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Abstract:

Folate helps in DNA synthesis, methylation and repair besides a host of other physiological
processes like RBC formation, neural tube formation during pregnancy and homocysteine
breakdown. Apart from their natural ligand Folate, Folate receptors (FR) are known to bind
reduced folic acid derivatives and facilitate their uptake and intracellular delivery. Before that,
the cargo is converted from polyglutamate to monoglutamate for easy traversion across the
lipid bilayer. In the context of receptor oriented targeted delivery, FR expressed on the cell
surface can selectively transport folate-conjugated payloads. This was however discovered
long after the advent of drugs like pemetrexed and methotrexate which target intracellular
folate metabolism. Till date, the FR has emerged as a feasible target for targeted imaging and
therapy given that a variety of cancers overexpress it. Biopsies of oral squamous cancer have
also been found to express FR, more specifically the alpha isoform. However, TAMs (Tumour
Associated Macrophages) in the surrounding stroma express FRB and may thus be subjected
to FR targeted nano delivery. Based on this principle, we fashioned carbon nanospheres (CSPs)
from glucose and coupled them with our folate-based lipid FA8. These CSPs have active
surfaces that are highly amenable to functionalization besides other physicochemical
attributes conducive to the development of a targeted system with high payload capacity. Our
drug is an Anthracycline which induces chemoresistance in most cancers including OSCC (Oral
Squamous Cell Carcinoma). Apropos to this, receptor targeted delivery of drug has been shown
to be more therapeutically favourable as opposed to convection or diffusion mediated

chemotherapy. OSCC also hosts other challenges like possession of a mutated tp53 and an
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immunologically cold TME (Tumour Microenvironment) that promotes aggressive tumour
progression and MDR. In our case, FR targeted therapy induced apoptotic cell death selectively
in malignant cells instead of necroptotic death that is characteristic of Doxorubicin. Following
the assessment of drug uptake in vitro, in vivo investigation with an immunocompetent
tumour model revealed selective drug localization in TAMs isolated from solid tumours. Mice
administered with targeted CSPs indicated attenuated iNOS levels in tumour tissue besides
observable downregulation of Vimentin as well as higher cleaved Caspase3 levels. All this
combined with the downregulation of M2 TAM-specific marker expression indicated the
possible convergence of multiple pathways resulting effectively in overall tumour size
regression. Further studies on an ex-vivo platform of 3-dimensional OSCC spheroids
established their potential as a suitable model for evaluating FR-targeted nanotherapeutics in

the future.
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Chapter 1 Introduction

As per a projection by the World Health Organization (WHO), approximately 9.6 million
deaths and 18.1 million new incidences of oral cancer were reported in 2018 alone.
Globally, 1in 5 men and 1 in 6 women are affected by cancer throughout their lifetime and
when it comes to India, the number of cancer cases reported in 2018 alone is nearly 1.1

million, with the number of deceased patients reaching almost 784,821.

Rapidly dividing cells take up Folate to meet their increasing demands of DNA synthesis
and proliferation. The Folate receptor (FR) is highly overexpressed in the epithelia of
multiple cancers and plays an important role in regulating the expression of genes and
transcription factors involved in cell proliferation, migration and invasion (Cheung et
al.,2016). Anomalous situations like cancer (including OSCC) have been linked to a general
deficiency of Folate, which can thus be countered by increasing the dietary intake of Folate
as proven by certain reports (Ulrich et al.,2007; Pelucchi et al.,2003). Not surprisingly,
studies on patients as well as epidemiological studies have proven higher risk of oral cancer
in people who have low dietary intake of Folate and have chronic exposure to tobacco as
well as alcohol.

The complex nature of cancer makes it difficult for a single strategy to effectively treat
cancer. Both chemotherapy and radiation are potentially genotoxic and hence targeted
delivery is being increasingly preferred. Another challenging aspect of cancer is the
immunosuppressive nature of the TME. Of all the different stromal elements TAMs have
always played a prominent role in tumour growth and aggressiveness (Biswas et al.,2013;
Joyce et al.,2009; Pollard et al.,2004). Pro-tumoural M2 TAMs promote angiogenesis,

metastasis and tumour spread right from the initial stages of the disease.



Chapter 1 Introduction

The Folate Receptor is a known prognostic as well as diagnostic marker for a number of
different cancers. High levels of FR expression has been reported in squamous cell lesions
of higher-grade cervical cancer, indicating the promise which FR-mediated anticancer
therapy holds (Pillai et al.,2003; Gupta et al.,2018). Apart from targeted therapy, there
have also been reports of the application of FR-mediated screening in the early detection
and diagnosis of cancer. Predina et al.. explored ways to utilize the expression of FR on
pulmonary squamous cell carcinomas for receptor-targeted intraoperative molecular
imaging (Predina et al.,2018). Other reports hinting at the over-expression of FR in
squamous cell carcinomas and its therapeutic potential also include studies on ovarian
cancer patient samples (Toffoli et al.,1997). However, not much is clinically indicated
regarding OSCC (oral squamous cell carcinoma). Hence, our study aims at finding out how
effectively FR might serve as a means to target OSCC. The rationale behind this study is
that cancer cells unlike normal cells require far greater quantities of nutrients like Folate,
a molecule that is essential for DNA synthesis, among various other functions (Wani et
al.,2008). The Folate Receptor often exhibits aberrant expression levels, with differential
expression of its isoforms (a & B) in different organs/tissues of the body, which is
principally a function of varying amounts of extracellular folate in or around different tissue
types (Akhter et al.,2011). However, the expression of a & B FR isoforms has been found
to be very low or negligible in normal tissues and cells as opposed to their overexpression

on tumour tissues and cancer cells.

We fabricated glucose derived carbon nanospheres (CSPs) which are highly biocompatible
and can access multiple organs in the body including the brain when conjugated to our
Folate based cationic lipid FA8 (Elechalawar & Bhattacharya et al.,2019). The drug

conjugated to our delivery system is Doxorubicin (DOX) or Adriamycin, a popular

2



Chapter 1 Introduction

topoisomerase inhibitor and a widely reported anti-cancer drug. The primary objectives of

the current study were as follows:

R

% Formulation and characterization of a delivery system using FA8 cationic lipid
conjugated with carbon nanospheres (CSP) for targeting oral cancer cells expressing
folate receptor.

s Testing the efficacy of the formulations for selective cancer cell killing and

orthotopic tumour regression.

* Mechanistic investigation of the effect of formulation on tumour micro-

L)

environment (TME) including tumour-associated macrophages (TAM) and

deciphering the role of TME and TAMs on oral cancer aggressiveness.

To summarize, a FR-targeted system which was first verified by us against advanced glioma
was tested subsequently against an immunocompetent murine model of OSCC. We first
assessed our targeted system for uptake and targeted cancer cytotoxicity in vitro using
both human and mouse OSCC cell lines. Once commendable tumour regression was
achieved thereafter in animal studies, we tested for and detected signs of possible M2 TAM
attenuation. We also tested our formulation on 3D spheroids in a bid to establish its
efficacy as a superior model for experimentation as compared to 2D culture systems. Few
molecular markers reportedly linked to chemoresistance and overall tumour progression
but not previously reported in the MOC2 in-vivo model were also investigated. Our findings
from the current study are encouraging since we have tangible evidence of the potential

that FR holds as a suitable mediator for targeted nano-therapy in OSCC.



Chapter 2 Review of Literature

Oral cancer is a multifaceted disease with more than one aspect that needs to be
addressed. Since we intend to design and optimize a targeted delivery system that achieves
localized drug delivery, we must first understand the nature of our target disease, its
pathology and what makes it so challenging to cure. The current work specifically aims to
approach the problem from two primary ends- cancer cells and their surrounding stromal
elements. In this section we shall proceed to discuss the hallmarks of aggressive OSCC, the
chemotherapeutic approaches conventionally used to address it, how Doxorubicin holds
its own set of challenges and finally, how we may target the Folate receptor efficiently to

address all these issues and achieve an overall improved therapeutic outcome.

2.1. Oral squamous Cell Carcinoma and its pathology

OSCC is still one of the most challenging malignancies as faced by our country as well as
the rest of the world. This may be attributed to existing treatment loopholes like difficulty
of diagnosis as well as lack of general awareness among regular users of tobacco and

related products (Soares et al.,2018).
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variety of reasons which may be modifiable or non-modifiable. While emerging factors like

immunosuppression and HPV infection are under intense investigation, factors such as use

of cannabis or familial (hereditary) history are on the rise steadily. (Warnakulasuriya et al.

,2010)
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One of the genes quite commonly found mutated in OSCC is TP53. The TP53 is popularly
deemed as the guardian of the genome, owing to its indispensability in orchestrating
apoptosis in a timely and context dependent manner (George et al.,2011). Besides, this
gene has been shown to work in concert with several other tumour suppressors as well as
downstream activators like PumA, MDM?2, p21 etc. in deciding the fate of a cell which is
passing through the divisional cycle (Sherr et al.,2002). Quite understandably, the
functional absence of p53 protein might render a cellanomalous or abnormal, as in cancer.
Scientific literature is rich in accounts documenting a range of different mutations in TP53
in various cancers as well as their repercussions (Muller et al.,2013). Mutations may
broadly be classified as missense or nonsense. While the latter involves complete absence
of p53 expression, the former usually entails the production of a non-functional protein
(one that overexpresses but has no function) or one that confers multiple features
advantageous to the survival and proliferation of the tumour (gain-of-function mutations).
Gain of function mutations (GOFs) are well-reported in HNSCC as well as aggressive OSCC
where they bestow distinct pro-tumoural features upon cancer cells, making them more
evasive and chemoresistant (Oren et al.,2010).

Besides TP53 there are a host of other molecular players reported as being involved in
OSCC drug resistance as well as aggressive proliferation. However, we shall discuss a bit
about a few of them which we found to be linked to each other in concert, regulating
cumulatively the malignant spread of OSCC in conjunction with the tumour stroma and its
elements which we shall also discuss separately in a later portion of this brief literature
review.

The role of nitric oxide and the enzyme responsible for its production, Nitric Oxide Synthase

(NOS), in cancer biology is not yet clear. NO is a small gaseous molecule produced by three
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different isoforms of NOS and is also involved in facilitation of immune and anti-pathogenic
responses besides being vasoactive (Vannini et al.,2015). Over the years researchers have
discovered that NO has a dual role in cancer. For the sake of discussion within the context
of the current work, we note that NO has been proven to have anti-inflammatory effects
on the TME, working as an immunosuppressant and a pro-oncogenic molecule (Bader et
al.,2020). Reports also show that NO suppresses tumour suppressor genes while parallelly
causing oncogene activation (Grimm et al.,2013). NO may act through either cGMP-
dependent or cGMP- independent pathways, nitrosylating a host of important genes
involved in pathways associated with cell death and tumour invasiveness (Babykutty et
al.,2012). However, most of these actions are concentration dependent, including NO-
induced effects on the tumour microenvironment. Of the three isoforms of NOS, iNOS is
the one which produces the maximum amount of NO and that too in a calcium-
independent manner (Mattila et al.,2014). This is the same NOS isoform that is intricately
involved with tumour associated processes like metastasis, angiogenesis and malignant
transformation. The popular notion regarding NO and its role in cancer is that during the
stages of tumour growth, it is the tumour cells which use NO for tumourigenic progression
whereas the stroma carries out the opposite function. NO is connected functionally to TP53
and NFkB, encouraging pro-tumourigenic functions like progression and metastasis in a
variety of cancers (Matsumoto et al.,2001). Even though levels of iNOS and their effects
may vary from one cancer type to another, it is maintained that high iNOS levels often leads
to an unfavourable prognosis in case of oral squamous cell carcinomas (Silva-Servato et
al.,2019). iNOS also has been recorded to have positive correlation with the accumulation

of TP53 mutations.
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Fig 2.2. TP53 and its many roles: The above figure represents the complex interplay
between functional and mutated p53 protein which often becomes the crux of most
cancers and their aggressive expansion. The figure includes several factors which are kept
under control by TP53 and may be destabilized by either the lack of functional p53 protein
or an excess of its mutated counterpart, thus giving rise to diseased state. (Amelio &

Melino,2020).
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2.2. The role of TME resident pro-tumoural TAMs in OSCC etiology

Another aspect worth considering is the tumour microenvironment and its M2 tumour
associated macrophages which aid in the maintenance of an anti-inflammatory or
immunosuppressive state. OSCC has been reported to have an immunologically cold TME
that is irresponsive to conventional immunotherapy (Shi et al., 2022). Oral squamous
cancers typically possess highly pro-tumoural profiles in terms of cytokine and chemokine
content (Alves et al., 2021). In addition to this, TAMs and dendritic cells in the OSCC TME

often create conditions unsuitable for the infiltration of functional T-cytotoxic cells.
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Fig 2.3. Interactions between M2 TAMs and other stromal elements in the TME: the
above figure gives us an idea of the complex network of activities existing within the TME
between TAMs and other stromal elements. These interactions help shape the
immunological profile of a disease like cancer, essentially disabling pro-inflammatory
markers while inducing a perpetual state of immunosuppression. (Bhattacharya et

al.,2021).
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Tumour associated macrophages or TAMs are well reported in multiple cancers and also in
the context of oral squamous cell carcinoma. As discussed previously they may be pro-
tumoural (M2) or anti-tumoural(M1) in nature, their activity defined by the set of cytokines
they produce. (Hagemann et al.,2008). Some of the characteristic markers used to identify
these cells are CD68 and CD163 where CD163 is specific to the M2 macrophages [19]. Other
markers commonly reported for identification/characterization of pro-tumoural TAMs in
the tumour microenvironment is CD206 (Hu et al.,2017). Similarly, an erstwhile
characteristic marker reported for anti-tumoural M1 type TAMs is CD80 (Moradi-
Chaleshtori et al.,2021). Both CD80 and CD206 are crucial markers with regards to anti-
tumour immune responses mounted by the body. This is the reason both these markers
have been experimented with extensively over the years leading investigators to conclude
that they are valuable prognostic markers besides being promising targets for
immunotherapeutic approaches. CD80 is a glycoprotein molecule that is present
transiently on the surfaces of B cells, Dendritic cells as well as macrophages (Yellin et
al.,1994). However, it has been reported to be present in low levels in pro-tumoural TAMs
which are liable to evade anti-tumour immune responses launched by T cytotoxic cells. In
fact, tumour cells with low or no CD80 expression have been shown to induce apoptosis in
tumour infiltrating T cells, often rendering immunotherapeutic approaches redundant
(Mir, 2015). Induction of higher CD80 levels either by transfection or other methods has
thus started to prove itself a valid therapeutic approach in recent times (Zhang et al.,2022).
In fact, it is proven that without the stable expression of CD80, it is difficult to carry out T-
cell activation or even mount an anti-tumour immune response. Quite contrary to CD80,
the CD206 marker has been found to be a prominent M2 marker, facilitating pro-tumoural

conditions and the maintenance of a cold tumour microenvironment. Fan et al. reported
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the prognostic significance of CD206 in liver cancer, experimentally showing that not only
did high CD206 expression correlate with lower survival rates but it also indicated
significantly higher chances of metastatic progression (Fan et al., 2019). Utilizing a short
hairpin approach, they silenced CD206 in liver CSCs (cancer stem cells) which negatively
impacted their invasiveness as well as migratory capabilities. Similar findings were
reported by Haque et al. who studied the role of CD206 positive TAMs in OSCC progression
using clinical samples. The authors reported that CD206 positive TAMs were the primary
perpetrators of metastasis and invasiveness as compared to TAMs expressing other M2
markers like CD204 or CD163 (Haque et al., 2019). The authors went on to further point
out that CD206 positive TAMs comprised of a particular TAM subset producing EGF in large
guantities and also that conditioned media collected from such cultures reprogrammed
other TAM subsets to become more proliferative and invasive in nature. Another notable
therapeutic approach which investigators are studying these days is the use of HDPs (Host
Defense Peptides), also termed IDRs (Innate Defense Regulators) for immunomodulatory
purposes. One particular study used a certain IDR, which is essentially a synthetic peptide
analog, to target CD206 positive TAMs and induce M2 to M1 reprogramming via the
activation of the mannose receptor protein (CD206) (Jaynes et al., 2020). Needless to say,
such indirect therapeutic approaches capable of modulating CD206 expression might open

up new vistas for cancer immunotherapy in the near future.

