials and methods

5.4.1 Reagents and antibodies: The list of all antibodies, siRNA and reagents provided in Tables A
- C (Appendix)
5.4.2 Synthesis of cationic liposomes nanoparticle (LNP)
For preparation of cationic liposomes previously optimised modified [16,17] ethanol injection (MEI)
method was used, in which all the lipids i.e. DC-Chol and DOPE were dissolved in about S5ml of ethanol
in 1:2 (DC-Chol: DOPE), and the ethanol was removed with a rotary evaporator leaving behind about
2ml of the ethanol solution. Next, a constant volume of sterile water was added to the ethanol solution.
Liposomes formed after further evaporation of the residual ethanol. The liposome suspension was
immediately filtered through 0.45-um Millex-HA filters for sterilization. The particle size distribution
of liposomes was determined using a dynamic light-scattering instrument, and the zeta-potential of them
were determined by the electrophoresis light-scattering method at 25°C after by diluting of dispersion
to an appropriate volume with water.
5.4.3 Characterization of liposome nanoparticle
The particle mean size, polydispersity index (PDI) and surface charge ({-potential) of these prepared
liposomes nanoparticle’s were determined using Dynamic Light Scattering (DLS) and zetasizer (Nano
ZSP) with a 633 nm laser method respectively. Samples were diluted 1:10 for measurements. Zeta
potential is influenced by pH, ionic strength, and temperature based on the interaction of particles with
counter-ions and co-ions. Moreover, field emission scanning electron microscopy (FESEM) was

applied to verify the shape and nanoliposomes size dimensions.
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5.4.4 Conjugation of cationic liposome with Zeb1siRNA
Zeb1siRNA (Stock concentration 10uM; SC-38643) was complexed with cationic liposomes at
different varied molar ratios (N/P ratios), including 1:1 (1pM liposomes: 10nM siRNA), 2:1 (2uM
liposomes: 10nM siRNA), and 3:1 (3uM liposomes:10nM siRNA) in 1.5ml Eppendorf tube.
Subsequently both mixtures were combined at the appropriate concentrations in tris buffer (pH 80),
followed by a quick centrifugation and 1-2 hours of RT incubation. Meanwhile, a short centrifugation
procedure was carried out in a tabletop microcentrifuge.

Loading Efficiency determination
5.4.5 Gel retardation assay
A gel retardation experiment was used to confirm the formation of the complexes formed when
ZeblsiRNA (SC-38643) was complexed with the cationic liposomes at varied molar ratios. 1.5%
agarose gel was prepared in 1xTBE buffer for the gel retardation experiment. Conjugated liposome
ZeblsiRNA 10 pl were loaded on the gel at different ratios of N/P 1:1 (1uM liposomes: 10nM siRNA),
2:1 (2uM liposomes: 10nM siRNA), and 3:1 (3uM liposomes:10nM siRNA), run at 100 volt for 30min.
N/P ratio refers to the proportion of nitrogen groups (which are responsible for +ve Charge in cationic
liposomes) to phosphate groups in ZeblsiRNA (an anionic give —ve charge). We were able to produce
siRNA lipoplexes that could be loaded very effectively, did not aggregate, could be stored at 4 °C for at
least 6 months with just a minimal release of siRNA (1-5%), and were improved.
5.4.6 Cell culture
The human lung adenocarcinoma cell line A549 was obtained from the National Centre for Cell Science
(NCCS), Pune, India, while the human umbilical vein endothelial cell line (HUVEC) was sourced from
the American Type Culture Collection (ATCC), USA. The normal human bronchial epithelial cell line
BEAS-2B and the acute human monocytic leukemia cell line THP-1 were generously provided by Prof.
Anita K. Verma and Dr. R. Mukhopadhyay from Tezpur University, Assam, respectively. BEAS-2B
cells were cultured in LHC-9 medium (Gibco™/Life Technologies, catalog no. 12680013), and THP-1
and A549 cells were cultured in RPMI 1640 medium, both supplemented with 10% fetal bovine serum
(FBS) and a penicillin-streptomycin solution (10,000 units/ml penicillin, 10 mg/ml streptomycin). All
cells were maintained in a humidified incubator with 5% CO2 at 37 °C. HUVEC cells were cultured in
EBM?2 basal medium (Lonza, USA, catalog no. CC-3156) supplemented with the endothelial cell
growth medium Bulletkit (EGM2) (Lonza, USA, catalog no. CC-3162), 10% FBS, and a penicillin-
streptomycin solution under the same incubation conditions.
5.4.7 3D Spheroid preparation
The hanging drop method was used to prepare the multicellular 3D tumorigenic and non-tumorigenic
spheroids of A549 + THP-1 (AT) and BEAS-2B + THP-1 (BT) cells respectively, in a 90 mm culture
dish [27]. A549, BEAS-2B and THP-1 cells were cultured in complete growth medium in T25 flasks.
At 80-85% confluency, cells were washed with PBS, treated with Trypsin-EDTA (0.25%) for 3-4 min

at 37 °C, neutralized with 4 ml growth medium, and collected in a 15 ml falcon tube. After
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centrifugation at 800 rpm for 5 min, cells were resuspended in DMEM complete medium.
Approximately 8,000 cells/ml of A549 and 2,000 cells/ml of THP-1 (AT spheroid) and similarly, 8,000
cells/ml of BEAS-2B and 2,000 cells/ml of THP-1 (BT spheroid) were dispensed as 25 pl drops onto
the lid of a 90 mm dish, which was then placed on a plate with 6 ml autoclaved water at the bottom.
The setup was incubated at 37 °C with 5% CO, for 3 days. Spheroids were monitored under a
microscope for cell aggregation and proliferation. For cell viability, a live/dead assay was performed
on days 5 and 10. Five spheroids were collected, washed with PBS, and incubated with calcein-AM
(100 uM) and propidium iodide (750 uM) for 10 min. Spheroids were washed with PBS, placed on a
35 mm dish, and imaged using an inverted fluorescence microscope (Leica DMi8, Germany).

5.4.8 Hypoxia induction: As described earlier in section 4.4.10.

5.4.9 Cellular uptake assay

A549 and HUVEC cells were grown on 22 X 22 mm coverslips. The cells were transfected with
LNPcy3ZebsiRNA with 3uM liposomes nanoparticle (LNP) :10nM cy3Zeb1siRNA of concentration
ratios and prepared in basal medium. Control cells were untreated and maintained in the respective basal
media. After the transfection for 8 h the cells were rinsed with PBS and stained DAPI for nuclear
staining for 5 minutes then after cells were washed with PBS and fixed with 4% paraformaldehyde
solution. Then further cells washed with 1X DPBS. Cells with coverslip inverted mount on the slide
with DPX medium and images acquired by fluorescence microscopy at (Leica, DMi8, Germany) DAPI
and Rhodamine channel at 20x and 63x magnification.

5.4.10 RTqPCR assay: As described earlier in section 3.4.7.

5.4.11 Western blot assay: As described earlier in section 3.4.8.

5.4.12 Acetylated low density lipoprotein uptake (AcLDL) uptake assay

HUVEC Cells were seeded into 35mm dish, after 24h cells transfected with liposome alone and
LPzeb1siRNA for 24h, before to proceed with transfection cells incubated in an optiMEM media
(Gibco) for 10 to 15 min, meanwhile LP and LPZeb1siRNA incubated in an optiMEM media for 10
min. Further cells were treated with LP and LPZeb1siRNA optiMEM media for 8hr. After 8hr cells
replaced with the complete media for further 24h. Cells were incubated with Alexa Flour (488 nm)
acetylated LDL (Cat no L23380; Invitrogen) (Spug/ml) in EBM2 media at 37 ° ¢ for 4hr, on termination
of incubations cells were washed in 1x PBS and fixed with 4% paraformaldehyde for 30 min. The
uptake of Ac-LDL was analysed by fluorescence microscopy.

5.4.13 In vitro Matrigel assay

HUVEC cells were seeded on Matrigel-coated 96-well plates. After treatment with LNP-consiRNA and
LNP-Zeb1siRNA, the cells were incubated for 8 hours. Following incubation, tube formation was

observed under a phase contrast microscope to assess the effects of the treatments.
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5.4.14 Human samples

Human lung tissue samples, pleural fluid, and blood serum were collected from patients with or without
non-small cell lung cancer (demographic details provided in Table E, appendix) from the Indira Gandhi
Medical College and Hospital (IGMCH), Shimla, India. The Institute Ethics Committee (IEC),
PGIMER, Chandigarh, (Protocol # IEC-12/2017-794) and institute biosafety committee
(IBSC/1/2020/A/2) approved all human studies. The Declaration of Helsinki protocols were followed,
and informed written consent was obtained from all the patients.

5.4.15 4T1 C57BL/6 mice tumor xenograft model

C57BL/6 mice were purchased from NIPER, Mohali, India, and acclimatized for 7 days under
controlled temperature and light conditions (25 °C with a 12:12 hr light/dark cycle). The mice were
provided with a standard ad libitum chow diet and distilled water. All experimental procedures adhered
to ethical care guidelines, with approval from the Institutional Animal Ethics Committee of Kirori Mal
College, University of Delhi (Protocol # KMC/IAEC/2024/01) and the Institute Biosafety Committee
(IBSC/1/2020/A/2). The 4T1 cell line was obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in RPMI-1640 medium with L-glutamine, supplemented with 10%
fetal bovine serum (FBS), 0.11 mg/ml sodium pyruvate, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Biological Industries, Isracl). The cells were maintained at 37 °C in a humidified CO2
incubator. Female C57BL/6 mice (aged 6-8 weeks, weighing 20-24 g) were subcutaneously injected
with 1 x 10°4T1 breast cancer cells in 100 uL per site on the dorsal flank region [25,26]. Following
injection, the mice were housed for 7 days to allow tumor development. After 14 days, the tumor sizes
were measured, ranging from 90-120 mm? in volume per mouse. Tumor-bearing mice were then divided
into four groups (n = 3 per group): PBS (control), LNP (vehicle control), Zeb1siRNA (free siRNA), and
LNPZeb1siRNA (treatment). Mice were administered intravenous injections of LNPZeb1siRNA (1.24
mg/kg; 100 pL) and respective controls on alternate days for up to 14 days. Tumor size was measured
using vernier calipers in two perpendicular diameters, and the tumor volume was calculated using the

formula.

length x width?

Tumor volume (mm)3 = PP PRI 4)

Following the completion of the treatment regimen, the mice were euthanized, and serum and tumors
were harvested for various biochemical, molecular and histopathological studies.

5.4.16 Histological sections: As described earlier in section 4.4.20.

5.4.17 Hematoxylin & eosin (H&E) staining: As described earlier in section 4.4.21.

5.4.18 Immunohistochemistry (IHC) staining: As described earlier in section 4.4.22

5.4.19 In vivo plug Matrigel assay
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LNP-Zeb1siRNA and 4T1 cells (2 x 1076 cells resuspended in 50 pL. complete media) were mixed with
Matrigel growth factor-reduced media (150 pL, #354263) to form the treatment group. The control
group consisted of LNP-consiRNA, 4T1 cells, and Matrigel growth factor-reduced media, with both
groups at a concentration of 1.0 pg/mL.The mice were anesthetized using the isoflurane-oxygen
inhalation method. The fur on the right flank was shaved, and 500 pL of the freshly prepared cocktail
was injected into the right side using a pre-chilled syringe equipped with a 28G needle. A total of 0.5
mL of the prepared mixture was injected subcutaneously into the right flank of 8-week-old C57BL/6
mice.After the mixture solidified into a gel plug within the animals, the mice were returned to their
cages with access to food and water. On day 10, the mice were euthanized via chlorofom inhalation,
and the Matrigel plugs were carefully extracted. Photographs of the plugs were taken using a digital
camera to document the results.

5.4.20 Statistical analysis
Data were obtained from three separate experiments and presented as the mean + standard deviation of
the mean. T-test was employed for comparison among multiple groups using GraphPad Prism 6

software. A value of p<0.05 was considered statistically significant.
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Summary

|
6.1 Highlights

This thesis explores three different therapeutic approaches to manage solid tumors especially NSCLC
and TNBC tumors, showcasing the versatility in cancer therapeutics. Also discovers the detailed
mechanistic insights - how IMPA derivatives, L-ONB, and LNP-Zeb1siRNA exert their therapeutic
effects against non-small cell lung cancer and/or breast cancer, thereby deepening our knowledge on
the potential cancer treatment strategies against hypoxia mediated chemoresistance and metastasis. The

following key findings have emerged from this study were highlighted below:

1. Five novel IMPA derivatives (IMPA-2, -5, -6, -8, -12) were designed and synthesized, combining
imidazo[1,2-a]pyridine with 2-amino-4H-pyran, showing potent anti-cancer activity against lung
adenocarcinoma by inducing apoptosis and cell cycle arrest.