M1 TAMs may subsequently undergo transformation to M2-type phages in the presence
of factors like IL-6, CCL-2, PD-1/PD-L1 and CSF-1. CD47 and some other markers like PGE2,
CC2R, and PD-1 are being investigated as possible targets for therapy, especially in

approaches involving the prevention of M1-type to M2-type phage conversion (Jiang et
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al.,2021). Wei et al. showed that in OSCC there is a continuous molecular crosstalk and
exchange between tumour cells and TAMs where genesis of pro-tumourigenic M2-TAMs is
often accompanied by a downregulation in E-Cadherin levels and a concomitant
upregulation in the expression of Vimentin (Wei et al.,2019). Loss of E-Cadherin has earlier
been reported to be characteristic of a more malignant phenotype, coupled with the
upregulation of target genes whose transactivation often leads to metastasis (Onder et
al.,2008). EMT is a cascade of sequential steps that bring about morphological and
biochemical changes which gradually transform an epithelial cell to one with an increased
mesenchymal phenotype. Zhou et al. reported low levels of E-Cadherin coupled with high
Vimentin levels in metastatic OSCC, going on to stress that their levels are of prognostic
value when dealing with advanced stage OSCC (Zhou et al.,2015). Concurrent findings were
reported by Liu et al. where microarray studies revealed highest levels of upregulation in
Vimentin expression in metastatic OSCC lines. They subsequently showed how siRNA
mediated knock-down of Vimentin gave rise to a non-metastatic phenotype with reduced

invasiveness (Liu et al.,2016).
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Fig 2.4. Tumour cells and TAMs coordinate to control EMT: The above figure is
representative of a chain of events responsible for the orchestration of EMT and the
subsequent development of a secondary site due to metastatic spread of tumor cells from
the primary site and their subsequent colonization at distant locations. The role of TAMs
in this process has been highlighted along-with other members of the TME like CAFs.

(Bhattacharya et al.,2021).
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TAMs express TGF-B, which influences tumour-associated epithelial cells to proliferate via
many pathways including the STAT-3 pathway. A decrease in TGF-f3 followed by the STAT-
3 level in the tumour lysate advocates the possibility that both TAMs and tumour cells are
adversely affected by CFD. TGF-B is known to induce EMT, which leads to metastasis. A
decrease in TGF-B evidently induces EMT reversal and reduces metastasis. It has been
found through an immunohistochemical study that the extent of TAM polarization relates
to tumour histopathology. For example, cases of lymphogenic metastasis exhibit a
significantly higher population of resident TAMs expressing the markers CD63, CD168,
MRC1, and CD11c, etc. coupled with more TAM polarization as well as infiltration
(Ramadan et al.,2020). Lucio et al. performed a similar immunohistochemical study to
quantify pro-tumoural TAMs in OSCC of the lower lip of 42 patients where they showed
that while there was no apparent correlation between the number of M2 TAMs and M1
TAMs or the number of M2 TAMs and tumour size (Lucio et al.,2016). Petruzzi et al.,2017
reviewed the intricate role of cytokines like 11-4,6,8 and 10 and Axl, a receptor tyrosine
kinase that controls M2 polarization as well as tumour progression in OSCC (Petruzzi et
al.,2017). Their study revealed TGF-B to play a major part in mediating TAM polarization
and tumour progression. The immunohistochemical study by Sun et al. reported the
absence of CD68 positive macrophages in normal non-OSCC tissue besides a significantly
higher VEGF expression in OSCC TAMs as compared to macrophages from healthy lymph
nodes, a property that was attenuated upon inhibition of TGF- B, T- B RIll or Smad3
signalling (Sun et al.,2018). Lymph node metastasis has been shown to depend upon the
relative density of CD163 positive TAMs, with higher amounts of VEGF, II-10, and CCL22
being produced by RAW cells subjected to media from OSCC in vitro cultures (Yamagata et

al.,2017). Haque et al.,2019 conducted an immunohistochemical study of patient-derived
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OSCC samples to elucidate the relationship between densities of CD-163/204/68 positive
TAM subsets and tumour progression in terms of cell proliferation, and they reported that
the TAMs were probably using EGF to mediate these pro-tumoural effects (Haque et
al.,2019). A positive correlation between M2 TAM density and nodal positivity as well as
lymphatic and vascular invasion has been reported by multiple research groups (Kumar et
al.,2019; Mukherjee et al.,2019). The number of CD4+ T cells and CD163+ TAMs in OSCC
as well as OLK (oral leukoplakia) has been proven (Stasikowska-Kanicka et al.,2018).
Kouketsu et al.,2019 studied the expression of Treg cell markers CD25 and FoxP3 as well as
TAM markers CD163, CD204, etc. (markers for M2-TAMs) to show their association in
controlling tumour invasiveness and nodal metastasis (Kouketsu et al.,2019). miRNAs too
play a significant role in OSCC progression. Exosome enclosed miR-29a-3p was reported to
mediate the M2 polarization of TAMs by upregulating p-STAT6 (Cai et al.,2019). The
authors also reported miR-29a-3p mediated SOCS-1(cytokine transduction inhibitory
factor-1) downregulation in aggressive OSCC. Interestingly, TAMs have also been shown to
undergo M2 polarization when treated with areca nut extract, a common source of
Nicotine (Chang et al.,2019). Reports indicate the possible role of CD169+ macrophages in
the suppression of metastasis and tumour growth, without further details of the possible
mechanism of action involved. However, Topf et al. did a study where they reported
significantly lower density of CD169+ subcapsular macrophages in the subcapsular sinuses
of metastatic OSCC samples (Topf et al.,2019). Among other popular pathways, the
CCL12/CXCR4 axis maintains stemness via the recruitment and polarization of pro-
tumoural TAMs. This ligand-receptor pair has been implicated in M2 polarization,
chemotaxis of metastatic cells, enhanced proliferation of OSCC cells, and expression of

stem cell markers like Oct-4, Sox-2, etc. (Li et al.,2019). Matsuoka et al. demonstrated in
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their work that the overall survival rate of OSCC patients expressing a higher number of
CD163 positive M2 TAMs was less when compared to patients expressing a lower number
of such TAMs. For the same reason, the patients having a higher number of CD163 positive
TAMs have been found to show increased resistance to 5-FU based chemotherapy

(Matsuoka et al.,2016).

2.3. Involvement of TP53, NO and TNFa in TME modulation

The p53 protein and its mutant variants have a prominent role in the context of TAM
maturation and cancer progression. Cancer cells possessing mutant p53 protein can
reprogram TAMs to be tumour supportive. For example, one study showed that colon
cancer cells with GOF muTP53 shed exosomes rich in miR-1246 and their subsequent
uptake by neighbouring macrophages triggered a miR-1246-dependent TAM
reprogramming process (Cooks et al.,2018). MuTP53-reprogammed TAMs favour anti-
inflammatory immunosuppression with increased TGF-B activity. These findings,
associated with poor survival in colon cancer patients, strongly support a
microenvironmental role for GOF muTP53 in actively engaging the immune system and
promoting cancer progression and metastasis (Asl et al.,2023). The NF-kB molecule too is
important in shaping macrophage-initiated inflammatory responses. The exact role of TP53
in macrophage response to environmental challenges including chemotherapy is yet to be
fully understood. Lowe et al. reported that NF-kB and TP53, which generally have opposing
effects on cancer cells, co-regulate induction of pro-inflammatory genes in primary human
monocytes and macrophages (Lowe et al.,2014). Using Nutlin-3 as a tool, they
demonstrated that TP53 and NF-kB collectively induce IL-6 activity while transcriptome

analysis showed global TP53/NF-kB mediated co-regulation of immune response genes
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including several chemokines, effectively inducing human neutrophil migration.
Additionally, it was found that TP53, activated by tumour cell paracrine factors, induces
high basal levels of macrophage IL-6 in a TAM model system (Tumour-conditioned
Macrophages [TCMs]). Compared to normal macrophages, TCMs exhibited higher p53
levels, enhanced p53 binding to the IL-6 promoter and reduced IL-6 levels upon p53
inhibition.

When it comes to the stromal effects of iNOS/NO in the tumour microenvironment, the
activity is cancer stage dependent. In the early phases of tumour progression, stromal
iNOS/NO usually has an anti-cancer role whereas with time and as the tumour progresses,
there is more induction of pro-tumoural M2 TAMs and a concomitant reversal in the role
of stromal iNOS/NO as well (Vannini et al., 2015). Interestingly, there are reports which
deal specifically with the interaction between NO and Doxorubicin. In 1996, Sakai et al.
showed how the anticancer drug epi-Doxorubicin attenuated levels of inducible NOS and
NO levels both in vitro and in vivo (Sakai et al.,1996). The authors explained further how
this finding might prove useful later specially considering the role of NO and iNOS in cancer.
Later, Jung et al. showed that Doxorubicin treatment could reduce the expression levels of
iNOS in colon cancer cells (Jung et al., 2002). Yet another report by Oktem et al. showed
how Doxorubicin reduced iNOS expression levels in breast cancer cells, laying down the
foundation for more work expecting to reduce iNOS levels as a result of DOX treatment
(Oktem et al., 2004). NO produced by iNOS is also heavily regulated by the tumour stroma
as earlier discussed. This phenomenon is primarily due to the reprogramming of M1 TAMs
to M2 phenotype as observed by some authors (Nath et al., 2020). On many occasions this
pro-tumoural influence of the stromal elements even goes as far as to induce

chemoresistance to popular therapeutics (Perrotta et al., 2018). Quite interestingly, some
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functions of iNOS have also been reported as being linked to the TP53 status in cases of
oral squamous cell carcinoma, where levels of iNOS correlate inversely with the prognosis

of the disease (Yang et al., 2015).

2.4. Other molecules in OSCC- future possibilities for therapy

Several significant targets have been discovered so far which can potentially be employed
for developing novel therapeutics against OSCC. CXCL12 derived from Cancer-Associated
Fibroblasts (CAF) was found to increase M2 macrophage infiltration in the tumour
microenvironment following the promotion of Cancer Stem Cells (CSCs) expressing mostly
Yamanaka factors. Thus, obstructing CXCR4 (CXCL12 receptor) can be beneficial wherein it
prevents tumour progression and metastasis (Zhou et al.,2019). Dan et al., also published
an article presenting their finding that the expression levels of Receptor for Activated C
Kinase 1 (RACK1) on OSCC cells was associated with the extent of M2 macrophage
infiltration, inhibition of THP1 migration, and M2 macrophage polarization, thus
correlating negatively with OSCC prognosis and proving itself a potential therapeutic target
(Dan et al.,2020). The other type of OSCC caused due to HPV infection is found to be
resistant toward standard therapies with higher chances of recurrence within 3 years of
treatment completion. Studies to explore novel and targeted treatment options against

such cases is thus imperative.

2.5. Drug resistance and its challenges in conventional chemotherapy

Conventional chemotherapy is often a dead end in cancer therapy, paving the way for

targeted delivery (Bae et al.,2011). There are several factors which may render a cancerous
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growth drug resistant. One of these would be the acquisition of multiple mutations that
subsequently aggregate and the tumour to evade conventional chemotherapy as well as
immunotherapy (Loeb et al.,1996). Chemotherapeutic drugs make up one of the largest
arsenals we currently possess against cancer. There are several drugs which have time and
again been tested for therapeutic potential against OSCC. However, each of them has its
own individual merits and demerits and it is up to the clinicians to choose any one based
on factors like the extent of tumour spread or the genetic landscape of the individual being
treated (Brannon-Peppas et al.,2004). Another way we could approach this situation
would be to try and repurpose existing drug molecules (Gonzales-Fierro,2021). Numerous
groups are working on developing combination therapies which are a coalition of distinctly
different approaches and have proven successful on multiple occasions so far

(Webster,2016).

Our study particularly concerns the well-known anthracycline Doxorubicin. The mechanism
of action as well as the side effects and probable targets of this molecule have been
extensively documented over the years (Carvalho et al.,2009). Several cancers including
OSCC have developed resistance towards this molecule, making it crucial for us to
understand some of the underlying reasons behind it (Du et al.,2017). Besides expelling
the drug using microvesicles, exosomal vesicles and other similar microbodies, cancer cells
utilize certain gene mutations to their advantage (Bukowski et al.,2020). Additionally, the
increasing involvement of the tumour microenvironment and its constituent elements in
rendering a cancerous entity untreatable demands our immediate attention (Suh et
al.,2014). There are several publications which bear witness to the fact that these
challenges don’t exist as singular threats anymore but instead pose a collective burden that

needs to be addressed by novel and multi-faceted therapeutic approaches.
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Fig 2.5. Mechanism of action of Doxorubicin: Doxorubicin or DOX attacks highly
proliferative cells like cancer cells primarily by inducing DNA breaks besides inhibiting DNA
replication as well as transcription. The above figure outlines the primary effects of DOX

on target cells, highlighting its expected role in therapy. (Shrestha et al.,2019).
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One of the biggest challenges that modern cancer therapeutics face today is that of drug
resistance or chemoresistance (Jo et al.,2018). There are several factors that may
contribute to any cancerous growth becoming drug resistant over the course of treatment.
Cancer cells are set apart by their ability to adapt and survive in the face of any adverse
condition. True to this fact, cancer cells have devised numerous ways to learn and evade
the deleterious effects of chemotherapeutic drugs and small molecules, rendering
treatment regimens essentially void after a period of time. There are various mechanisms
that have been reported over the years as contributing to such a condition. Other factors
that may contribute to chemoresistance include autophagy, activation of genes
responsible for epithelial to mesenchymal transition, anti-apoptotic mechanisms, novel
mechanisms for DNA repair and a plethora of RNA molecules like IncRNAs, miRNAs, circular
RNAs etc (Li et al.,2019; Wang et al.,2016; Wilson et al.,2009; Zhu et al.,2009; Ayers et
al.,2017). The tumour microenvironment (TME) plays a very important role in the
regulation and maintenance of MDR (Multi Drug Resistance) (Erin et al.,2020). It has been
proven that OSCC has a particularly cold tumour immune system where there is very little
scope of T cell activation and which makes these tumours practically impervious to
conventional immunotherapy. All these factors culminate in making oral cancer cells
resistant to small molecules like Doxorubicin, Cisplatin etc. (Perez-Sayans et al.,2010).
Mutations in genes like TP53, pRb etc also plays a major role in orchestrating drug
resistance and aggressiveness in OSCC (Karunakaran et al.,2020). Cancer cells have
developed the mechanism of excluding drugs or foreign small molecules from within
themselves using microbodies like microvesicles, exosomes etc (Lowry et al.,2015). Newer
ways of identifying and characterizing such exclusion bodies are being investigated so as

to come up with novel cancer targeting strategies.
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Doxorubicin or Adriamycin induces cell death as well as cell cycle arrest via a range of
biochemical pathways (Siu et al.,1999). It primarily intercalates with cellular DNA and also
orchestrates cell death aided by ROS generation (Ref). Besides apoptosis, Doxorubicin is
also known to induce cell death by ferroptosis, necroptosis, necrosis etc. (Tsang et
al.,2003). Doxorubicin inhibits Topoisomerase activity, preventing it from resealing DNA
replication forks, which leads to the subsequent generation of Dox-DNA mono adducts
which lead to cell death in conjunction with ROS (Stornetta et al.,2017). The transporter
protein ABCB5 has been reported to be involved in Doxorubicin resistance in human
melanoma (Frank et al.,2005). Small non coding molecules and RNAs have major
contribution to doxorubicin resistance. The RNA molecule miR-221 was found to be
present in high levels in oral squamous carcinoma cells, directly mediating
chemoresistance by downregulating TIMP3 (Du et al.,2017). The overproduction of a
particular class of lipids, the ceramides, has also been shown to render DOX resistance in
patients after treatment, essentially affecting cell death by misregulating critical pathways
like the MEK/ERK and Akt signalling pathways (Liu et al.,2008). However, the aspect of
ceramides and their effects on DOX-induced chemoresistance has yet to be explored
further in detail. Besides the involvement of tumour cells and their associated pathways,
TAMs and pathways associated to the tumour microenvironment have also been shown to
contribute to DOX resistance. In a study concerned with DOX mediated therapy of uterine
Leiomyosarcoma, Zhang et al. demonstrated that the protein MELK induced M2
polarization in TAMS and the induction of Doxorubicin chemoresistance via the miR-