2. These IMPA derivatives enhance ROS production, leading to mitochondrial membrane disruption
and activation of the intrinsic apoptotic pathway. IMPA-2, -5, -6, and -12 derivatives induced cell
cycle arrest at the GO/G1 phase, while IMPA-8 arrested cells at the G2/M phase with associated
upregulation of p53 and its target genes while inactivating p38 MAPK, which is linked to tumor
progression. In addition to their anti-proliferative properties, the IMPA derivatives significantly
reduce cancer cell migration and invasion, key features associated with tumor metastasis.

3. IMPA derivatives demonstrated significant anti-proliferative and pro-apoptotic effects also in in
vitro lung cancer cells and 3D multicellular lung tumor spheroids, suggesting their potential utility
in vivo and making them promising candidates for further development as treatments for non-small
cell lung cancer.

4. Among the five IMPA derivatives, IMPA-2 showed the most promising anti-cancer efficacy against
A549 and NCI-H23 lung cancer cells based on IC50 values. The hydrophobic -CH3 group in IMPA-
2 enhances its biological activity by fitting into the active site of NADPH oxidase. Future SAR
(structure activity relationship) analysis could explore more hydrophobic substitutions to further
improve its efficacy.

5. L-ONBs were developed to target hypoxia within tumors, showing improved colloidal stability and
sustained oxygen release compared to other oxygen bubble systems. The encapsulation within
liposomes composed of DPPC and cholesterol provided protection and stability, maintaining size

and charge consistency for nearly two weeks.
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6. L-ONB treatment destabilizes HIF-1a in both lung adenocarcinoma cells and 4T1 BALB/c tumor

xenograft models and mitigate hypoxia’s effect on tumor aggressiveness including suppression of
EMT, cancer cell invasion and migration.

7. Histopathological examinations of spleen, lung, liver, and kidney tissues in the 4T1 BALB/c mice
model confirmed the effectiveness of L-ONB in attenuating breast cancer migratory behaviour,
highlighting its therapeutic potential in in vivo applications.

8. A significant increase in doxorubicin's cytotoxic effect in the presence of L-ONBs elucidate the
role of L-ONB in enhancing the sensitivity of hypoxic tumor cells to chemotherapy, thus L-ONB
also work as a highly promising adjuvant candidate for solid tumor therapy, with potential clinical
application.

9. Zebl plays a crucial role in promoting angiogenesis within the hypoxic tumor microenvironment
(TME) by upregulating pro-angiogenic factors such as VEGF, leading to the formation of abnormal
blood vessels that support tumor growth and metastasis.

10. Zebl influences the transformation of tumor-associated macrophages (TAMs), into tumor
endothelial-like cells (TECs) that contribute to abnormal angiogenesis. Targeting Zebl could
potentially disrupt both the pro-angiogenic and immunosuppressive roles of macrophages within
the TME.

11. The study demonstrated that silencing Zeb1 using a specific siRNA delivered via cationic liposome
nanoparticles (LNP-Zebl1siRNA) effectively reduced angiogenic markers and tumor
vascularization, leading to a significant decrease in tumor size and progression in both in vitro and

in vivo models.

6.2 Conclusions

This pivotal study has not only elucidated the mechanisms of IMPA derivatives, L-ONB, and LNP-
ZeblsiRNA against non-small cell lung cancer (NSCLC) and/or triple-negative breast cancer (TNBC)
but also shed light on the crucial role of Zeb1 in gaining endothelial characteristics by tumor-associated
macrophage within the tumor microenvironment. This findings offer significant insights into
overcoming hypoxia-induced chemoresistance and metastasis, as well as targeting Zebl-mediated
tumor angiogenesis and open up new avenues for therapeutic interventions combating the challenges of
tumor progression and treatment resistance.

It has been found that IMPA-2, -5, -6, -8, and -12 effectively induce ROS-mediated cell cycle arrest
and apoptosis in human lung adenocarcinoma cells through the activation of p53-dependent pathways
and the intrinsic apoptotic mechanism. Among these, IMPA-2 and IMPA-6 stand out as the most potent
anti-cancer agents against A549 and NCI-H460 non-small cell lung cancer cells. These findings

underscore the multifaceted potential of IMPA derivatives, particularly IMPA-2 and IMPA-6, as
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promising candidates for the treatment of lung adenocarcinoma. Consequently, these compounds merit

further exploration and development as lead agents in lung cancer therapy.

Coming to the second objectives of this study, emphasize the significant potential of liposome-
encapsulated oxygen nanobubbles (L-ONB) as an innovative therapeutic approach for targeting
hypoxia-associated cancers. L-ONBs demonstrated exceptional stability, efficient oxygen delivery, and
potent anti-cancer effects by inhibiting hypoxia-induced tumor aggressiveness. Notably, L-ONBs
effectively suppressed the HIF-1a-mediated epithelial-to-mesenchymal transition (EMT), migration,
and metastasis of cancer cells, showcasing their potential as a promising adjuvant therapy for solid
tumors. While these findings highlight the therapeutic efficacy of L-ONB, future studies should explore
their impact on immune responses to fully understand their clinical applicability. Thus, L-ONBs offer

a novel and effective strategy for enhancing cancer treatment by targeting tumor hypoxia.

However, the successful silencing of Zeb1 using LNP-Zeb1siRNA highlights a promising therapeutic
approach for inhibiting tumor growth and metastasis by specifically targeting tumor angiogenesis. Zeb1,
as a key regulator within the tumor microenvironment (TME), plays a pivotal role in promoting
angiogenesis by upregulating pro-angiogenic factors in tumor endothelial cells and influencing in the
gaining of endothelial characteristics by tumor-associated macrophages (TAMs). Our study also
demonstrates that targeting Zeb1 not only disrupts angiogenesis but also impairs the transdifferentiation
of TAMs into tumor endothelial-like cells, contributing to abnormal blood vessel formation within
tumors. The therapeutic potential of LNPZeblsiRNA was evident through its ability to reduce
angiogenic markers, impair LUAD cell migration, and significantly decrease tumor size in vivo.
Moreover, by inhibiting Zebl, this strategy may also mitigate the pro-angiogenic and
immunosuppressive roles of TAMs within the TME, providing a multifaceted approach to cancer
therapy. Overall, the findings suggest that Zebl is a critical target for developing anti-angiogenic
therapies, with the potential to enhance treatment efficacy and improve outcomes for patients with solid
tumors. Further research is warranted to explore the molecular mechanisms underlying Zeb1-mediated
macrophage polarization and to validate the clinical applicability of LNP-ZeblsiRNA in different

cancer models.

6.3 Future Perspectives

The promising results obtained from the study of IMPA derivatives, particularly IMPA-2, -5, -6, -8, and
-12, in inducing apoptosis and cell cycle arrest in lung adenocarcinoma cells, along with the therapeutic
potential of liposome-encapsulated oxygen nanobubbles (L-ONBs) and LNP-Zebl siRNA, underline

the need for further research. It is crucial to further elucidate the role of Zebl in tumor angiogenesis
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L
and macrophage plasticity, particularly in non-small cell lung cancer (NSCLC) and triple-negative
breast cancer (TNBC).

In this thesis, we emphasize the significance of the current findings and outlined the key future

perspectives:

1. While the current study demonstrated the anti-cancer potential of IMPA derivatives in vitro 2D
and 3D model cancer cell lines, it is essential to evaluate their efficacy and safety in vivo animal
models of lung adenocarcinoma. Such studies will provide critical insights into the
pharmacokinetics, biodistribution, toxicity, and therapeutic index of these compounds, paving
the way for their translation into clinical settings.

2. Given the complex nature of cancer, future studies should explore the potential of IMPA
derivatives in combination with other therapeutic agents, such as chemotherapy, targeted
therapy, or immunotherapy. Combining IMPA derivatives with existing treatments could
enhance therapeutic outcomes, overcome drug resistance, and reduce the likelihood of cancer
recurrence.

3. One of the significant challenges in cancer therapy is the development of resistance to
chemotherapeutic agents. Future studies should investigate whether long-term treatment with
IMPA derivatives could lead to the emergence of drug-resistant cancer cell populations and, if
so, explore strategies to overcome or prevent resistance.

4. To enhance the therapeutic efficacy and reduce off-target effects, future studies should explore
the development of advanced drug delivery systems, such as nanoparticles, liposomes, or
hydrogels, for the targeted delivery of IMPA derivatives to lung tumors. These delivery systems
could improve the bioavailability, stability, and tumor-specific accumulation of IMPA
derivatives, maximizing their therapeutic potential.

5. The ultimate goal of preclinical research is to translate promising compounds into clinical
practice. Future efforts should focus on the early-phase clinical trials of the most potent IMPA
derivatives to assess their safety, tolerability, and preliminary efficacy in patients with lung
adenocarcinoma. Success in clinical trials could lead to the development of a new class of anti-
cancer agents for the treatment of lung cancer.

6. Given the multifaceted role of hypoxia in tumor progression, combining L-ONBs with existing
therapies, such as chemotherapy, radiotherapy, or targeted therapies, could enhance therapeutic
outcomes. Future studies should explore the synergistic effects of such combination
approaches, with the goal of maximizing anti-tumor efficacy while minimizing side effects.

7. While this study primarily focused on lung and breast cancer models, the potential of L-ONBs
to target hypoxia could be extended to other solid tumors, such as pancreatic, liver, and ovarian
cancers. Future research should explore the applicability of L-ONBs across a broader spectrum

of cancer types.
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A deeper understanding of the molecular pathways through which Zebl1 regulates macrophage
transdifferentiation to endothelial cells and angiogenesis is essential that will provide valuable
insights for refining therapeutic strategies.

Given the multifaceted role of Zebl in tumor progression, combining LNP-Zeb1siRNA with
other therapeutic approaches, such as immune checkpoint inhibitors, chemotherapy, or
radiotherapy, could enhance anti-tumor efficacy. Exploring such combination strategies may
offer synergistic effects, leading to more robust and durable responses in cancer patients.

To bridge the gap between preclinical success and clinical application, future studies should
explore the safety, pharmacokinetics, and pharmacodynamics of LNP-Zeb1siRNA in various
other cancer models. Conducting comprehensive toxicology studies and phase I clinical trials

will be important steps in validating its potential as a viable cancer therapy.

In summary, the future perspectives emphasize the need for rigorous in vivo studies to evaluate the

safety and efficacy of IMPA derivatives aiming for their translation into clinical practice.

Combining these compounds with existing therapies could enhance therapeutic outcomes,

overcome drug resistance, and target hypoxic tumor microenvironments. Advanced drug delivery

systems are proposed to improve the specificity and bioavailability of these agents. Furthermore,

understanding the molecular mechanisms and identifying biomarkers associated with treatment

responses will be critical for patient stratification and personalized therapy. Early-phase clinical

trials are essential to validate these promising therapeutic approaches for lung adenocarcinoma and

other solid tumors.
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Table A: List of antibodies and their details

Antibod Dilution Compan Catalog No.
p44/42 MAPK (Erk1/2) (Thr- | 1:2000 for WB Cell Signaling Technology | #4370
202/Tyr D13.14.4E
Phospho-p38 MAPK (Thr- 1:1000 for WB Cell Signaling Technology | #4511
180/Tyr-182; D3F9
Cleaved Caspase 3 (Asp-175) | 1:1000 for WB Cell Signaling Technology | #9661S
PARP-1 1:1000 for WB Bio Bharati Life Science #BB-AB0280
Anti-caspase 9 Rabbit 1:2000 for WB Bio Bharati Life Science #BB-AB0245
Caspase 8 1:2000 for WB Bio Bharati Life Science #BB-AB0244
HIFla 1:2000 for WB Affinity Bioscience #AF1009
1:200 for IHC
Anti - Zebl mouse 1:5000 for WB Abcam #ab181451
1:200 for ICC
Anti- Zeb1Rabbit 1:1000 for WB Abclonal #A1500
1:100 for IHC
Ant-CD31mouse 1:1000 for WB Cell Signaling Technology | #3528S
1:800 for ICC
Anti-CD31/PECAMI1 Rabbit 1:2000 for WB Abclonal #A19014
1:500 for
ICC/IHC
Anti-VE-cadherin Rabbit 1:1000 for WB Cell Signaling Technology | #2158S
1:100 for IF
B-actin 1:1000 for WB Invitrogen #AM4302
E-cadherin 1:2000 for WB Affinity Biosciences #AF0131
1:100 for IHC
Vimentin 1:2000 for WB Affinity Biosciences #AF7013
1:100 for IHC
pSmad?2/3 1:5000 for WB Affinity Bioscience #AF3367
1:100 for IHC
Anti-Rabbit [gG 2pg/ml for ICC Invitrogen #A-1101
(Alexa Fluor 568 conjugated) | 2pg/ml for IHC
HRP conjugated Anti-Mouse 1:20000 for WB Sigma-Aldrich #A9044
IgG antibody
HRP conjugated Anti-Rabbit 1:20000 for WB Sigma-Aldrich #A9169
IgG antibody
Anti-human CD144 (VE- Sul/million cells | BioLegend #348505
cadherin) PE for FC
Anti-human CD163 APC Sul/million cells Invitrogen #17-1639-41
for FC
Anti-human CD31 FITC Sul/million cells BioLegend #303104
for FC
TruStainFcX™ (anti-mouse 0.1pg/million BioLegend #101319
CD16/32) cells for FC
CD11b microbead human, 20 pl/million cells | Miltenyi #130-049-601
mouse for LS column
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Table B: List of siRNAs and their details

siRNA
Zeb1siRNA (h)