34a/JAK2/STAT3 pathway (Zhang et al.,2020).
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2.6. Molecular aspects of Doxorubicin chemoresistance

Mutations in the p53 protein and their effects are of active interest with regards to the
current discussion. Tumours harbouring mutated TP53 are often reported to become
resistant to standard chemotherapeutic drugs like Anthracyclines, EGFR-inhibitors,
Estrogen inhibitors, anti-metabolites, Cisplatin etc., making the development of small
molecules that may restore functional p53 activity essential. Studies dating as far back as
to 1996 record the role of de novo mutations in TP53 in chemoresistance of breast cancer
to Doxorubicin (Aas et al.,1996). The authors showed in this work how mutations in the
zinc-binding domain of p53 may render the tumour chemoresistant. The discussion
regarding mutated TP53 and its involvement in cancer and its disease pathology is crucial
since the OSCC cell lines used for all experimentation as pertaining to the current thesis
carry mutated TP53 (Onken et al., 2014). TP53 when functional assists in DOX induced cell
death by responding to excessive DNA damage (Hamilton et al.,2000). However, as pointed
out by Pitolli et al. in their review, mutations in the TP53 gene may have adverse effects on
usual anti-cancer functions (Pitolli et al.,2019). The authors further discuss how gain of
function mutations in TP53 may render the mutated protein dominant over its wild-type
counterpart and lead to its stabilized overexpression in tumours harbouring GOF mutations
of TP53 (Blandino et al.,1999). Indeed, there are reports describing how in murine models
tumours often become dependent on such mutated (GOF) p53 for their growth as well as
aggressive nature (Olive et al.,2004). Mutant p53 has far reaching effects on tumour
growth as well as the regulation of TME elements like the MHCs, levels of Interleukins and
various chemokines etc. It renders resistance to apoptosis, anoikis, as well as confers
invasiveness to cancers. Mutant p53 interacts with NF-kB to regulate TNF a to create an

inflammatory tumour microenvironment conducive to M2 polarization and reduced
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sensitivity to immunotherapy (Alvarado-Ortiz et al.,2021). Mutant p53 has been reported
to disrupt REDOX balance in cells, and confers stemness to cancer cells (Eriksson et al.,
2019). These cancer stem cells are further difficult to target for therapy since the function
of pro-apoptotic markers like Bax in TP53 mutated tumours is often disrupted
(Amanatullah et al.,2000). Quite early in 1998, Rowley et al. showed the presence of
mutated TP53 in oral cancer as well as oral dysplastic tissue by sequencing methods
(Rowley et al., 1998). The authors showed that TP53 mutations in exons 5 and 6 were quite
prevalent in both dysplasia as well as diagnosed cases of OSCC. This and several such
reports since prove the prevalence of TP53 mutation in OSCC as in other malignancies. In
recent times, Shi et al. have shown how mutated p53 protein may also drive the generation
of a cold TME that is unresponsive to immunotherapy in OSCC (Shi et al., 2022). However,
it is possible to restore some of the effects of functional p53 even in the absence of the
concerned protein through otherwise unrelated pathways like those of ROS generation or
other p53 independent pathways involving Bim (Chae et al.,2008). Hence theoretically,
evasion of chemoresistance using a classic anthracycline like Doxorubicin might possibly

involve the restoration of p53-like effects through such alternative pathways.

2.7. The Folate Receptor as a candidate for receptor-targeted chemotherapy in OSCC

Recently, our group has synthesized a new cationic folate-based lipid (FA8), which was later
conjugated with glucose derived carbon spheres to give rise to targeted molecules for dual
targeting of both TAMs and glioblastoma cells for effective tumour regression (Elechalawar
& Bhattacharya et al.,2019). The FR is incidentally over-expressed on both TAMs and

cancer cells. Interestingly, we could find higher expression of folate receptor in FaDu cells

25



Chapter 2 Review of Literature

using flow cytometry. Our hypothesis thus was that oral cancer cells as well as associated
tumour macrophages can be targeted using a similar formulation for effective tumour
regression. Reports of aberrant expression levels are quite common for the Folate receptor,
especially in the context of cancer. The expression levels for a & B FR isoforms have been found to
be lower in healthy tissues as compared to cancerous tissue (Ross et al.,1994). Folate receptor B
expression is found to be high in tumour associated macrophages (Tie et al.,2020). However,
between the two isoforms, Folate receptor a is better characterized and is found to have high
affinity for Folic acid, its natural ligand. This receptor is present primarily in the plasma membrane
and mediates Folate uptake and transport by means of endocytosis (Sabharanjak et al.,2004).
Quite understandably, the Folate Receptor may very well be explored in the context of targeted
therapeutics that work on the principle of ligand-receptor interaction. Oral squamous cell
carcinoma (OSCC) can be one of the many probable targets for this particular therapeutic approach
owing to the overexpression of the Folate receptor a (Mangeolle et al.,2019). There are several
reports witnessing the fact that oral tumours or squamous cell carcinomas of the mouth possess
multiple isoforms of the Folate receptor (Pan et al.,2003). FR expression has also been found to be
high in mouse orthotopic models of OSCC, allowing for efficient targeted therapy, as shown by Yang
etal. (2017) who co-delivered Paclitaxel and Cisplatin to mice grafted with FaDu (HTB43) cells (Yang
et al.,2017). Previously, we developed a Folate based cationic lipid (FA8) that could be easily
conjugated to a variety of delivery systems and would permit easy release of payload within target

cells (Elechalawar et al.,2017).
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Fig 2.6. Folate based lipid FA8 and its role in DOX delivery by targeting the Folate
receptor: (A) Scheme for FR mediated drug uptake (B) Chemical structure of FA8 (C)

Chemical structure of Doxorubicin.

The FR has been used for developing successful receptor targeted therapeutics as well as
imaging systems in recent times (Alberti et al., 2017; Zwicke et al., 2012). In 2011, van Dam
et al.. scouted for ways to utilize the overexpressed status of FR overexpression in ovarian
cancer for debulking and simplifying cytoreductive surgery (Van Dam et al.., 2011). They
used fluorescently tagged (FITC-labelled) Folate to target FRa-overexpressing cells in a case

of epithelial ovarian cancer, significantly improving tumour staging and making surgical
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tumour resection easier. The Folate receptor has also been targeted successfully for cancer
immunotherapy. One study showed how the drug Farletuzumab (a FRa-specific mAb)
induced autophagy mediated cancer cell and significantly suppressed growth in FRa
overexpressing orthotopic tumours in a mouse model of ovarian cancer (Wen et al., 2015).
This study exemplified the dependence of ovarian epithelial cancer cells on folate
metabolism. Building upon results from such studies people have also gone ahead to test
antibody-drug conjugates to successfully combat cancer. In the wake of these findings,
Ponte et al.. reported the successful use of an antibody-drug conjugate, IMGN853 (Ponte
et al.,2016). On many occasions, the FR has been successfully used for dually targeting
tumour cells as well as TAMs (Elechalawar & Bhattacharya et al., 2019). Earlier, the same
ligand was used for liposome mediated delivery to treat melanoma in murine tumour
models (Elechalawar et al.., 2017). One among many recent cases is where Raniolo et al.
highlighted highly effective delivery of doxorubicin into FR overexpressing cancer cells
(Raniolo et al.., 2018). Yu et al. developed a FR-targeted nanoparticle from the alcoholic
extracts of Withania somnifera, a herb with medicinal value and elegantly demonstrated
how FR can be a conduit for the delivery of natural compounds with anticancer properties

(Yu etal.., 2019).
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2.8. Targeted drug delivery and its importance today

Rigorous research is currently underway to develop better targeted therapeutics that will
kill or inhibit specific proteins indispensable for the survival and proliferation of cancer cells
(A Baudino, 2015, Mukherjee et al., 2009,Manturthi et al., 2022 a&Db). According to Fojo
and Parkinson, the risks posed by the myriad side effects and possibilities of systemic
toxicity that accompany conventional chemotherapy still stand tall. This calls for the urgent
advent of personalized medicine (Fojo & Parkinson, 2010). The relevance of this statement
is enhanced further by numerous reports of chemotherapeutics not being beneficial and
instead incurring deleterious side effects in patients. For example, there have been several
cases of failed treatment involving patients who were irresponsive to Cetuximab on
account of the presence of a mutated KRAS gene (Karapetis et al., 2008). Likewise, gene
mutations involving EGFR, MET, BRAF, etc have also had huge impact in terms of
chemotherapy since the nature of their expression varies amongst patients, often
rendering generalized chemotherapy schedules futile. In this regard, tools like the NGS
(Next Generation Sequencing) are bound to be increasingly instrumental in exploring the
area of predictive molecular pathology, paving the way for improved therapeutic
advancements in the field of personalized medicine (Dietel et al., 2015). The occurrence of
sub-clonal mutations is another challenge that we must address on account of its
involvement in multi drug resistance. The current situation thus warrants intense focus on
the genetic landscapes of cancer for the development of better diagnostic tools (Schmitt,

Loeb, & Salk, 2016).
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2.9. Targeted therapy against TAMs for TME modulation

Induced reversion of TAMs from M2 to M1 type is a popular anti-metastatic therapeutic
approach that has been extensively reviewed by Dong et al. (Li et al.,2023). TAMs have
been proven to be functionally linked with receptors that promote malignancy. Cytokines
like TGF-B and IL-10 are frequently implicated in the polarization of anti-inflammatory M2
macrophages (Zhang et al.,2016). Using a monoclonal anti-MARCO antibody, La Fleur et
al.. targeted the MARCO receptor present on TAMs residing in breast and colon cancers
and elicited anticancer effects by reprogramming the TAM pool to a more pro-
inflammatory state (La Fleur et al.,2018). In this context, our group has targeted TAMs on
account of folate receptor over-expression (FR). The relationship between tumour cells and
TAM:s is bi-directional, where each element affects the other and carries forward towards
the maintenance of a pro-tumoural state. Some of the many markers responsible for
driving M2 TAM activation via STAT3 induction are IL-6 and IL-4. This is important to note
since TGF-B and STAT3 are direct players in metastasis and immunosuppression
orchestrated by M2 TAMs (Nowak & Klink,2020). Some select pro-tumoural cytokines like
sICAM-1 and C5a and some anti-tumoural cytokines like IP-10 and IL-1ra were also found
to be differentially regulated as a result of dual-targeting FR-mediated therapy in glioma.
However, further investigation as to the exact nature of their involvement in tumour
progression warrants further investigation. M2 TAMs have also been shown to directly
induce higher levels of EMT via the upregulation of the EGFR/ERK1/2 pathway (Gao et

al.,2018).

Stromal elements impart cancer cells all the essential characteristic features which make

the disease undoubtedly one of the most elusive and challenging in the world. One such
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feature is resistance to chemotherapy, to which TAMs have been proven to contribute to.
Yin et al., 2019, studied the effects of hypoxia treated HNSCC (Head and neck squamous
carcinoma) cells on TAM polarization and movement, where they found M2 type TAMs to
induce resistance to Gefitinib in HNSCC cells with the help of paracrine signalling of the
factor CCL15 (Yin et al.,2019). Efforts to affect tumour cells as well as TAMs by targeting
the mTOR pathway using a four-way liposomal delivery system having Rapamycin (an
mTOR inhibitor) and Regorafenib (an anti-angiogenic drug) has led to the repolarization of
target TAMs expressing Mannose receptors and PD-L1 receptors, besides reducing
angiogenesis and arresting tumour growth (Chen et al.,2020). In an effort to discover novel
bioactive molecules capable of effectively reprogramming the tumour microenvironment,
a Fungus-derived small molecule called Trichomicin was studied. Trichomicin was found to
be effective in reducing levels of TNFa and 1l-6, which subsequently lowered expression
levels of PD-L1 on both tumour and stromal cells, leading to tumour regression in a murine
model of colon cancer(subcutaneous) (Zhao et al.,2020). However, despite a slew of
studies reporting the anti-cancer therapeutic efficacy of immunotherapeutic approaches,
some reports indicate that a multimodal approach incorporating cancer cell-targeted
therapy as well as immunotherapy at the same time may prove more potent. In line with
such findings, a lipid-dendrimer-calcium-phosphate nanoparticle (TT-LDCP NP) was
reported to successfully deliver anti-PD-L1 siRNA along-with 1l-2 encoding plasmid DNA
(Huang et al.,2020). Besides delivering anti-cancer genetic material the said delivery
system also induced greater production of active T-cytotoxic cells thus effectively
reprogramming the TME. Another novel approach worthy of mention is the induction of
the systemic anticancer immune response by using non-viral oncolysis (Kepp et al.,2020).

The current hour requires the establishment of newer approaches to physically/chemically
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(non-viral approach) induce oncolysis in the tumour region and send off a systemic
response against tumour antigens as well as factors mediating distant metastasis enabled
by the release of danger-associated molecular patterns. Such non-viral oncolytic agents
might encompass a range of materials such as cytotoxicants, ultrasonography, microwave,
photothermal therapy, etc. among others. A lot of these therapeutic approaches though
proven successful in a variety of cancer models have however not yet been implemented
in the case of oral squamous cancer. We thus strongly believe that testing of these
currently trending therapeutic approaches against OSCC would open up newer avenues to

address what is becoming an increasingly challenging issue.

In their search for anti-TAM therapies using materials from natural sources, studies have
gone as far as to use nanoparticles derived from Cuttlefish ink, which subsequently
demonstrated commendable anti-cancer activity upon photothermal activation under NIR
as well as TAM repolarization and tumour regression by downregulation of the MAPK
pathway in an in-vivo model of lung metastasis (Deng et al.,2019). Similar studies using
plant-derived materials include the use of Indocyanine green-conjugated C-phycocyanin as
a targeted photothermal ablative against cancer (Wan et al.,2020). In another instance,
Wang et al. report the use of Gold-Selenium nanoparticles coupled with Gold nanostars to
initiate a two-headed attack comprising of chemotherapy and targeted photothermal
therapy against tumour cells as well as TAMs (Wang et al.,2020). Yet another recent
development in the context of targeted photothermal therapy is the reversal of tumour-
induced immunosuppression, as well as TAM repolarization, achieved using a delivery
system made of graphene oxide and Polyethylene glycol (Deng et al.,2020). This is one of

the recent reports demonstrating how successfully TAMs can be targeted using PTT
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(Photothermal therapy) as demonstrated by excellent tumour regression results from a

mouse model of osteosarcoma.

2.10. Targeted immunotherapy- opportunities for the future

However, as discussed earlier, the use of multimodal approaches that incorporate nano
therapy as well as targeted Immunotherapy will be our aim for the future. A recent report
to exemplify such a therapeutic approach is the work done by Ramesh et al.,2020 who have
used a dual kinase inhibitor loaded supramolecular nanoparticle which targeted both the
CSF1-R and MAPK pathways at the same time to effect successful TAM repolarization
(Ramesh et al.,2020). There are several such instances of TAM targeted immunotherapy
which may be taken up as models for developing similar therapeutic systems for targeting
OSCC in the future (Table 2.1). Nanotherapeutics targeting TAMs confer advantage with
targeted delivery of drugs towards TAMs, increased circulation time along with the
efficient reduction of tumour size (Feng et al.,2019). Even though Nanotherapeutics have
shown exceptionally great results in the reduction of tumour progression, the aberrant
tumour metastasis, immunosuppression, premature release of a drug, and poor
biodegradability are some of the major challenges faced while developing novel Nano

therapeutic strategies (Dong et al.,2019).
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Table 2.1: Targeted Therapeutics that are reportedly TAM targeting: These functionalized small molecules have been shown to target

TAMs and aid in achieving improved treatment response across cancer types. (Bhattacharya et al.,2021)

Sr. no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
1. IL-2cP1 Nanoparticles Melanoma Repolarization of M2 (Wang et al.,2017)
TAMs to M1
phenotype
2. Paclitaxel (PTX) Nanoparticles Colorectal cancer Enhanced inhibition (Cao et al.,2018)
with YI peptide of tumour growth
3. Hyaluronic acid (HA) Mannan Breast tumour Repolarization of M2 (Landstrom et al.,2017)
conjugated TAMs to M1
MnO; phenotype

nanoparticles

(Man-HA-MnO3)



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
4, Paclitaxel Albumin Colon cancer The temperature of (Li et al.,2018)
modified Gold the tumour
nanorods for microenvironment is
photothermal- 5-8°C higher than
chemotherapy normal cells.
Paclitaxel inhibited
M2 polarization.
5. Hydrazinocurcumin (HC) Nanoparticles Breast cancer Inhibition of STAT3 (Zhang et al.,2013)
and TAM
repolarization to M1
phenotype.
6. Macrolide Gold Breast cancer Reduction in the (Dreaden et al.,2012)

nanoparticles

number of M2 TAMs.