Concentration | Compan

10 uM

Santa cruz
Biotechnology

Catalog No.
#SC-38643

Cy3ZeblsiRNA sequence

Sigmaaldrich

Zeb 1_1975-S

UACGAUUACACCCAGACUG [dT][dT]

[Cyanine3] CAGUCUGGGUGUAAUCGUA [dT][dT]

VC30002N

Zeb 1_1976-S

UACAUUACCAUCUAUCGCC [dT][dT]

[Cyanine3] GGCGAUAGAUGGUAAUGUA [dT][dT]

VC30002N

Table C: List of chemicals

Chemicals

RPMI-1640 Gibco Cat#11875093
DMEM Gibco Cat#11995073
EMEM Lonza Cat#12-125Q
LHC-9 Gibco Cat# 12680013
EGM™ Endothelial growth medium -2 Lonza Cat#CC-3162
Bulletkit

Leibovitz’s L15 medium with 2mM HIMEDIA Cat#ALO1AA
glutamine

FBS US origin HIMEDIA CatRM10409
Penicillin/Streptomycin Gibco Cat#15140122
DPBS Gibco Cat# 14190-144
Trypsin 0.25% EDTA Gibco Cat# 25200072
Calcein-AM Thermo fisher scientific Cat# C3099
Curcumin Sigma C1386
Propidium iodide Thermo fisher scientific Cat# P1304MP
DAPI Thermo fisher scientific Cat# D1306
Trizol reagent Invitrogen Cat# 15596018
Image-iT green hypoxia reagent Invitrogen Cat# 114834
iScript cDNA synthesis kit BIO-RAD Cat# 1708891
Universal SYBR Green Supermix BIO-RAD Cat# 172-5124

Single Cell Lysis Kit Thermo Fisher Scientific Cat# 4458235
16% Formaldehyde Solution Thermo fisher scientific Cat# 28906
Tissue freezing medium Leica Cat#14020108926
Triton X-100 Sigma Cat#T8787
Isopropanol HIMEDIA Cat# MB063
Acetone Merk Cat# SD7F670190
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cDNA kit Biobharti Cat#E0043
Chloroform SRL Cat# 84155
Methanol Merck Cat# SGOP700408
Ethanol molecular grade Merck Cat#100983
Geltrex™ LDEV-Free Matrigel Invitrogen Cat#A1413301
MTT powder HIMEDIA Cat#TCI191
DCFDA sigma Cat# D6883
JC-1 dye Thermo Fisher Scientific Cat# T3168
Sodium dodecyl sulphate (SDS) powder BIO-RAD Cat#1610301
Ammonium persulphate Sigma Cat#A3678
Tris Base BIO-RAD Cat#1610719
Sodium chloride HIMEDIA Cat#GRMO031
Glycine BIO-RAD Cat#1610718
TEMED Thermo Fisher Scientific Cat#17919
PVDF membrane Merck Cat#IPVH00010
Clarity Western ECL substrate BIO-RAD Cat#1705061
Doxorubicin TCI Cat#D4193
Cobalt Chloride Sigma Cat#232696
FITC Sigma Cat#46950
MG132 Thermo Fisher Scientific Cat#ALF-J63250-MA
DPPC (Dipalmitoyl phosphatidylcholine) | Avanti Polar Lipids Cat#850355
Cholesterol HIMEDIA Cat#GRM335
Diethyl ether Merck Cat#107024
BCA protein assay kit Thermo Fisher Scientific Cat#23227
Protease inhibitor cocktail (200x) Cell Signalling Technology Cat#7012
NP40 cell lysis buffer Thermo Fisher Scientific Cat#FNN0021
DPX Mountant SRL Cat#88147
DOTAP Avanti Polar Lipids Cat#890890
DC-chol Avanti Polar Lipids Cat700001
Acetylated LDL uptake assay kit (Alexa Thermo Fisher Scientific Cat#L.23380
Fluor™ 488 AcLD)

Table D: Primer sequence

Human grimers

Gene Forward (5°-3) Reverse (5°-37)

Bax TCTGACGGCAACTTCAA CTG AGTCCAATGTCCAGCCC ATG
Bakl CCTGCCCTCTGCTTCTGA CTGCTGATGGCGGTAAAAA
BCL2L11 CTGCTGGACACACACAT ACA GGGCTGAGGAAACAGAGTAAA
18s AGCTTATGA CCCGCACTITC GTC TGT GAT GCC CTT AGA TG
GAPDH AGC CAC ATC GCT CAG ACA GCC CAATAC GAC CA4A ATC C
Pl6 CTGCCCAACGCACCGAATAG CCACCAGCGTGTCCAGGAAG
P21 TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC
P27 GGCTTTCAGATTCCCAACTT AGCCTCCCCACTCTCGTICT

P53 TGA CAC GCTTCC CTG GAT TG GCT CGA CGC TAG GAT CTG AC
HIF-1a GTG GTG GTT ACT CAG CACT CGT CCCTCAACC TCT CAGTT
E-cadherin | CGGGAATGCAGTTGAGGATC AGGATGGTGTAAGCGATGGC
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Fibronectin | TGAAAGACCAGCAGAGGCATAAG CTCATCTCCAACGGCATAATGG
N-cadherin | ACCAGGTTTGGAATGGGACAG ATGTTGGGTGAAGGGGTGCTTG
Snail ATCGGAGCCTAACTACAGCGAGC CAGAGTCCCAGATGAGCATTGG
Vimentin TACAGGAAGCTGCTGGAAGG ACCAGAGGGAGTGAATCCAG
TGF-f3 ACTGCGGATCTCTGTGTCAT AGTAGTGTTCCCCACTGGTC
VEGFA CAG CACAAC AAATGT GAATGCA | ACACGT CTG CGGATCTTGTAC A
[-Actin GAGCACAGAGCCTCGCCTTT ACATGCCGGAGCCGTTGTC

Zebl TACCAGAGGATGACCTGCCA TGCCCTTCCTTTCCTGTGTC
CD31 AAGTGGAGTCCAGCCGCATATC ATGGAGCAGGACAGGITCAGTC
VE- GAAGCCTCTGATTGGCACAGTG TTTTGTGACTCGGAAGAACTGGC
cadherin

eNOS CAACAGCATCTCCTGCTCAGA CGAACACACAGAACCTGAGGG
vWF GTGTGTCCGAGTGAAGGAGG CAGCACGCTGAGGTCTTACA
Oct-4 CCTGAAGCAGAAGAGGATCAC AAAGCGGCAGATGGTCGTTTGG
Sox-2 GCTACAGCATGATGCAGGACCA TCTGCGAGCTGGTCATGGAGTT

Mouse grimers

Gene Forward (5°-3) Reverse (5°-37)

HIF-1a AGG ATG AGT TCT GAA CGT CGA ACA TTG TGG GGA AGT GGC AA
AA

E-cadherin | CGCCACAGATGATGGTTCAC GCAGTAAAGGGGGACGITGTIT

TGF-p GCT GAA CCA AGG AGA CGG GTT CAT GTC ATG GAT GGT GCC
AAT

Vimentin AGACCAGAGATGGACAGGTGA TTGCGCTCCTGAAAAACTGC

VEGFA CGGGCCTCGGTTCCA GCAGCCTGGGACCACTTG

[-Actin GTACTCTGTGTGGATCGGTGG AGGGTGTAAAACGCAGCTCAG

Zebl GCTGGCAAGACAACGTGAAAG GCCTCAGGATAAATGACGGC

CD31 GAGCCTCACCAAGAGAACGG AGCGCCTCTGAGTCTCTGTA

VE- TGCTCACGGACAAGATCAGC GTGCGAAAACACAGGCCAAT

cadherin

Zebrafish grimers

Gene Forward (5°-3) Reverse (5°-37)

HIF-1«a CCACACATTACTGGATGGCT GCAATGTTTCCGCGACAGG
E-cadherin | TCGGGAGGGTGAATCTCAGG GAAGAAGAGCAAGCAATAGCAG
N-cadherin | TTCACCCGAGAGACTTTCCA TGTCGGTCACGGTGAGATTG
Vimentin ATCATTAAGCCTGCGAGAGTCC GTCTCTGGTCTCGATGGICIT
[-Actin GGCAATGAGCGTTTCCGTTG ATACCGCAAGATTCCATACCCAG

A-1: Spectral characterization of synthesized compounds:

2-Amino-4-phenyl-4H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile IMAP-1):

Yield: 74%; off-white solid; mp: 241-245 °C; IR (KBr, cm™) 3150, 2196, 1660, 1412, 1036, 738; 'H-NMR
(400 MHz, DMSO-d6): 6 7.68 (d, J = 6.8 Hz, 1H), 7.54 (d, J = 9.2 Hz, 1H), 7.36-7.33 (m, 2H), 7.29-7.23
(m, 4H), 7.12 (s, 2H), 6.89-6.85 (m, 1H), 5.18 (s, 1H); '*C-NMR (100 MHz, DMSO-d6): d160.54, 149.43,
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Y
140.89, 140.04, 128.85, 127.62, 127.54, 124.82, 123.94, 120.13, 116.11, 112.65, 100.71, 57.85, 36.89;