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
7. RNA interference (RNAi) Peptide Lung cancer Reduced angiogenic (Conde et al.,2015)
against VEGF nanoparticles signals and enhanced
(NPs) tumour growth
inhibition.
8. Anti-CSF-1R siRNA M2-like TAM Melanoma Reduction in the (Quian etal,2017)
dual-targeting density of M2 TAMs
nanoparticles and an enhanced anti-
(M2NPs) tumour immune
response.
9. Ginseng Nanoparticles Melanoma Suppression of IL4, (Cao et al.,2019)

IL13, and increase in
expression of TNFa,

IL12, and IL6.



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
Sustained TAM
repolarization.
10. A bioactive conjugate of  Baicalinloaded  Melanoma Reversal the M2 (Han et al.,2019)
the tumour-specific PLGA-NP phenotype to the M1
antigenic peptide (Hgp phenotype.
10035.33) with an
immune stimulant (CpG)
coated with a galactose
inserted RBC membrane.
11. O-carboxymethyl- Sorafenib Hepatocellular Inhibition of IKKB and (Wang et al.,2019))
chitosan (CMCS) loaded cationic  carcinoma repolarization of M2
lipid type TAM. M-IMD-

nanoparticles



Sr. no

Drug/Bioactive

component

Delivery system

Cancer type

Mechanism

Ref

12.

Hyaluronic acid (HA) ion-

pairing

(SF-CLN) and
mannose
modified IMD-
0354 loaded
cationic lipid-
based
nanoparticles
(M-IMD-CLN)
Liposomal
nanoparticle
between HA

and Doxorubicin

Glioma

CLN reduced the

M2/M1 TAM ratio.

CD44 mediated
targeting of tumour
cells and CSCs,

inhibition of

(Yang et al.,2018)



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
(DOX) forming Vasculogenic mimicry
DOX-HA-LPs channels (VMs).
13. Rabies virus PTX loaded NPs  Glioma RVG enabled (Zou et al.,2017)
glycoprotein (RVG) (RVG-PTX-NP) enhanced uptake in
TAMs and their
repolarization to M1
TAMs.
14. miR155 (sPEG/GLC/155) GLC Melanoma MiR155 mediated (Liu et al.,2017)

nanoparticles
coated with

sPEG

targeting of the
C/EBPB pathway
caused the
repolarization of

TAMs.



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
15. siRNA targeting NF-k Mannosylated Ovarian tumour Reduction in the (Ortega et al.,2016)
proteins copper number of tumour-
nanoparticles promoting TAMs.
16. Doxorubicin (DOX) Poly (lactic-co- Melanoma PEGylated NPs deliver (Niu et al.,2014)
glycolic) Doxorubicin to TAMs
acid (PLGA) on account of
nanoparticles Mannose
overexpression on
TAMs.
17. PLX3397 Poly (lactic-co- Melanoma PLX3397 inhibits the (Pang et al.,2019)

glycolic acid)
nanoparticles

coated with M2

CSF-1 pathway which
is crucial for M2 TAM

survival.



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component

pep (peptide
ligand binding
specifically to
M2 TAMs)

18. Epirubicin Liposomes Murine Sarcoma Delivery of drug to (Zhou et al.,2017)
coated with TAMs on account of
sialic acid- overexpression of
cholesterol Sialic acid.
conjugate

19. Platinum and BLZ-945 BLZ-9455CNs/Pt Murine Breast BLZ-945 is an inhibitor (Wang et al.,2017)

(Sensitive cancer, Colon
Cluster cancer, and

Nanoparticles) Melanoma

of the CSF-1 receptor.



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
20. Sorafenib Lipid coated Liver cancer AMD3100 blocks (Gao et al.,2015)
poly-(lactic-co- CXCR4/SDF1signaling,
glycolic acid) leading to reduced
nanoparticles TAM infiltration,
targeting CXCR4 delayed tumour
modified with progression.
AMD3100
(CXCR4
antagonist)
21. Paclitaxel (PTX) and Hyaluronic acid  Breast tumour Endocytosis mediated (Zhao et al.,2018)

Indocyanine green (ICG)

(HA) layer-by-
layer (LbL)

nanoparticles

by HA-CD44 (CD44 is

ove rexpressed on



Sr.no Drug/Bioactive Delivery system Cancer type Mechanism Ref
component
TAMs and tumour
cells).
22. Trimethyl chitosan Conjugate Breast tumour Upon receptor- (Song et al.,2018)

(PEG=MT) and poly-
(allylamine
hydrochloride)-

citraconic anhydride

nanoparticles of
Pegylated

mannose

mediated endocytosis
of nanoparticles, the
siRNA of VEGF and
PIGF inhibit tumour
progression and re-

educate TAMs to M1

type.
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Cancer immunotherapy as already discussed in this review is currently one of the frontline
treatment regimens under investigation. The said approach classically requires directly
targeting TAMs to affect their polarization, programming as well as affecting other stromal
elements which together with these TAMs mediate signalling pathways that regulate key
functions like tumour proliferation, drug resistance metastasis, etc. Recent reports include
the development of porous nanoparticles of Iron loaded with a PI3Ky inhibitor to target
TAMs via their Mannose receptors (Fan et al.,2020). This approach caused NFkB activation
in TAMs thus causing their re-polarization to the M1 phenotype(anti-tumoural). In another
study, TAM repolarization was achieved using a delivery system consisting of natural
molecule Albiziabioside A conjugated with DCA(Dichloroacetate), a pyruvate
dehydrogenase kinase inhibitor (Narihira et al.,2018). This delivery system inhibited
glycolysis and restored oxidative phosphorylation, and also reduced levels of apoptosis and
ferroptosis besides reducing the M2 TAM population. Natural products or molecules have
also been attributed to the capability of TAM repolarization and TME associated immune
modulation. There has been a report of a polysaccharide from Cordyceps militaris,
CMPB90-1, that bound to TLR2 and caused repolarization of M2 TAMs to M1 TAMs, more
specifically by downregulating the PD-L1- PD1 axis between TAMs and tumour cells(Legge

et al.,2019).

In another independent investigation, Cabrita et al.,2020 revealed an interesting finding
that revealed that the presence of CD20+ B cells along with T-cytotoxic cells in the tumour
stroma led to the formation of a certain sort of lymphoid tertiary structure which enhances
intratumoural immune responses such as those usually activated by checkpoint inhibitor
therapy (Li et al.,2020). The presence of these B cells and their propensity to form the said

lymphoid tertiary structures was also linked to a certain genetic signature. These findings
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were corroborated when it was found that the presence of such B cells in the tumour made
a big difference in terms of therapeutic response to ICB (Immune Checkpoint Blockade)
owing to the differential expression of its associated genes among individuals, thus also
highlighting the significance of these switched B cells and the consequences of their
presence in tumours (Wei et al.,2019). Based on the same principle, Petitprez et al.
reported their study of classifying a cohort of 608 cancer patients in terms of their gene
expression profiles that would later help relate the formation of tertiary lymphoid
structures and the resultant responsiveness of an individual to ICB therapy (Bi et al.,2020).
Other ways of reprogramming TAMs include targeting CAMKII using a CAMKII inhibitor
KN93 using a hybrid peptide hydrogel which resulted in reduced numbers of M2 TAMs as

well as enhanced production of cytotoxic T cells (Cabrita et al.,2020).

We also come across newer ways of achieving dual-targeted therapy where no one single
approach is exactly as another, underlining the fact that immunotherapy is currently one
of the hot topics of cancer research with the applications and their ramifications yet to be
understood in the scenario of oral cancer. Reported studies vary from the targeted delivery
of CSF1R inhibitors using pH-responsive copolymer micelles to the liposomal delivery of
chlorogenic acid in a targeted manner, all with the ultimate aim of TAM modulation/TAM
mediated immunotherapy (Helmink et al.,2020; Petitprez et al.,2020). Among other
receptors, the Folate Receptor has been an important target for targeted cancer treatment
and associated investigations. This is primarily owing to the differential overexpression of
the Folate Receptor on multiple cancers, which makes the Folate receptor an oft used
marker for targeted therapy against TAMs and Tumour cells alike (Dai et al.,2020). Based
on similar principles, Tie et al.,2020 have reported the use of a Folate-modified liposomal

system carrying BIM-S plasmid to treat lung cancer cells as well as FRB positive TAMs,
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achieving tumour regression successfully in a mouse model of lung cancer (Wang et

al.,2020).

A recent publication from our research group highlights the approach of dually targeting
brain tumour (Glioma grade IV) cells and glioma resident tumour-associated macrophages
using an anionic carbon nanosphere based delivery system that was primed with a Folate
based cationic ligand for effective delivery of Doxorubicin to FR overexpressing TAMs and
tumour cells (Ye et al.,2020). Not only did the said treatment alleviate tumour cell
proliferation in vitro but also facilitated targeted TAM elimination and tumour regression
along with improved overall survivability in a murine model of Glioblastoma. The use of
targeted delivery systems for siRNA mediated therapy has been of no lesser importance
either. The recent report by Shobaki et al. demonstrates the successful application of a
lipid nanoparticle delivery system that targets TAMs directly by delivering siRNA against
HIF-a and STAT-3 (Shobaki et al.,2020). Extended cancer-free survival compared with
patients treated with conventional therapies and lower response rates are key advantages
of manipulating TAMs with immunotherapy (Canning et al.,2019). However, inconsistent
results from the treatment of/within different stages of the cancer are the major

drawbacks observed (Zhang et al.,2015).

There are a variety of different targeted delivery systems that can be modified
with/conjugated to any drug or bioactive molecule of choice and used thereafter to target
aggressive incidences of oral squamous cancer. But at the same time, our findings make it
clear that very few of these approaches are designed to target TAMs associated with the
OSCC tumour microenvironment. While studies to date have revealed multiple approaches

for selective drug or gene delivery to oral cancer cells, not many exist to substantiate our
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claims of a greater therapeutic potential for TAM targeted approaches. Interestingly, we
found that there are several cases where the drug/therapeutic targets for such functional
small molecules are common to tumour cells and TAMs, and studies as to the assessment
of their full therapeutic potential are necessary. In one recent study, Srivastava et al.
developed a 5-FU conjugated PLGA nanoparticle-based delivery system that was
functionalized with a-tocopherol to make the small molecule targeted. The said delivery
drug-NP conjugate exhibited robust induction of apoptosis and cell death when treated to
SCC15 oral cancer cells in vitro as shown by Flow cytometry (Srivastava et al.,2019).
Interestingly, another study by Wei et al. showed how pro-tumoural M2 TAMs suppress
the anti-cancer effects of 5-FU by secreting CCL22 which in its turn affects anti-5-FU
chemoresistance via the PI3K/Akt and Caspase mediated apoptosis pathways (Wei et
al.,2019). Based on the findings from these two reports, we may safely surmise that the
therapeutic approach taken up by Srivastava et al. would have great potential against M2
TAMs in OSCC, an aspect worth investigating in the future. In another instance, Fan et al.
developed a Glutathione sensitive and Folate receptor-targeted nanoparticle for the
targeted delivery of Paclitaxel to highly metastatic HSC3 cells in vitro as well as to murine
tumours in vivo (Fan et al.,2020). On the other hand, Sun et al. elegantly demonstrated the
overexpression of Folate Receptor-f in pro-tumoural TAMs in OSCC, to the extent that it
could be utilized for the development of robust Fluorescence-based imaging systems of
great theranostic potential (Sun et al.,2014). This study again gives us enough evidence to
believe that such FR-targeted delivery systems might work against tumour cells and M2

TAMs alike with comparable efficiency.
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There are a few other reports that have a slightly different (but not any less exciting)
approach and warrant studies as to their TAM-targeting potential in oral cancer (Table 2.2).
Gupta et al. reported the design and use of a PLGA based nanoparticle system that would
radiosensitize oral cancer cells by delivering Docetaxel, the same drug also known to
effectively re-program pro-tumoural TAMs (Gupta et al.,2018). Wang et al., as well as Pan
et al., used mesoporous Silica nanoparticles to deliver siRNA against MDR-1 demonstrating
commendable results against oral cancer cells both in vitro as well as in vivo [Wang et
al.,2017; Pan et al.,2013]. As reviewed by Bossennec et al.,, MDR-1 is a transmembrane
transporter protein that is primarily concerned with the removal of tissue toxicity and with
chemoresistance in the context of cancer specifically with regards to pro-tumoural TAMs
(Bossennec et al.,2018). This is the reason we believe there should be further studies into
assessing these MDR-1 targeted therapeutic molecules against M2 TAMs in OSCC. There
are many other treatment options available that have been proven effective against oral
cancer cells and which can be investigated for their potential effects on M2 TAMs wherever

the targeting principle or therapeutic mechanism applies to both cancer cells and TAMs.
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Table 2.2: Some Notable Nanotherapeutic approaches(targeted) reported so far against OSCC: The table lists a variety of different

delivery systems conjugated with bio-active anti-cancer components derived from either synthetic or natural sources. These

functionalized small molecules have different ways or mechanisms to target cancer and also exhibit potential as anti-TAM treatment

options (Bhattacharya et al.,2021).

S. No. Delivery system Drug/Small Target Potential for Reference
molecule/Bioactive anti-TAM
component therapy?
Synthetic Natural
source source
1 PECE hydrogel HDACi Deacetylation of Yes, (Li et al.,2012)
SAHA & hyperacetylated Tranetal..,
DDP(Cispla genes 2013
tin)
) Polymeric micellar NC6004(CD Improved Yes, (Endo et al., 2013)
nanoparticle DP/Cisplati intratumoural Chen and
n) distribution with | Chang, 2019
reduced
nephrotoxicity
3 Chitosan nanoparticles Ellagicacid | Anti-proliferative Yes (Arulmozhi et al.,2013)
effect, DNA NamKoong
fragmentation etal.., 2012
4 Thermosensitive Silica | Doxorubici Matrix Yes (Abbasi et al.,2014)
nanoparticles n& Metalloprotease Zheng et
Methotrex 2 al.., 2017
ate
5 Monomeric self- 5- Higher cancer cell Yes (Zhao et al.,2015)
assembled nucleoside | Fluorouraci toxicity, reduced | Chen Wei et
nanoparticle I proliferation, and al.., 2019




S No. Delivery system Drug/Small Target Potential for Reference
molecule/Bioactive anti-TAM
component therapy?
Synthetic Natural
source source
greater
accumulation in
tumour
6 Chitosan coated Curcumin Cancer cell- Yes (Mazzarino et al.,2015)
nanoparticles specific Mukherjee
cytotoxicity etal.., 2016
2 PLGA based hybrid Quinacrine Inhibition of BER Yes (Satapathy et al.,2018)
nanoparticle & Silver (Base Excision Abdulghani
Repair) etal.,, 2016
3 Nanoemulsion with Genistein Antiproliferative Yes (Gavin et al.,2015)
tocopherol moiety and activity Ning et al..,
Chitosan 2019
9 Anti-Desmoglein TRAIL as Cancer cell- Yes (Kouno et al.,2017)
antibody ligand specific targeted Gao etal..,
apoptosis 2019
10 Anti-EGFR Bleomycin EGFR Yes (Hirabayashi et al.,2017)
microbubbles Gaoetal..,
2018
11 Mucoadhesive patch Methotrex Mitochondrial Yes (Jin et al.,2018)
ate membrane Lee et al..,
potential of 2019
cancer cell
12 Chitosan nanoparticles Shrimp shell VEGF, TNF-a Yes (Abd-el-fattah et al.,2018)
extract Tamura et
al.., 2020




S No. Delivery system Drug/Small Target Potential for Reference
molecule/Bioactive anti-TAM
component therapy?
Synthetic Natural
source source
13 Gold nanoparticles Paclitaxel Cancer cell Yes (Asar et al.,2019)
proliferation Wanderley

etal..,, 2018




Chapter 2 Review of Literature

When debating over conventional/reported anti-OSCC therapeutics with possible utility as
anti-TAM therapy in the future, we must not forget drugs or bioactive molecules which
have been reported as having anti-cancer effects against oral squamous cell carcinoma
even though not essentially in association or in conjugation with any targeted delivery
system. The reason why these molecules deserve mention in this section is their
prospective therapeutic functionality against tumour-associated macrophages in the OSCC
TME. CSCs (Cancer stem cells) being well reported as being crucial drivers of tumour
progression and metastasis were targeted by Hu et al. using Isoliquiritigenin which is a
Flavonoid molecule isolated from the roots of licorice. The said treatment showed a high
level of selectivity for OSCC-associated CSCs and reduced self-renewal besides affecting
tumour growth and colony formation (Hu et al.,2017). The primary molecular targets of
this naturally sourced bioactive compound were shown to be major players involved in
pathways associated with stemness, metastasis, and chemoresistance, e.g: ALDH1, CD44,
ABCG2, and GRP78. Wei and his colleagues have demonstrated how GP73(Golgi protein
73) regulates tumour growth and metastasis via the induction of GRP78 which mediates
activation of ER (Endoplasmic Reticulum) stressors (Wei et al.,2019). Subsequently, ER
stress activation and transmission results in the induction of pro-tumoural TAM phenotype
increased TAM density and a poor prognosis. It is thus quite evident that Isoliquiritigenin
may well be used in the future for TAM-targeted therapy. Epigenetic modulators are
significant in the world of new age cancer therapy. Wang et al. reported the successful use
of a Bromodomain and extra-terminal domain (BET) inhibitor, JQ1, to induce cell death in
OSCC lines CAL27 and SCC25. Not only did JQ1 inhibit cell growth by downregulating
FOXM1 and PD-L1 levels in a dose-dependent manner, but also exhibited tumour

regression in vivo when used along with anti-Pd-L1 siRNA (Wang et al.,2022). We also find
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a study revealing the direct correlation between PD-L1 expression on TAMs and its
stimulatory effects on TAM proliferation, survival, and immune-suppressive conditions in
the TME (Hartley et al.,2018). It could thus be well expected that an epigenetic regulator
like JQ1 would potentially demonstrate robust anti-cancer effects if incorporated into a

delivery system for targeted therapy of OSCC.

It’s necessary to thoroughly understand the communication that occurs between stromal
elements and tumour cells and the repercussions that of on Macrophage polarity and intra-
tumoural immune response. Since TAMs and their polarization status are crucial factors
that are involved in a complex interplay with interconnected biochemical pathways
regulating tumour growth and spread, targeted approaches aimed either exclusively at
TAMs or against TAMs and tumour cells both would compound the benefits of
conventional OSCC therapy, ensuring improved overall survival as well as possible tumour
growth remission. As evident from this review, current research on novel ways to target
TAMs is mostly focused on cancers other than OSCC, where some significant progress has
already been made. Recent findings suggest that approaches that involve targeting cancer
associated pathways common to tumour cells and TAMs or multimodal approaches
comprising of targeting common cancer associated kinases and pathways, TAM
repolarization and tumour associated immune suppression might yield better therapeutic

results in the future.
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Chapter 3 Materials & Methods

3.1. Chemical and Reagents:

Carbon nanospheres (CSP) were synthesized according to a previously published protocol
(Elechalawar & Bhattacharya et al.,2019). Clinical grade injectable DOX was purchased as
DOXOTERO, a product from ONCOLOGY MEDICINE, India. TAM isolation was done by Midi
MACS separating kit containing Midi MACS separator (130-042-302), LS columns (130-042-
401) and CD11b Micro beads (130-097-142) [Miltenyi Biotech Asia Pacific Pte Ltd,
Singapore]. Folate Free RPMI -1640 media (Cat No: 27016021) was purchased from
Thermo Fisher Scientific, USA. Antibiotics were purchased from Hi-media, India. DMEM
(Cat No: 12800017), RPMI (Cat No: 31800022), IMDM (Cat No: 12200036) and F12 (Cat No:
21700075) were all purchased from Gibco (Invitrogen). All other reagents were purchased

from local suppliers and used without further purification.

3.2. Antibodies and Apoptosis Kits:

Antibodies for Bax (Cat No: #2772), Bcl-2 (Cat No: #3498), E-Cadherin (Cat No: #3195),
Vimentin (Cat No: #5741), Cleaved Caspase 3 (Cat No: 9664T), p53 (Cat No: #9282), iNOS
(Cat No: #2982), B-Actin (Cat No: #4970) and TNFa (Cat No: #3707) were purchased from
Cell Signalling Technology, Beverly, USA. Antibody for Folate Receptor whole (Cat No: sc-
28997) was purchased from Santa Cruz Biotechnology, Texas, USA. Antibodies for Folate
receptor a (Cat No: PA542004), CD68 (Cat No: 53-0681-82) and CD163 (Cat No: PA578961)
were purchased from Thermo Fisher Scientific, USA. Antibodies for CD80 (Cat No: 104707),
and CD206 (Cat No: 321103) were purchased from Biolegend, San Diego, USA. Annexin V-
FITC based dead cell Apoptosis kit (Cat No: V13242) was purchased from Thermo Fisher

Scientific, USA.
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3.3. Maintenance of mammalian cell culture systems:

FaDu (human OSCC), CAL27 (human OSCC), HEK293 (non-cancerous line) were purchased
from ATCC (Manassas, USA) and MOC2 (mouse aggressive OSCC) cells were purchased
from Kerafast, Boston, USA. All the cells were mycoplasma free. Cells were cultured in
prescribed culture medium as per culture instructions from selling agencies with 10% fetal
bovine serum (Sigma Chemical, St Louis, MO), penicillin 50 mg/litre, streptomycin 50
mg/litre, kanamycin acid sulphate 100 mg/litre and 3.7gm/litre sodium bi-carbonate
solution. Cultures of 85-90% confluency were used for all the experiments. The cells were
trypsinized, counted, and plated as per standardized counts for different cell-based
studies. The cells were allowed to adhere overnight before they were used for any

experiment.

3.4. Procurement and procedures involving laboratory animals:

C57 BI/6J mice were procured from Vyas Labs, Hyderabad, India and all studies carried out
in accordance with IAEC regulations OF BITS Pilani Hyderabad Campus (Animal Facility
Registration no.- 1912/PO/RE/S/16/CPCSEA). Mice were housed under standard conditions
including ambient temperature and availability of feed and drinking water ad libitum. All
surgical procedures were performed as per Institutional IAEC protocol under anaesthesia
using Isoflurane. Any animal found to have compromised state of health was euthanized

using CO, chamber as per humane standards.

3.5. Synthesis of CSPs:

CSPs were synthesized by the hydrothermal decomposition of Glucose in water kept in a

Teflon-lined autoclave at 180°C for 8h. The synthesis procedure was carried out in
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collaboration with Dr. Rajkumar Banerjees Lab in CSIR-IICT, Hyderabad as per a previously
published protocol (Selvi et al.,2008; Elechalawar & Bhattacharya et al.,2019). The steps

taken are briefly as follows-

e 1.5g of D (+) was dissolved in 17 ml of deionized water to form a clear solution.

e |t was placed in a 21 ml Teflon-lined sealed stainless-steel autoclave and maintained at
180°C for 8h.

e After cooling the reaction vessel, the brown material formed was transferred to the
centrifuge tube.

e The pure product was isolated by repeated centrifugation at 10000 rpm for 10 minutes
using deionized water and ethanol.

e The purified product obtained was dried in an oven at 80°C for 4h.

e The final product obtained was a brownish powder with a spheres range of 360-380

nm.

3.6. Synthesis of FA8 {(R)-N-(2-(4-(4-(((2-amino-4-oxo-3,4-dihydropteridin-6-yl) methyl)
amino) benzamido)-4-carboxybutanamido) ethyl)-N-methyl-N-octyloctan-1-aminium

chloride}:

The synthesis for Folate-based lipid FA8 was carried out in collaboration with Dr. Rajkumar
Banerjees Lab in CSIR-IICT, Hyderabad as per a previously published protocol (Elechalawar

& Bhattacharya et al.,2019). The steps taken are briefly as follows-

Step-1: Synthesis of tert-butyl (2-(dioctylamino)ethyl)carbamate (Compund-2):
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Monoboc-protected ethylenediamine (Compound-1, 1.8g) was added to Ethyl Acetate
(20ml).

To this mixture K,COs (6.4 g, 4eq) followed by 1-Bromo octane was added and stirred at
65 °C for 48 h.

Reaction mass was filtered and the ethyl acetate was evaporated to get crude.
Purification is done by column chromatographic separation using 60-120 mesh silica gel
and 1% Methanol-Chloroform (v/v) as eluent.

The separation yielded compound-2 as colourless liquid (3g, 70% yield).

1H NMR (300 MHz, CDCl3):8/ppm = 0.9 [m, 6H, CH3-(CH2)7-]; 1.1-1.6 [bs, 20H, -(CH2)10-;

m, 9H, CO-O-C(CH3)3]; 1.5[m, 4H, -CH2-N-CH2-(CH2)4 ]; 2.3-2.5 [m,4, -CH2-N-(CH2)2-

(CH2)2-]; 2.5[t, 2H, -NH-CH2-CH2-N-(CH2)2- ];3.2 [m, 1H, -NH-CH2-CH2-N-(CH2)2- ]; 3.6[t,

2H, -NH-CH2-CH2-N-(CH2)2-]; ESI-MS: m/z= 386 [M+1]+ for C23H48N202

Step-2 Synthesis of N-(2-((tert-butoxycarbonyl) amino) ethyl)-N-methyl-N-octyloctan-1-

aminium iodide (Compound -3):

Compound-2, 1.8g was added to Methyl lodide (5ml) and stirred at room temperature
for 12h.

Methyl lodide was evaporated to get crude.

Purification is done by column chromatographic separation using 60-120 mesh silica gel
and 2% Methanol-Chloroform (v/v) as eluent.

The separation yielded compound-3 as white solid (2.5g, 80% vyield).

1H NMR (300 MHz, CDCI3):8/ppm = 0.9 [m, 6H, CH3-(CH2)7-]; 1.1-1.6 [bs, 20H, -(CH2)10~;

m, 9H, CO-O-C(CH3)3]; 1.5[m, 4H, -CH2-N-CH2-(CH2)4 ]; 3.2-3.3 [s,3, -CH2-N(CH3)-(CH2)2-
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(CH2)2-]; 3.4-3.6 [m, 4H, -CH2-N(CH3)-(CH2)2-(CH2)2-]; 3.6-3.8[m, 4H, -NH-CH2-CH2-N-

(CH2)2-]; ESI-MS : m/z=400 [M+1]+ for C24H51N202

Step-3 Synthesis of N-(2-aminoethyl)-N-methyl-N-octyloctan-1-aminium chloride

(Compound -4)

e Compound-3, 2g was added and was dissolved in 2 mL dry CHCl3, 1 mL of TFA was added
and the mixture at 00C was allowed to stir for 3 h.

e TFA was removed with nitrogen flow and the residue was subjected to chloride ion
exchange chromatography over amberlyst A-26 chloride ion exchange resin.

e The compound-4 obtained after chloride ion exchange was almost pure (1.2 g, 80%

yield) and unstable and hence directly continued to next step.

Step-4: Synthesis of FA8

e Folic Acid, 1g was dissolved in DMSO (10ml), to this mixture HATU (1.03g, 1.2eq) was
added.

e  To this solution mixture of compound-4 (0.67g, 1 eq) and Triethylamine (0.459g, 2eq)
in DMSO (5ml) was added.

e Reaction mass was stirred for overnight.

e 2N HCl 30 ml was added to reaction mass followed by filtration to get crude solid.

e Crude product was purified by using 60-120 mesh silica gel and 15% Methanol-
Chloroform (v/v) as eluent.

e Yellow solid was then dissolved in acetone and filtered to get pure FA8 (0.6g, 36%.

Yield).
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1H NMR (400 MHz, CDCI3+ DMSO-d6): §/ppm = 0.9 [m, 5.5H, CH3-(CH2)7-]; 1.1-1.4 [bs,
20H, -(CH2)10-;1.5[m, 4H, -CH2-N+(CH3)-(CH2)2-(CH2)2- ]; 3-3.2 [s,3, -CH2-N+(CH3)-
(CH2)2-(CH2)2-]; 3.4-3.6{ m, 8.1H, [-CH2-N+(CH3)-(CH2)2-(CH2)2-], [ -NH-CH2-CH2-N-
(CH2)2-]},4.4 -4.6[m, 3.1H, FA- 3C (-CH), FA- 8C(-Ph-NH-(CH2)-]: 6.6-6.7 [m, 2.8 H, FA-
5C&7C]: 7.8 [m, 2.5H, FA- 4C & 6C]: 8.8-10 [s, 1.3H, FA- 9C]: ESI- MS : m/z= 723[M+1]+ for

C38H60N90S.

3.7. Synthesis and characterization of CSP conjugates:

GLUCOSE

Fig.3.1. Preparation of targeted delivery system CFD: Above Schematic diagram represents
the basic steps in the synthesis of CSPs from glucose under high temperature and pressure

followed by their conjugation with DOX as well as Folate based lipid FAS.
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5 mL of 1.5 mM solution of FA8 (M. wt. 757 g mol/l) was made using HPLC grade
methanol. 10 mg of CSPs was added to the FA8 solution and kept stirring for 12 h at
room temperature. CSPs were separated by centrifuging at 10,000 rpm for 10 min.
The amount of FA8 adsorbed to CSPs was calculated from the amount present in the
supernatant methanol solution of FA8 obtained by measuring the absorbance at 280
nm using a spectrometer at 27°C. A prior calibration plot was obtained by measuring
FA8 solutions at different concentrations for this purpose. About forty percent of FA8
was found adsorbed on 10 mg of CSPs. CSP-FA8-DOX (CFD) or CSP-DOX (CD) was
prepared by adding 10 mg of CSP-FA8 or CSP to 5 mL of 2 mM methanol solution of
DOX and it was stirred for 12 h at room temperature.