LC-MS (APCI + ESI) m/z: 289 [M + H] *; Anal. Calcd for C17H12N40: C, 70.82; H, 4.20; N, 19.43. Found:
C,70.98; H, 4.21; N, 19.49.
2-Amino-4-(p-tolyl)-4H-pyrano|2',3":4,5]imidazo[1,2-a]pyridine-3-carbonitrile =(IMAP-2): Yield:
69%; off-white solid; mp: 246-250 °C; IR (KBr, cm™) 3149, 2193, 1657, 1404, 1035, 736; 'H-NMR (400
MHz, DMSO-d6):6 7.68 (d, J = 6.8 Hz, 1H), 7.54 (d, J= 8.8 Hz, 1H), 7.26 (t, /=7.6 Hz, 1H), 7.15-7.10
(m, 6H), 6.87 (t, J = 6.8 Hz, 1H), 5.13 (s, 1H), 2.26 (s, 3H); "*C-NMR (100 MHz, DMSO-d6): 6160.46,
149.37, 139.99, 137.87, 136.70, 129.41, 127.52, 124.75, 123.96, 120.14, 116.08, 112.62, 100.81, 58.00,
36.54, 20.60; LC-MS (APCI + ESI) m/z: 303 [M + H] *; Anal. Calcd for C18H14N40: C, 71.51; H, 4.67;
N, 18.53. Found: C, 71.69; H, 4.69; N, 18.61.
2-Amino-4-(4-methoxyphenyl)-4H-pyrano[2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile
(IMAP-3):
Yield: 72%; off-white solid; mp: 223-226 °C; IR (KBr, cm™) 3171, 2196, 1659, 1403, 1036, 734; 'H-NMR
(400 MHz, DMSO-d6):6 7.67 (d, J = 6.8 Hz, 1H), 7.54 (d, /= 9.2 Hz, 1H), 7.26 (t, J = 8.0 Hz, 1H), 7.16
(d, J = 8.8 Hz, 2H), 7.08 (s, 2H), 6.90-6.86 (m, 3H), 5.12 (s, 1H) 3.72 (s,3H); "“C-NMR (100 MHz,
DMSO-d6): 0160.38, 158.52, 149.33, 139.98, 132.74, 128.73, 124.73, 123.95, 120.18, 116.07, 114.17,
112.60, 100.92, 58.20, 54.99, 36.14; LC-MS (APCI + ESI) m/z: 319 [M + H] *; Anal. Calcd for
C18H14N402: C, 67.91; H, 4.43; N, 17.60. Found: C, 68.02; H, 4.44; N, 17.65.
2-Amino-4-(4-(dimethylamino)phenyl)-4H-pyrano[2',3':4,5]imidazo[1,2-a|pyridine-3-carbonitrile
(IMAP-4): Yield: 71%; off-white solid; mp: 230-233 °C; IR (KBr, cm™) 3169, 2194, 1657, 1406, 1036, 741;
'H-NMR (400 MHz, DMSO-d6):6 7.67 (d, J = 6.8 Hz, 1H), 7.53 (d, J =9.2 Hz, 1H), 7.25 (t, J = 7.2 Hz,
1H), 7.05-7.01 (m, 4H), 6.87 (t, J = 6.8 Hz, 1H), 6.66 (d, J = 8.4 Hz, 2H), 5.03 (s, 1H), 2.86 (s, 6H); “C-
NMR (100 MHz, DMSO-d6): 0160.24, 149.66, 149.24, 139.87, 128.17, 127.96, 124.58, 124.00, 120.30,
116.02, 112.47,101.25, 58.57, 36.09; LC-MS (APCI+ESI) m/z: 332 [M +H] "; Anal. Calcd for C19H]7N50:
C, 68.87;H,5.17; N, 21.13. Found: C, 68.99; H, 5.18; N, 21.18.
2-Amino-4-(4-chlorophenyl)-4H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile (IMAP-5):
Yield: 76%; off-white solid; mp: 248-251 °C; IR (KBr, cm™) 3140, 2195, 1659, 1428, 1037, 738; '"H-NMR
(400 MHz, DMSO-d6):0 7.70 (d, J = 6.8 Hz, 1H), 7.55 (d, J = 9.2 Hz, 1H), 7.42-7.40 (m, 2H), 7.31-7.26
(m, 3H), 7.12 (s, 2H), 6.88 (td, J = 6.8, 0.8 Hz, 1H), 5.22 (s, 1H); *C-NMR (100 MHz, DMSO-d6):
0160.59, 149.49, 140.14, 139.90, 132.08, 129.53, 128.86, 124.98, 123.96, 120.00, 116.15, 112.79,
100.25, 57.43, 36.25; LC-MS (APCI + ESI) m/z: 323 [M+ H] ; Anal. Calcd for C17H11CIN40O: C, 63.26;
H, 3.44; N, 17.36. Found: C, 63.40; H, 3.45; N, 17.41.
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2-Amino-4-(4-fluorophenyl)-4 H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile (IMAP-6):
Yield: 78%; off-white solid; mp: 236-239 °C; IR (KBr, cm™) 3141, 2198, 1659, 1410, 1040, 737; 'H-NMR
(400 MHz, DMSO-d6):6 7.69 (d, J = 6.8 Hz, 1H), 7.55 (d, J = 9.2 Hz, 1H), 7.30-7.26 (m, 3H), 7.19-7.16
(m, 4H), 6.89 (t,J= 6.8 Hz, 1H), 5.22 (s, 1H); *C-NMR (100 MHz, DMSO-d6): d160.52, 149.43, 140.10,
137.09, 137.06, 129.65, 129.56, 124.92, 123.94, 120.05, 116.14, 115.75, 115.53, 112.73, 100.52, 57.75,
36.13; LC-MS (APCI + ESI) m/z: 307 [M + H] "; Anal. Calcd for C17H11FN40: C, 66.66; H, 3.62; N,
18.29. Found: C, 66.76; H, 3.63; N, 18.35.
2-Amino-4-(2,4-difluorophenyl)-4H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile (IMAP-7):
Yield: 80%; off-white solid; mp: 219-222 °C; IR (KBr, em™) 3138, 2192, 1660, 1412, 1039, 740; 'H-NMR
(400 MHz, DMSO-d6):6 7.67 (d, J = 6.8 Hz, 1H), 7.56 (d, J = 9.2 Hz, 1H), 7.31-7.21 (m, 5H), 7.05 (t, J =
8.4 Hz, 1H), 6.92 (t, J = 6.8 Hz, 1H), 5.45 (s, 1H); "*C-NMR (100 MHz, DMSO-d6): 6161.04, 149.72,
140.09, 131.17, 131.12, 124.92, 123.70, 123.61, 123.46,119.89, 116.20, 112.96, 112.26, 112.04, 99.18,
55.97, 30.92; LC-MS (APCI + ESI) m/z: 325 [M+ H] ; Anal. Calcd for C17H10F2N40: C, 62.96; H, 3.11;
N, 17.28. Found: C, 63.10; H, 3.12; N, 17.34.
2-Amino-4-(3-bromophenyl)-4H-pyrano[2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile (IMAP-8):
Yield: 79%; off-white solid; mp: 242-245 °C; IR (KBr, cm™) 3152, 2193, 1658, 1404, 1037, 739; "H-NMR
(400 MHz, DMSO-d6):6 7.74 (d, J = 6.8 Hz, 1H), 7.57 (d, J = 9.2 Hz, 1H), 7.49-7.47 (m, 2H), 7.33-7.28
(m, 2H), 7.23-7.21 (m, 3H), 6.92 (td, J= 6.8, 1.2 Hz, 1H), 5.22 (s, |H); "C-NMR (100 MHz, DMSO-d6):
0160.68, 149.54, 143.76, 140.18, 131.13, 130.56, 130.32, 126.73, 125.07, 123.96, 122.08, 119.96, 116.19,
112.87, 100.08, 57.31, 36.46; LC-MS (APCI + ESI) m/z: 367 [M + H] *; Anal. Calcd for C17H]1BrN4O:
C, 55.61; H, 3.02; N, 15.26. Found: C, 55.73; H, 3.02; N, 15.30.
2-Amino-4-(4-cyanophenyl)-4 H-pyrano[2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile (IMAP-9):
Yield: 82%; off-white solid; mp: 247-250 °C; IR (KBr, cm™) 3123, 2197, 1661, 1405, 1040, 750; '"H-NMR
(400 MHz, DMSO-d6):6 7.82 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 6.4 Hz, 1H), 7.56 (d, J= 9.2 Hz, 1H), 7.46
(d, J = 8.4 Hz, 2H), 7.32-7.26 (m, 3H), 6.89 (t, J = 6.8 Hz, 1H), 5.33 (s, 1H); "“C-NMR (100 MHz,
DMSO-d6): 0160.80, 149.66, 146.46, 140.27, 132.91, 128.74, 125.16, 123.96, 119.86, 118.53, 116.22,
112.91, 110.44,99.73, 56.80, 36.79; LC-MS (APCI + ESI) m/z: 314 [M+H] *; Anal. Calcd for C18H11N50:
C,69.00; H, 3.54; N, 22.35. Found: C, 69.15; H, 3.55; N, 22.42.
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2-Amino-4-(4-nitrophenyl)-4 H-pyrano|[2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile =~ (IMAP-
10): Yield: 85%; light yellow solid; mp: 243-246 °C; IR (KBr, cm‘l) 3126, 2198, 1662, 1405, 1041,
721; '"H-NMR (400 MHz, DMSO-d6):d 8.21 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 6.8 Hz, 1H), 7.58-7.53
(m, 3H), 7.32-7.28 (m, 3H), 6.89 (t,J= 6.8 Hz, 1H), 5.41 (s, 1H); *C-NMR (100 MHz, DMSO-d6):
0160.84, 149.65, 148.45, 146.92, 140.33, 129.07, 125.24, 124.17, 124.03,119.85, 116.25, 112.96,
99.71, 56.66, 36.58; LC-MS (APCI + ESI) m/z: 334 [M + H] "; Anal. Caled for C17H11N503: C,
61.26; H, 3.33; N, 21.01. Found: C, 61.40; H, 3.34; N, 21.08.