The amount of DOX adsorbed to CSP conjugates (CSP-FA8 & CSP) was calculated by
measuring the absorbance of DOX at 495 nm in the supernatant methanol solution.
NMR (both 13C as well as proton) and Mass spectrometry were also done for FA8 to
confirm its chemical identity (Elechalawar & Bhattacharya et al.,2019). Twenty
percent DOX was loaded on the CSP surface as assessed by UV-Vis
Spectrophotometry. The amount of DOX adsorbed to CSP conjugates (CSP-FA8 &
CSP) was also calculated by measuring the HPLC area for DOX at 233 nm in the
supernatant methanol solution. The amount of released DOX in supernatant as
measured from the standard curve (DOX HPLC curve) was subtracted from total DOX
added for reaction to obtain drug loading values in percentage. All samples (CFD,CD)
were filtered using 0.45 um syringe filter and then analyzed by HPLC(Shimadzu) with
suitable dilution for estimation of drug content. A C-18 ZORBAX column(Agilent, USA)
was used for separation using acidic (formic acid)buffer (pH 3) with (MeCN:MetOH)

at 1:1 v/v as mobile phase in isocratic mode. Flow rate was maintained at 1ml/min
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and PDA detector was used at 233 nm. The linearity response for DOX was calculated
using a concentration range of 0-500 pg/ml.

e The drug release study was performed for targeted system CFD using the dialysis bag
diffusion method for up to 36 hours. The drug release membrane bag (MWCO: 12-
14 kDa, Himedia) was activated in PBS buffer pH 7.4 at 37°C for overnight. Thereafter,
3 ml of doxorubicin-loaded carbon sphere (CFD) was transferred into a dialysis bag
and sealed with a plastic clip without leakage. This was followed by transfer into 250
mL BPS buffer which had been previously maintained at 37°C £ 0.5 °C temperature.
The sample was kept thus on continuous stirring at 100 rpm. The sample was
collected initially at 15 and 30 minutes followed by 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, 12 hr,
24 hr and 36 hr time points respectively. 2 ml volume of release buffer was collected
at each time point and an equal volume of fresh buffer was added or replaced for
maintaining sink condition. All collected samples were eventually filtered using 0.45
pum syringe filter and then analyzed by HPLC(Shimadzu) with suitable dilution for
estimation of drug content. A C-18 ZORBAX column(Agilent, USA) was used for
separation using acidic (formic acid)buffer (pH 3) with (MeCN:MetOH) at 1:1 v/v as
mobile phase in isocratic mode. Flow rate was maintained at 1ml/min and PDA
detector was used at 233 nm. The linearity response for DOX was calculated using a
concentration range of 0-500 ug/ml.

e The average particle size and the polydispersity of the particle-size distribution of the
CSPs were determined by Zeta sizer. Empty CSPs or CSP with only DOX were used as
controls. The homogenous distribution, surface morphology and diameter of the CSP

conjugates were analysed by FE-SEM instrument (FEI TECHNAI 12).
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3.8. Assessment of FR expression on OSCC cells & non-cancerous cells using western blot:

FR

NORMAL CELL

60V 3fhours \ER
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Fig.3.2. Assessment of FR expression in OSCC & normal cells: Schematic diagram
representing the estimation of FR expression levels in both OSCC and non-cancerous cell
lines using Western blot method. Higher expression of FR was evident in OSCC cells as

compared to non-cancerous or normal cells.

e Cells were trypsinized from culture dishes and seeded in 6-well culture plates at a
density of 3-5 x 10° cells/well.

o After 16-24 hours, cells were washed with 1X PBS and lysates were collected for
protein studies using Laemmli buffer, pH 8. 60 ul of Laemmli buffer containing
protease inhibitor cocktail was added to each well of a 6-well plate.

e Cells were incubated in Laemmli lysis buffer on ice for 10-15 minutes and sterile
tips were used to collect the lysates from each well along-with cell debris into
separate tubes.

e Lysates were centrifuged at 11000 rpm for 30 minutes at 4°C and the supernatants

were collected.
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Lysates thus obtained were assessed for protein concentration by the Bradford
method, post which samples were prepared for loading with 2X loading dye and
were boiled at 95°C for 10 minutes in a dry bath before being loaded on a gel.

For Folate pre-treatment studies, OSCC cells were seeded in a similar manner and
treated with 100 uM of Folic acid for 30 minutes in Folate free culture media, post
which, media was changed and any subsequent studies were continued under
standard conditions, including collection of lysates at different time points as and
when required.

Amount of protein loaded for each protein sample was approximately 20ug
(quantification done prior to loading as per Bradford method).

SDS-PAGE gels were prepared with 12% resolving half. Proteins once run were
transferred via the wet transfer method onto PVDF membranes which were
subsequently blocked with 5% BSA (bovine serum albumin) for 1 hour.

Post blocking, PVDF membrane was incubated with primary antibody at 4°C
overnight. The next day, membrane was washed with 1X PBST (0.1% Tween-20) and
incubated with HRP-conjugated secondary antibody for 1-2 hours.

Blots were then developed for chemiluminescence in Chemidoc imager.

All target protein expression was normalized against respective internal control like

B-Actin.
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3.9. Drug uptake studies in 2D cell culture/in vitro samples:

OSCC CELL

CFD

| ¥y

CONFOCALIMAGING FLOW CYTOMETRY
FOR DOX UPTAKE

Fig.3.3. DOX uptake in cells post targeted treatment: Quantitation of DOX uptake was
performed by Flow cytometry. Qualitative estimation as well as an assessment of
intracellular compartmentalization of DOX in OSCC cells was performed by means of

confocal microscopy.

3.9.1. Confocal imaging:

e Culture media was first aspirated out of the culture vessel and 1-2 washes given with
1X PBS (physiological buffer pH 7.2-7.4). Once wash was over, PBS was discarded and
requisite amount of 0.25% Trypsin-EDTA was added (as suitable for the particular
culture vessel).

e The culture vessel was then placed in the CO; incubator for 2-3 minutes till all cells
could be found to have attained roundish morphology and floating, separated from

their substratum.
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e An equal volume of serum containing cell culture media (as much as the volume of
Trypsin-EDTA used) was then added to the culture vessel to stop the action of
Trypsin-EDTA. The cell suspension was then carefully collected in 15ml sterile
centrifuge tubes and centrifugation was performed for 3-5 minutes at 1000 rpm
(rotations per minute) to obtain cell pellet.

e The supernatant was shortly discarded and the pellet gently resuspended in requisite
volume of culture media. Cell count was obtained from the suspension using a
Neubauer’s chamber.

e For qualitative confirmation of uptake, OSCC cell lines (FaDu, CAL27 and MOC2) were
seeded in 6-well plates with square shaped coverslips (3-5 x 10° cells per well)
inserted in them.

e After an incubation period of 12-16 hours cells were treated with CFD, CD and free
drug (DOX) (6.4 uM drug equivalent).

e After 6 hours of treatment cells were washed with 1X PBS and fixed using 4%
Paraformaldehyde for 15 minutes at room temperature. DAPI (0.5 mg/ml in 1X PBS)
was added to each well and incubated for 15 minutes in dark for nuclear staining.

e Coverslips were then retrieved and mounted on glass coverslips with VECTASHIELD
antifade mounting medium to produce permanent slides which were subsequently
viewed under Confocal Microscope (Leica, Germany). Z-stacking was performed to
assess degree or intensity of Doxorubicin localization signal in the nucleus.

e At least 5 different fields were visualized and captured for each sample or treatment
group. Images were later analysed for fluorescence intensity using the Image J

software.
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All fluorescence signal reads were normalized against their respective DAPI images

wherever applicable.

3.9.2. Flow cytometry:

OSCCcell lines FaDu, MOC2 & CAL27 alongside normal cell line HEK293 were selected
for in vitro uptake studies.

Cells were first checked for morphology as well as growth kinetics as reported
previously by the selling agency (ATCC) and kept in a CO; incubator under standard
conditions pertaining to CO,, temperature and moisture conditions.

Once cells were found to have reached 80-90% confluency, they were collected by
mild trypsinization.

Briefly, culture media was first aspirated out of the culture vessel and 1-2 washes
given with 1X PBS (physiological buffer pH 7.2-7.4). Once wash was over, PBS was
discarded and requisite amount of 0.25% Trypsin-EDTA was added (as suitable for
the particular culture vessel).

The culture vessel was then placed in the COzincubator for 2-3 minutes till all cells
could be found to have attained roundish morphology and floating, separated from
their substratum.

An equal volume of serum containing cell culture media (as much as the volume of
Trypsin-EDTA used) was then added to the culture vessel to stop the action of
Trypsin-EDTA. The cell suspension was then carefully collected in 15ml sterile
centrifuge tubes and centrifugation was performed for 3-5 minutes at 1000 rpm

(rotations per minute) to obtain cell pellet.
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The supernatant was shortly discarded and the pellet gently resuspended in requisite
volume of culture media. Cell count was obtained from the suspension using a
Neubauer’s chamber.

All cell lines were seeded in 12 well plates (1 x 10° cells per well) and allowed
incubation under standard conditions overnight.

Cells were then treated with targeted formulation CFD, non-targeted control CD and
free drug (DOX) at a drug dose equivalent of 6.4 uM for 6 hours post which they were
collected by mild trypsinization as described already and subsequently analyzed for
drug uptake by Flow Cytometry.

Flow cytometer (BD Aria lll) was operated as per instructions provided in the
respective instrument manual. 10,000 events were recorded for each sample
analyzed and gating for all parameters was done with non-treated standards as
blanks.

Uptake of DOX was quantified in each sample as percentage of total population of
cells with fluorescence beyond the gated threshold. Intensity of fluorescent signal or
mean area under fluorescence was also obtained from respective sample

histograms.
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3.10. Studies for the assessment of targeted cancer cell death:
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Fig.3.4. Targeted cancer cell death and its underlying mechanisms: Schematic diagram
representing the different ways used to assess targeted OSCC cell death as induced by CFD.
Figure involves three principal methods performed- MTT assay, Apoptosis assay (Live/Dead

apoptosis kit) and western blot for markers pertaining to apoptotic and EMT pathways.

3.10.1. MTT assay:

e For cytotoxicity studies (MTT Assay), cells were trypsinized and seeded in 96-well
culture plates at a density of 5-10,000 cells/well (depending on cell line) and
incubated overnight

e Treatment was done with CFD (targeted formulation), CD (non-targeted
formulation), free Doxorubicin, only CSP, CSP-F (CSP with FA8) and FAS8(ligand).
Treatment was administered at a concentration range of drug equivalent doses-
6.41M, 3.2uM, 1.6 pM and 0.8uM.

e A media change was done at 6 hours post treatment and the culture plates kept back

in incubation for the next 48 hours.
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After 48 hours, plates were added with MTT reagent (0.5 mg/ml) at 10ul for every

100ul of culture media.

e After addition of MTT reagent, culture plates were incubated for 3-4 hours and then
retrieved. Culture media in the wells was carefully taken out and discarded.

e 100 pl of reagent grade DMSO was added to each well and the plate was placed on
an orbital shaker for 10 minutes to ensure sufficient dissolution of Formazan crystals.

e Plates were subsequently kept covered in aluminum foil to avoid direct light
exposure and processed for measurement of Absorbance values at 570 nm using an
ELISA plate reader (Perkin Elmer).

e After subtracting O.D. for blank wells percent viability for each sample was calculated

where untreated sample was considered as 100 % viable.

3.10.2. Apoptosis assay/Annexin V-FITC assay:

e For Flow cytometry-based study of Apoptosis, cells were trypsinized and seeded in
12-well plates (1-3 x 10° cells/well), for 16-24 hours.

e Treatment was then done with CSP formulations/groups as well as free drug (6.4
um Doxorubicin).

e After 24 hours of treatment, cells were washed and collected by mild trypsinization
and subsequently processed for Annexin V-FITC assay as per kit instructions
(Apoptosis detection Kit, Invitrogen).

e Briefly, cells obtained by trypsinization were resuspended in 100ul 1X binding
buffer (each sample) containing 5ul of Annexin V-FITC stain and 1 pl of Pl

(Propidium lodide) working solution.
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3.10.3.

Cells were kept thus in the dark at room temperature for 20 minutes and then 400
ul of binding buffer was added further to each sample tube.

These tubes were then placed on ice and subsequently analyzed using BD FACS Aria
Il as per standard protocol.

Respective percentages of early and late apoptotic cell populations were thus
obtained from the Flow cytometry output where 10,000 events were counted for
each sample analyzed.

Assessment of cell death by western blot:

Cells were trypsinized from culture dishes and seeded in 6-well culture plates at a
density of 3-5 x 10° cells/well.

After an overnight incubation, cells were treated with different CSP formulations as
well as free drug DOX and incubated for 6 hours. Media in the wells was then
changed and the plate was incubated for the next 24 hours.

After 24 hours, cells were washed with 1X PBS and lysates were collected for protein
studies using Laemmli buffer, pH 8. 60 ul of Laemmli buffer containing protease
inhibitor cocktail was added to each well of a 6-well plate.

Cells were incubated in Laemmli lysis buffer on ice for 10-15 minutes and sterile tips
were used to collect the lysates from each well along-with cell debris into separate
tubes.

Lysates were centrifuged at 11000 rpm for 30 minutes at 4°C and the supernatants

were collected.
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Lysates thus obtained were assessed for protein concentration by the Bradford
method, post which samples were prepared for loading with 2X loading dye and
were boiled at 95°C for 10 minutes in a dry bath before being loaded on a gel.

For Folate pre-treatment studies, OSCC cells were seeded in a similar manner and
treated with 100 uM of Folic acid for 30 minutes in Folate free culture media, post
which, media was changed and any subsequent studies were continued under
standard conditions, including collection of lysates at different time points as and
when required.

Amount of protein loaded for each protein sample was approximately 20ug
(quantification done prior to loading as per Bradford method).

SDS-PAGE gels were prepared with 12% resolving half. Proteins once run were
transferred via the wet transfer method onto PVDF membranes which were
subsequently blocked with 5% BSA (bovine serum albumin) for 1 hour.

Post blocking, PVDF membrane was incubated with different primary antibodies at
49C overnight. The next day, membranes were washed with 1X PBST (0.1% Tween-
20) and incubated with HRP-conjugated secondary antibodies for 1-2 hours.

Blots were then developed for chemiluminescence in a Chemidoc imager.

All target protein expression was normalized against respective internal control like

B-Actin.
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3.11. In vivo studies to assess tumour and TAM attenuation:

'.%\ /
OSCC CELL
TUMOR REGRESSION g/

———
&
LN T
SURFACE MARKER EXPRESSION \ lll

n'S

DOX UPTAKE

l TUMOR RESECTION

| [fedo &=
CD11lb+ve CD11b-ve

TAM ISOLATION STUDY OF CELL DEATH &
CHEMORESISTANCE MARKERS

Fig.3.5. Assessment of tumor and TAM targeted therapeutic outcome using animal model
of aggressive OSCC: Experimental outline for assessment of tumour and TAM attenuation.
Experiments include TAM isolation and characterization, tumour regression study and
western blotting for markers pertaining to chemoresistance, cell death and TAM

attenuation.

3.11.1. Tumour regression study:

e 3x10° cells of MOC-2(Mouse OSCC cell line) were injected subcutaneously into the
right flank of female C57/BL6J mice (5-6 weeks).

e Tumour of approx. volume 50 mm?3(average) were observed on the 7th day post
tumour cell inoculation.

e Mice were then randomly divided into groups and treated with CFD, CD, DOX, CSP
& FA8 (5mg/kg Doxorubicin drug equivalent) intraperitoneally for 5 alternate
dosings.
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Tumour size was measured every two days using vernier callipers and tumour
volume calculated using the formula 1/2 x a x b? (where a= long axis, b=short axis
of tumour).

Mice were sacrificed on day 23 post tumour inoculation and tumours collected.
Body weight measurement was also maintained every 3-4 days throughout the
study starting a day before initiating treatment schedule.

Tumour volumes of all animals in each group were recorded and tabulated till the
end of the study marked by animal sacrifice. Post tumour and organ collection, all
tumour dimensions and volumes tabulated and recorded till then were calculated
to yield day-wise average tumour volume for each treatment group which were
then compared for any statistically significant difference.

Records for mice bodyweight were recorded in the same manner and tabulated at

the end of the study.

3.11.2. Investigation of markers pertaining to cell death, chemoresistance and TAM

attenuation:

Tumour tissues were first isolated after animal sacrifice on day 20 post tumour
inoculation and incubated in RIPA buffer supplemented with Protease Inhibitor
cocktail on ice.

Tissues were then lysed in RIPA by means of mechanical disaggregation at low
temperatures using a bead beater (Bertin MiniLys from Bertin Corp., Rockville,

USA).
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Disaggregated tissue suspensions in buffer were subsequently centrifuged at
12000rpm for 10 minutes (at 4 degrees) and the supernatant was collected and
guantified for total protein concentration by the Bradford method.

Amount of protein loaded for each protein sample was approximately 30 ug.
SDS-PAGE gels were prepared with 12% resolving half. Proteins once run were
transferred via the wet transfer method onto PVDF membranes which were
subsequently blocked with 5% BSA (bovine serum albumin) for 1 hour.

Post blocking, PVDF membrane was incubated with different primary antibodies at
49C overnight. The next day, membranes were washed with 1X PBST (0.1% Tween-
20) and incubated with HRP-conjugated secondary antibodies for 1-2 hours.

Blots were then developed for chemiluminescence in a Chemidoc imager.

All target protein expression was normalized against respective internal control like

B-Actin.

3.11.3. Study of in vivo drug uptake and TAM attenuation via flow cytometry:

3x108 cells of MOC-2(Mouse OSCC cell line) were first counted and injected
subcutaneously into the right flank of female C57/BL6J mice (5-6 weeks).

Tumour of approx. volume 50 mm3(average) were observed on the 7th day post
tumour cell inoculation.

Mice were then randomly divided into groups and treated with CFD, CD, DOX, CSP &
FA8 (5mg/kg DOX) intraperitoneally.

Tumours were collected from mice post sacrifice on Day 12 post tumour inoculation
(after 3" dosing) were kept on ice in 1X PBS and subsequently minced into tiny pieces

using a short and sterile scalpel blade.
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These pieces were collected in a 50 ml centrifuge tube and subjected to treatment
with Collagenase-1 (1 mg/ml) at RT for 10 minutes.

Enzymatic treatment was then neutralized using tissue culture media containing
serum and the whole suspension was ground and washed into a fresh centrifuge tube

over a 70 um strainer.

3.11.3.a. Study of drug uptake in tumour/TAM:

The uniform suspension thus obtained was processed by Flow cytometry for drug
uptake studies.

In case where TAM and non-TAM populations were to be separated and compared
for drug uptake and expression levels for specific surface markers, whole tumour
suspensions were further subjected to separation using CD11b coated magnetic
beads by the MACS separator and columns (Miltenyi).

Separated cell populations were further assessed for drug uptake or TAM marker
expression studies as required using Flow cytometer (BD).

For drug uptake, populations of CD11b-positive and negative cells were analyzed the

same way as trypsinized cells obtained from 2D cultures.

3.11.3.b. Study of TAM-specific surface marker expression:

For studies pertaining to expression levels of TAM or other cell specific surface
markers, staining was performed with requisite fluorescence-tagged primary
antibodies (commercially obtained) for Flow cytometry.

Briefly, 1-2 x 10° cells were taken in each tube and stained with the specific tagged

antibody for 20-30 minutes while being kept in the dark at 4°C.
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After this, cells were pelleted by gentle centrifugation and washed with 1X PBS for
the removal of unbound antibodies which could cause background signal.

Stained cells were then suspended in 1X PBS and analyzed by Flow cytometry.

DOX uptake as well as specific surface marker expression were quantified as

percentage of total cell population analyzed.

3.11.4. Histopathological studies for the assessment of systemic toxicity after treatment:

3x10° cells of MOC-2(Mouse OSCC cell line) were injected subcutaneously into the
right flank of female C57/BL6J mice (5-6 weeks).

Tumour of approx. volume 50 mm?3(average) were observed on the 7th day post
tumour cell inoculation.

Mice were then randomly divided into groups and treated with CFD, CD, DOX, CSP
& FA8 (5mg/kg Doxorubicin drug equivalent) intraperitoneally for 5 alternate
dosings.

Tumour size was measured every two days using vernier callipers and tumour
volume calculated using the formula 1/2 x a x b? (where a= long axis, b=short axis
of tumour).

Mice were sacrificed on day 23 post tumour inoculation and tumours collected.
Body weight measurement was also maintained every 3-4 days throughout the
study starting a day before initiating treatment schedule.

Organs (heart, liver, kidney and spleen) were collected were washed in 1X PBS and

subsequently fixed by immersing in 4% PFA (paraformaldehyde).
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After overnight incubation in PFA at 4 degrees, specimens were washed once more
with 1X PBS and stored at -80 degrees by immersing in 1X PBS containing 20%
glycerol(volume/volume).

Tissue samples were subsequently paraffin embedded and sectioned for H&E
staining (Haematoxylin & Eosin). Stained samples were prepared for visualization

under bright field microscope and analyzed subsequently for required parameters.
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3.12. Ex-vivo studies on OSCC 3D spheroids:

/ DOX UPTAKE

() Q i
—— \ SPHEROID SIZE REGRESSION
3D SPHEROIDS

FROM OSCC CELLS @

®

CONFOCALIMAGING

Fig.3.6. Assessment of the effects of targeted DOX delivery on 3D spheroids of OSCC: A
schematic diagram representing ex-vivo studies on 3D spheroids of OSCC cells which

encompass drug uptake, size regression as well as confocal imaging studies.

3.12.1. Studies to assess drug uptake in 3D spheroids:
3.12.1.a. Flow cytometry:
e For spheroid-based drug uptake studies, tumour spheroids were first cultured by
seeding cells in 12 well culture plates (1x10°cells per well) coated with low melting
point agarose (0.6%).
e Briefly, cells were collected by mild trypsinization once they were 80-90% confluent
and counted using the Neubauer’s chamber. Low melting agarose was diluted in cell
1X culture media and kept warm at 55-60°C so that it stayed fluid for plating. 200 pl

of molten agarose was then added to each well in a laminar air flow hood under
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sterile conditions and the culture dish placed in the incubator for 4-6 ours to allow
the agarose to solidify.

Cell suspension obtained by mild trypsinization and counted to a pre-determined
number were then added to each agarose-coated well.

Cells which could not attach on account of agarose coating either died or started
giving rise to 3-D spheroids on Day 2-3 post seeding.

Counting the day of seeding as day 0, spheroids were treated on day 3 with CFD, CD
or DOX (6.4 um DOX equivalent) for 24 hours and 48 hours.

Spheroids were then harvested at these pre-designated time points and broken
down into single cell suspensions by mild treatment with Trypsin-EDTA (0.5%) as well
as light tapping.

Cell suspension thus obtained was then freshly carried on ice and analyzed for drug

uptake by Flow cytometry as in case of in vitro samples.

3.12.1.b. Confocal imaging:

For spheroid-based drug uptake studies, tumour spheroids were first cultured by
seeding cells in 12 well culture plates (1x10°cells per well) coated with low melting
point agarose (0.6%) as described earlier.

Cells which could not attach on account of agarose coating either died or started
giving rise to 3-D spheroids suspended in culture medium.

Counting the day of seeding as day 0, spheroids were treated on day 3 with CFD, CD
or DOX (6.4 um DOX equivalent) for 6 hours.

Spheroids were then fixed within their dishes with 2% paraformaldehyde and taken

out carefully.
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Whole spheroids(fixed) were then mounted on glass slides and placed under
coverslips with mounting media. Specimens were sealed to cut off air exposure.
Slides were visualized under Confocal Microscope (Leica, Germany) under 20X

magnification.

3.12.2. Study of effects of targeted therapy on 3D spheroid size:

For spheroid-based drug uptake studies, tumour spheroids were first cultured by
seeding cells in 12 well culture plates (1x10°cells per well) pre-coated with low
melting point agarose (0.6%).

Cells which could not attach on account of agarose coating either died or started
giving rise to 3-D spheroids suspended in culture medium.

Counting the day of seeding as day 0O, spheroids were treated on day 3 with CFD, CD
or DOX (6.4 um DOX equivalent) for 24 hours and 48 hours.

Snapshots of these spheroids were subsequently obtained using a bright field
microscope at 24 hour and 48-hour time points.

3-4 optical fields per well were imaged and captured. These images were later
exported and spheroids were measured for long axis (a) and short axis (b) using
Image-J software.

Volumes for spheroids were calculated using the formula 0.5 x a x b%2and compared
between groups.

Average spheroid size was attained for each treatment group and tabulated for

comparison and analysis.
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3.13. Statistical analysis:

Image J software was used to measure band intensities from Western blot images.
Students t-test was performed to calculate statistical significance wherever necessary. All
data were represented as Average + SEM wherever applicable. All experiments were
performed in triplicate and the average values obtained from triplicate experiments were
evaluated for significance. A minimum of p<0.05 for any data was considered statistically

significant.
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Advanced nanomaterials are needed for improved drug delivery. To utilise the substantial
therapeutic promise of nanomaterials, surface functionalization has to be performed.
These include antibody conjugation, small molecule labelling, functionalization with
biologically active targeting molecules etc. towards facilitating efficient and promising
imaging and therapy. Hence, the general challenge in surface modification of nanocarriers

lies in designing multifunctional small molecules or fabricating bioactive large molecules.

Among the HNSCC family of cancers, oral squamous cell carcinoma (OSCC), which is highly
invasive and difficult to diagnose has been shown to inflict maximum mortality in patients
(Kademani, 2007). The overall aggressiveness of OSCC is not only due to the tumour-
associated malignant cells but also due to a special tumour-associated micro-environment
(TME) created within the tumour mass. TME consists of malignant cancer cells, various
heterogeneous cell components including cancer stem cells, tumour-associated vascular
endothelial cells, lymphatic cells and also macrophages. Among them, the tumour-
associated macrophages (TAMs), the most abundant immune cells in the tumour-mass,
play a predominant role in tumour pro-proliferation, cell invasion, metastasis,
angiogenesis, immunosuppression etc. OSCC-associated cancer stem cells promote tumour
supportive TAM by secreting periostin that aids in TAM recruitment and polarization
(Siriwardena et al.,2006). TAMs are differentiated monocytes that form in response to
tumour-derived chemo-attractants such as M-CSF-1 (macrophage colony stimulating
factor-1), various chemokines CCL2/3/4/5/9 and VEGF. Levels of these proteins in the
tumour mass proportionately relate to overall TAM count in the tumour environment,
although no correlation has been obtained between TAM count and patient prognosis.
However, a majority of studies have showed that high TAM numbers are often linked with

reduced patient survival. Many TME-associated factors and their corresponding receptors
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expressed on TAMs work in tandem to maintain the overall aggressiveness. One such
incidence is the involvement of expressed CSF-1 receptor (CSF-1R) that helps in survival of
TAM. On depletion of CSF-1R, the intracranial GBM propagation was found to be halted
(Pyonteck et al.,2013). However, the TAM population did not deplete, as expression of
other survival factors gained importance. The invasiveness of OSCC mass is due to
functional expression of many factors including TAM-expressed TGFB, which in turn up-
regulates STAT3 via IL-6 in cells of tumour mass (Jensen et al.,2015). Clearly, the direct
target should be TAM for effective and long-term therapeutic benefit. Hence, TAM-
targeting is increasingly gaining importance. Recently, TAM has been found to act as slow-

release reservoir for nano formulation-delivered-drug to tumour mass (Miller et al.,2015).

More recently, carbon nanospheres are gaining attention due to their applications in
various fields including drug delivery (Nieto-Marquez et al.,2015). Among them, glucose-
derived CSPs are emerging as a new class of intracellular drug carriers in drug delivery.
These apparently non-toxic CSPs are readily dispersible in water, can target cell nuclei and
have the unique property of crossing the blood- brain barrier (BBB) in vivo (Selvi et
al.,2008). Folate receptors (FR), the glycosyl phosphatidyl inositol (GPI)-anchored protein,
are expressed on the surface of cell membrane and are often overtly expressed in many
cancers as well as on TAM membrane surface (Retnakumari et al.,2009). As FR binds and
internalises folate or folic acid into cells, folate targeted delivery systems especially for
targeting FR-over expressing cancer cells are well known. FR-targeted drug/gene nano
delivery systems are reported against OSCC tumours (Fan et al.,2020). However, the
importance of targeting TAM for OSCC treatment is not adequately emphasized in a

majority of those studies.

84



Chapter 4 Results

Here we describe the use of folate ligand-associated CSP for targeting FR-overexpressing
tumour associated malignant cells and TAM. This ligand is cationic lipid modified folic acid
and hence will strongly bind via electrostatic interactions to negatively charged CSP. With
a high surface concentration of cationic folate, the targeted CSP showed enhanced tumour
cell and TAM targeting simultaneously. Armed with a model anticancer drug Doxorubicin
(DOX), the targeted nano-formulation exhibited significant tumour cell killing, tumour
regression, and M2 TAM attenuation. Here, we found indication of DOX-mediated
chemoresistance being by-passed along-with favourable findings in 3D-spheroid based ex-
vivo studies. This dual strategy of targeting TAM and malignant cells exhibited overall

improved outcome in an immunocompetent mouse model of aggressive oral cancer.

4.1. Preliminary characterization prior to synthesis of CSP conjugates:

Synthesis of FA8 was accomplished as per synthetic protocol described earlier
(Elechalawar et al.,2017). CSP synthesis was accomplished as per the protocol described
earlier (Selvi et al.,2008). C8 control molecule was prepared and characterized through
1HNMR and ESI mass (Fig. 4.1). CSP was then simultaneously associated with F8 and DOX
or, only DOX. The sizes of CSP-FA8-DOX (CFD), CSP-DOX (CD) respectively were found in the
range of 360 nm. Polydispersity index (PDI) of such CSP conjugates were less than 0.3,
thereby clearly indicating the fairly homogenous size distribution of CSP conjugates. CFD
was found to be stable in the presence of a varying range of serum concentrations (Fig.
4.2-A) IR spectra studies of CSP and their conjugated products indicated the association of

ligands and/or drugs on CSP (Fig. 4.2-B).
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Fig.4.1. ESI-Spectra and NMR: Panel (A) 1H-NMR (300 MHz, CDCI3) Spectra of C8. Panel (B)

ESI- Mass Spectra of C8. (Elechalawar & Bhattacharya et al.,2019)
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of CFD in different serum concentrations along with PBS. B) FTIR- Spectrum of different

CSPs along with FA8. (Elechalawar & Bhattacharya et al.,2019)
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The associated FA8 was ~32 percent (wt./wt.) or more with respect to CSP while DOX
entrapments on CSP-F8 and CSP surfaces were in between 20-30 percent with respect to
weight of CSPs. Drug absorption spectra were also generated for assessment of drug
binding at later stages (Fig. 4.3-A). Besides FTIR-based estimation of CSP-ligand or CSP-drug

conjugation, UV-Visible spectra for all CSP conjugates were also performed (Fig. 4.3-B).

4.2. Preparation and characterization of CSP conjugates:

Carbon nanospheres (CSPs) were synthesized according to a previously published protocol
(Elechalawar & Bhattacharya et al.,2019). Synthesis of Folate based ligand FA8 was
accomplished as per a synthetic protocol reported by us earlier (Elechalawar et al.,2017).

These CSPs were then simultaneously conjugated with FA8 and DOX both, or only DOX .

The hydrodynamic diameter (size) and surface charge (zeta potential) of CSP-FA8-DOX
(CFD), CSP-DOX (CD) and CSP were measured by electrophoretic mobility using a Zeta sizer
(Malvern, UK). The sizes of CSP-FA8-DOX (CFD) and CSP-DOX (CD), respectively, are in the
range of 340-360 nm (Table 4.1). The size of DOX and FA8-conjugated CSP [i.e., CFD] is
stable up to 48 h in 50% serum in PBS. Additionally, SEM images show a homogeneously
spherical structure for both conjugated systems CFD and CD (Fig4.4-A). Carbon-
nanospheres have been recorded as having size up to 500 nm diameter, which is more than
what was recorded in case of glucose derived CSPs in this case (Diez et al.,2021). An overall

decrease in surface charge of CSP followed the conjugation with DOX.

About forty percent of FA8 was adsorbed on 10 mg of CSPs. CSP-FA8-DOX or CSP-DOX was
prepared by adding 10 mg of CSP-FA8 or CSP to 5 mL of 2 mM methanol solution of DOX

and it was stirred for 12 h at room temperature. The CSP conjugates were separated by
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89



Chapter 4 Results

B) UV-VIS spectra of different CSP conjugates. (Elechalawar & Bhattacharya et al.,2019)
C) Standard curve plotted to estimate DOX release with a range of drug concentrations.
CFD was found to have a slightly higher drug loading at 24.3 £ 0.27% and CD at 15.2 £ 0.66%
D) In vitro drug release profile of DOX from CSP formulation CFD in PBS (pH 7.4) at 370C.

Each point on the curve represents Average + SEM values.

centrifugation. The amount of DOX adsorbed to CSP conjugates (CSP-FA8 & CSP) was
calculated by measuring the absorbance of DOX at 495 nm in the supernatant methanol
solution (Fig. 4.5-B). Approximately twenty percent DOX was found to have been loaded
on the CSP surface (Table 4.2). However, HPLC based drug loading studies also revealed
CFD to have a slightly higher drug loading at 24.3 + 0.27% and CD at 15.2 + 0.66%. As
regards the release profile, the released amount of drug from DOX solution was quite
negligible which is why it is not represented in the graph (Fig 4.3-D ). A sharp spike of drug
release was recorded for CFD at 30 minutes with 35.28 + 0.79% release of DOX. From there
onwards a gradual rise in drug release was recorded upto 24 hours at 73.39 + 3.57% which

indicated a sustained release pattern.