Methyl 4-(2-amino-3-cyano-4H-pyrano[2',3':4,5]imidazo[1,2-a]pyridin-4-yl)benzoate (IMAP-
11): Yield: 83%; off-white solid; mp: 245-248 °C; IR (KBr, cm™) 3136,2193, 1658, 1403, 1038, 728;
'H-NMR (400 MHz, DMSO-d6):6 7.94 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 6.8 Hz, 1H), 7.56 (d, J =
9.2 Hz, 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.30-7.26 (m, 1H), 7.23 (s, 2H), 6.87 (td, J =6.8, 0.8 Hz,
1H), 5.30 (s, 1H), 3.83 (s, 3H); *C-NMR (100 MHz, DMSO-d6): 6165.86, 160.71, 149.54, 146.22,
140.19, 129.83, 128.93, 128.12, 125.04, 123.94, 119.92, 116.18, 112.81, 100.10, 57.12, 52.09, 36.73,;
LC-MS (APCI + ESI) m/z: 347 [M + H] "; Anal. Calcd for CI9H14N403: C, 65.89; H, 4.07; N,
16.18. Found: C, 65.98; H, 4.09; N, 16.22.

2-Amino-4-(4-(trifluoromethyl)phenyl)-4 H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-
carbonitrile (IMAP-12): Yield: 81%; off-white solid; mp: 258-260 °C; IR (KBr, cm™) 3136,
2198, 1661, 1405, 1068, 731; 'H-NMR (400 MHz, DMSO-d6):6 7.73-7.71 (m, 3H), 7.57 (d, J =
9.2 Hz, 1H), 7.48 (d, J = 7.6 Hz, 2H), 7.31-7.24 (m, 3H), 6.90 (t, J = 7.2 Hz, 1H), 5.34 (s, 1H);
BC-NMR (100 MHz, DMSO-d6): 6160.73, 149.62, 145.62, 140.24, 128.54, 125.86, 125.82,
125.10, 123.96, 122.76, 119.93, 116.20, 112.90, 99.97, 57.09, 36.60; LC-MS (APCI + ESI) m/z:
357 [M + H]"; Anal. Calcd for C18H11F3N40: C, 60.68; H, 3.11; N, 15.72. Found: C, 60.81; H,
3.12; N, 15.76.

2-Amino-4-(pyridin-3-yl)-4 H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile(IMAP-13):
Yield: 79%; off-white solid; mp: 234-237 °C; IR (KBr, cm™) 3156, 2190, 1656, 1402, 1034, 741;
'H-NMR (400 MHz, DMSO-d6):5 8.57 (d,J= 1.6 Hz, 1H), 8.49 (dd, J= 1.2, 4.8 Hz, 1H), 7.75 (d, J =
6.8 Hz, 1H), 7.58-7.56 (m, 2H), 7.37-7.28 (m, 2H), 7.25 (s, 2H), 6.90 (t, J= 6.8 Hz, 1H), 5.28 (s,
1H); “C-NMR (100 MHz, DMSO-d6): §160.75, 149.66, 148.99, 148.95, 140.22, 136.29, 135.27,
125.08, 124.15,123.93, 119.97, 116.21, 112.87, 99.73, 57.05, 34.45; LC- MS (APCI + ESI) m/z: 290
[M + H] *; Anal. Caled for C16H1IN50: C, 66.43; H, 3.83; N, 24.21. Found: C, 66.55; H, 3.84; N,
24.26.
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2-Amino-4-(2-chloropyridin-4-yl)-4H-pyrano|2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile
(IMAP-14): Yield: 80%; off-white solid; mp: 235-238 °C; IR (KBr, cm™) 3099 2191, 1656, 1408,
1040, 737; '"H-NMR (400 MHz, DMSO-d6):6 8.37 (d, J = 5.2 Hz, 1H), 7.80 (d, J = 6.8 Hz, 1H), 7.58
(d, J=9.2 Hz, 1H), 7.49 (s, 1H), 7.35-7.30 (m, 3H), 7.24 (d, J = 4.4 Hz, 1H), 6.94 (t, / = 6.8 Hz,
1H), 5.29 (s, 1H); *C-NMR (100 MHz, DMSO-d6): 6161.04, 153.63, 150.85, 150.69, 149.80, 140.41,
125.36, 124.07, 123.23, 122.20, 119.71, 116.27, 113.09, 98.77, 55.84, 35.92; LC-MS (APCI + ESI)
m/z: 324 [M + H] "; Anal. Calcd for C16H10CIN50: C, 59.36; H, 3.11; N, 21.63. Found: C, 59.51; H,
3.13; N, 21.71.

2-Amino-4-(5-bromopyridin-3-yl)-4H-pyrano[2',3':4,5]imidazo[1,2-a]pyridine-3-carbonitrile
(IMAP-15): Yield: 83%; off-white solid; mp: 253-256 °C; IR (KBr, cm™) 3137, 2192, 1654,
1406, 1034, 742; '"H-NMR (400 MHz, DMSO-d6):6 8.65 (d, J = 2.0 Hz, 1H), 8.53 (d, J = 2.0 Hz,
1H), 7.91 (t,J=2.0 Hz, 1H), 7.81 (d, J= 6.8 Hz, 1H), 7.58 (d, /= 9.2 Hz, 1H), 7.34—7.30 (m, 3H),
6.93 (td, J = 6.8, 0.8 Hz, 1H), 5.31 (s, 1H); *C-NMR (100 MHz, DMSO-d6): 5160.89, 149.79,
149.73, 147.64, 140.33, 138.61, 137.76, 125.25, 123.98, 120.65, 119.87, 116.26, 113.02, 99.09,
56.49, 34.15; LC-MS (APCI + ESI) m/z: 368 [M + H] *; Anal. Calcd for C16H10BrN50: C, 52.19;
H, 2.74; N, 19.02. Found: C, 52.29; H, 2.75; N, 19.08.

A-2: NMR (Nuclear Magnetic Resonance) (‘H &'3C), MS (Mass
Spectrometry) and IR (Infrared spectroscopy) , and HPLC (High
Performance Liquid Chromatography) spectral of IMPA- 2, 5, 6,
8 and 12
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