4.3. Expression of folate receptor in OSCC cells:

Our first requirement was to check for FR1 expression in all OSCC cell lines as well as in
normal cell line to make sure that FR would be a valid candidate for cancer cell targeted
therapeutic studies. All cell lines were treated with 100 uM Folate for 30 minutes after

which media was changed. Lysates were collected for western blotting at different time
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points post Folate (FA) treatment and subsequent media change (immediately, i.e. 0 hours,
3 hours and 5 hours). FR1 is present in two principal forms in a cell; a membrane bound p-
glycoprotein as well as a free or circulating (solubilized) form once it binds with its ligand.
In this folate treated condition, we assumed that any FR1 signal would primarily indicate
levels pertaining to its freely circulating form. Western blots showed an increase in levels
of FR1 (soluble form) immediately after 30 minutes of FA treatment, while being low or
negligible in untreated samples. Receptors that are not exposed to ligand shall pre-
dominantly remain as membrane-bound, thus accounting for low expression levels upon
immunoblotting. Conversely, expression levels go up sometime after exposure to ligand
(30-minutes lysates). However, expression levels were found to go down again gradually
with time as the freely circulating receptors once again got recycled and were sent back to
be re-instated as membrane bound receptor protein (Fig.4.6).

Flow cytometry revealed a similar pattern of expression. However, basal level of expression
for FR1 in HEK293 normal cells was found to be much lower than what we found in OSCC

cell lines FaDu, CAL27 and MOC2.
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Fig.4.4. SEM & TEM based characterization of CSP formulations: (A) Left panel- SEM
images at lower(left) and higher(right) magnifications (B) Right panel- TEM images for
unconjugated & drug conjugated nanospheres.

Table 4.1. DLS based characterization of CSP formulations: Determination of size, zeta
potential and PDI values for all CSP formulations as measured using Zeta-sizer

S. No. Formulation Hydrodynamic Zeta potential (mV) PDI
diameter (nm)

1. CSP 372.23 35 -40.1+0.3 0.23+0.02
2. CD 350.41+38 -28.2+0.3 0.18 +0.06
3. CFD 361.12+42 -24.6+0.4 0.27 +0.08
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4.4. Uptake of targeted carbon nanospheres in cancer cells is via the Folate Receptor

It was necessary for us to ascertain whether the uptake of ligand conjugated formulation
CFD in cancer cells was indeed via the FR as intended. For this purpose, we pre-treated
OSCC cells in vitro with 100 uM Folate for 30 minutes and then treated the cells as earlier
with targeted, CFD and non-targeted, CD formulations. As control treatments, we also kept
groups which underwent similar treatment but without any Folate pre-treatment. As seen
in (Fig. 4.7, Panel 1), there was significant difference in uptake (as quantitated by Flow
Cytometry) between FA-pre-treated group and the group without any pre-treatment,
especially with regards to CFD. This finding bears well with our hypothesis that CFD would
be favoured for entry in cancer cells over CD specifically on account of its ligand-conjugated

status and the overexpressed state of the FR in target OSCC cells.
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Fig.4.5. Preparation of DOX and FAS8 standard curves based on absorbance at different
wavelengths: Standard curves for calculation of concentration of (A) Doxorubicin and (B)

FA8 at 495nm and 280nm respectively.

Table.4.2. Quantity of DOX and FA8 per unit amount of CSP formulation: Table

representing DOX and FA8 concentrations in different CSP based formulations.

S. Formulation Quantity Quantity of DOX Quantity of FA8
No.
(mg) (ng) (ng)
1. Csp 1 - -
2. CcD 1 113 -
3. CFD 1 113 200
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Fig.4.6. Experimental assessment of soluble Folate Receptor expression: Cells were

treated in-vitro with Folate(FA) at a concentration of 100uM for 30 minutes and media was

changed. Lysate was collected from samples at different time points after FA treatment- 0

hour (immediately after media change), 3 hours and 5 hours. Graphs represent

densitometry data for different time points plotted as Average + SEM values of FR1

normalized with corresponding GAPDH values. Blots developed by chemiluminescence

were quantified using Image-J software. Statistical significance with respect to Untreated

control (UT) represented by * where p<0.05-* and p<0.01-**.
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As a further confirmation to our hypothesis, no significant difference in uptake was seen in
uptake of non-targeted system CD whose levels as indicated by Flow cytometry results
remained significantly lower than that of CFD. This observation was also corroborated by
data representing mean area under fluorescence derived from the same set of experiments
(Fig. 4.7, Panel ll). Additionally, this observation was similar to earlier findings where pre-
treatment of FR- overexpressing cancer cells with Folate was found to reduce CFD-
mediated DOX uptake (Elechalawar & Bhattacharya et al.,2019).

In a further bid to compare and connect drug uptake (% cell uptake) with levels of soluble
FR1 on a time course, a correlation was drawn between the two data sets obtained from
experiments on the cell line MOC2 (Fig. 4.8). The first thing we noticed was that the levels
of soluble FR was highest at 30 minutes of FA treatment, declining gradually as time went
by. We found this observation to be in conjunction with published reports on how the
membrane bound folate receptor shifts to its soluble form upon binding its ligand (Folate)
and how it is subsequently recycled back to the membrane over time after it releases its
ligand inside the cell (Fernandez et al.,2018). Parallelly, it was also found using flow
cytometry that CFD uptake was higher in OSCC cells (MOC2) at an earlier time point (3
hours earliest), declining gradually with time (5 hours). What was more interesting is that
the difference between CFD and CD uptake levels was many folds higher at an initial stage
of 3 hours post FA treatment than at a later time point (even though overall uptake for
both CFD and CD had increased. All this indicated clearly that the difference of uptake
between CFD and CD is quite possibly due to a time wise change in levels of circulating FR1
and a consequent change in the dynamics concerning the interaction between FR1 and

folate-based ligand (FAS).
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Fig.4.7. Flow cytometric quantification (comparative) of DOX uptake between Folate pre-
treated and untreated OSCC cells: For pre-treatment Folate was treated at a concentration
of 100 uM for 30 minutes. CSP formulations CFD & CD alongside free DOX were then treated
to cells at a concentration of 6.4uM DOX. Panel I: Graphs represent Average + SEM values
of percent uptake of total population. Panel ll: Graphs represent Average + SEM values of
mean area under DOX fluorescence. Statistical analysis was carried out w.r.t CFD-FA treated
group as control using students t-test where *-p <0.05 & **-p<0.01. Similarly, # is used for

significance w.r.t CFD as control.
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Fig.4.8. FR mediated DOX uptake through membrane bound FR1: MOC2 cells were pre-
treated at a concentration of 100uM for 30 minutes and media was changed. Lysates were
then collected post FA treatment at— 0.5 hours(FA-0), 3.5 hours(FA-3) and 5.5 hours(FA-5).
Western blotting results obtained from lysates (A)were matched with flow cytometry data
for DOX uptake in MOC2 at different time points (B & C). All graphs represent data as
Average + SEM values. Blot images were quantified using Image-J software. Statistical

analysis was carried out wherever applicable using students t-test where *-p <0.05, **-

p<0.01 with UT as control.
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4.5. Targeted CSP (CFD) shows preferential drug uptake over CD and extended retention

over pristine DOX in oral cancer cells:

However, as seen in (Fig.4.9 & Fig. 4.10), percent drug uptake as well as mean fluorescence
area were higher in case of free DOX as compared to targeted formulation CFD. One of the
primary reasons behind this observation would possibly be the fact that free drug enters
cancer cells mostly by diffusion, unlike targeted delivery systems such as CFD, which is
dependent on receptor-ligand interactions for net cellular uptake. Similar observations
were retrieved from Confocal imaging studies on OSCC cells under similar experimental

conditions (Fig.4.11).

However, another set of uptake studies were conducted which were extended up to 24
hours instead of the usual 6 hours treatment for assessing uptake (Fig.4.12). Surprisingly,
it was found that drug retention was more in case of CFD treated cells as compared to cells
treated with free DOX after 24 hours. In fact, we found levels of non-targeted system CD
to be at par with free DOX after 24 hours of treatment. Levels accounted for by CFD

however remained highest across all OSCC cell lines tested.
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Fig.4.9. Flow cytometric quantification (comparative) of DOX uptake in CAL27 and FaDu
cells: CSP formulations CFD & CD alongside free DOX were treated to OSCC cells (1)CAL27,
(I)FaDu. After 6 hours of treatment cells were analysed. Upper panel of graphs represent
data as Average + SEM values of percentage of total. Lower panel of graphs represent data
as Average + SEM values representing mean area under Dox fluorescence along-with
representative histograms. Statistical analysis was carried out using students t-test where
*-p <0.05, **-p<0.01 with UT as control, S- p<0.05 with DOX as control and #- p<0.05, ##-

p<0.01with CD as control.
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Fig.4.10. Flow cytometric quantification (comparative) of DOX uptake in MOC2 and

HEK293 cells: CSP formulations CFD & CD alongside free DOX were treated to OSCC cells

(NMOC2, (I1)HEK293. After 6 hours of treatment cells were analysed. Upper panel of graphs

represent data as Average + SEM values of percentage of total and lower for mean area

under Dox fluorescence along-with representative histograms. Statistical analysis was

carried out using students t-test where *-p <0.05, **-p<0.01 with UT as control, $- p<0.05

with DOX as control and #- p<0.05, ##-p<0.01with CD as control.
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Fig.4.11. Confocal studies to assess DOX uptake in cells: OSCC cells were treated with
different CSP combinations and free drug DOX for 6 hours. DOX fluorescence was
qualitatively assessed in each treatment group. Arrows in bright field images indicate the
position of CSPs inside cells. Panels A, B and C represent images for cell lines FaDu, CAL27
and MOC2 respectively. Panel D represents quantification data for drug fluorescence from
stacked images as quantified by Image J software. Statistical analysis was carried out using
students t-test where *-p <0.05, **-p<0.01 & ***-p<0.001 with UT as control, $- p<0.05

with DOX as control.
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Fig.4.12. Flow cytometric quantification of DOX uptake after 24 hours: CSP formulations
CFD & CD alongside free drug DOX were treated to OSCC cells(A) CAL27, (B)FaDu and
(C)MOC2. After 6 hours of treatment media was changed and cells incubated for an
additional 24 hours before being analysed. Panel I: Graphs represent data as Average + SEM
values of percentage of total. Panel Il: Graphs represent data as Average + SEM values
representing mean area under DOX fluorescence along-with representative histograms.
Statistical analysis was carried out using students t-test where *-p <0.05, **-p<0.01 with

UT (Untreated) as control, S- p<0.05 with DOX as control & #- p<0.05 with CD as control.
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To validate the above results from Flow cytometry studies, confocal imaging studies were
conducted for MOC2 cells treated with CFD as well as pristine drug under similar
experimental conditions (Fig.4.13). Images acquired after 24 hours showed that besides
the drug’s presence in the nucleus, there was substantial amount of drug (seen as red
particles in figure 8) present in the cytoplasm as well as the peripheral regions in case of
pristine drug treatment group (DOX only). On the other hand, most of the drug in case of
CFD treated cells could be seen to be tightly accumulated within the nuclear margin of
cells. Additionally, the drug fluorescence intensity was also found to be much higher within
the nucleus in case of CFD treated cells as compared to only drug treatment group. This
finding bears significance with respect to the fact that Doxorubicin is well-reported as
targeting the nucleus and that exosomes or other eviction mechanisms are often known to
prevent this in case of DOX-resistant cancer cells (Chaikomon et al.,2018; Azmi et

al.,2013).

4.6. DOX loaded targeted CSPs induce cytotoxicity in a cancer cell selective manner

To test cytotoxicity, all cancer cells as well as normal cell line HEK293 were treated with
CSPs and DOX for varied lengths of time and subsequently tested for cell death. Targeted
formulation CFD exhibited significant cancer cell killing across all OSCC cell lines when
compared to untreated control and non-targeted system CSP in MTT Assay (Fig.4.14).
However, when tested under similar conditions on non-cancerous cell HEK293, no
significant cancer cell death was evident. DOX (free drug) exhibited considerable cell death
as expected but targeted system CFD exhibited yet higher levels of cytotoxicity even when
compared to free drug in all OSCC cell lines tested. On the other hand, tests on non-
cancerous cell line HEK293 showed CFD to have higher IC50 values with cell viability being

maintained above 80% across all concentrations of CFD tested.
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Fig.4.13. Study of intracellular DOX localization: MOC2 cells were treated with targeted
CSP formulation CFD and free drug DOX for 6 hours, post which cells were washed and
incubated for 24 hours. (I) Images representative of DOX fluorescence (relative). Arrows
indicate clusters of CFD spheres in cells. (II) Images representative of CFD and DOX
treatment. Arrows indicate CSP clusters. Rings indicate DOX located in cytoplasm and cell
peripheral regions. (Ill) Graph of relative drug distribution for both treatment groups
representative of images from Confocal microscopy (part Il). Confocal images were
qguantified for mean fluorescence (DOX) using Image J software. Statistical analysis was

carried out using students t-test where *-p <0.05, **-p<0.01 with CFD as control.
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Fig.4.14. Cytotoxicity studies on OSCC and normal cell lines: OSCC cells FaDu, CAL27,
MOC2 along-with normal cell line HEK293 were treated with CFD, CD, CSP, FA8 and DOX.
After 48 hours of treatment, MTT assay was performed. Graphs represent data as Average
+ SEM values of percent viability. Statistical analysis was carried out using students t-test

where *-p <0.05, **-p<0.01 with UT as control and $- p<0.05 with DOX as control.
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Subsequent results attained from Flow cytometry based Annexin V-FITC Assay
corroborated with MTT assay results. Briefly, CFD induced significantly higher levels of
apoptosis as compared to untreated control as well as non-targeted formulation CD and
other treated groups (Fig.4.15-a, b, ¢). When it came to being compared with free drug
DOX, levels of apoptosis elicited by CFD were found to be at par (higher in case of CAL27)
even at 24 hours, demonstrating commendable cancer cell death. Additionally, CFD proved
minimally toxic when tested upon normal cell HEK293 with the percentage of apoptotic

cells produced being at par with that in the untreated control group (Fig.4.15-d).

4.7. CFD induces apoptosis via the downregulation of Bcl-2:

DOX is well reported as inducing cell death via both apoptotic and necrotic pathways.
However, it remained to be seen whether CFD induced cell death followed a similar
mechanism as that of free DOX or if it was different. To test this, lysates were collected
from in vitro cultures grown and treated under identical conditions as performed in the
apoptosis FACS experiment and protein levels were assessed for both apoptotic and
necrotic markers. CFD treated samples showed no or very low levels of the popular
necroptotic protein RIP3 while its levels were higher in case of cells treated with free DOX
(Fig.4.18). This indicated that CFD induced cell death was possibly not so much via the

necroptotic pathway as via the apoptotic pathway (de Almagro & Vucic, 2015).

Markers pertaining to the apoptotic pathway of cell death were assessed for any signs of
change in protein levels. Pro-apoptotic marker Bax and anti-apoptotic marker Bcl-2 were
tested for this purpose and it was found that there was considerable downregulation in
levels of Bcl-2 for cell samples treated in vitro with CFD as compared to untreated and CD

treated groups. Interestingly, this observation held true for both FaDu and CAL27(Fig.4.16).
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However, for MOC2 a similar trend was found to be repeated only in case of Bcl-2.

(Fig.4.17).

4.8. Tumour regression study:

In here, 3x10° cells of MOC-2 (Mouse OSCC cell line) were injected subcutaneously into the
right flank of female C57/BL6J mice (5-6 weeks) as per the protocol followed earlier by
Onken et al. (Onken et al.,2014). Tumours of approx. volume 50 mm?3(average) were
observed on the 7th day post tumour cell inoculation. Mice were then randomly divided
into groups and treated with CFD, CD, DOX, CSP & FA8 (5mg/kg Dox drug equivalent)
intraperitoneally for 5 alternate dosings. Tumour size was measured every 2 days with
vernier callipers. Body weight for all treatment groups was also recorded throughout the
study with a gap of 3 days in between. Mice were sacrificed on day 23 post tumour
inoculation. Tumour size was found to be significantly lesser in case of CFD (compared to
Untreated and other control groups) treatment group at the end of the treatment course
(Fig. 4.19b). Tumour sizes for CFD treated mice were also found to be smaller than mice
treated with free drug, with apparent changes being statistically significant as found on the
day of animal sacrifice and tumour collection (Fig. 4.19c). Overall, targeted system CFD
showed maximum tumour-regression among all treatment groups. With regards to body
weight, CFD treated mice showed no statistically significant difference when compared to
untreated mice at the end of the treatment course (Fig. 4.19a). According to earlier studies,

this was an indication of minimal overall toxicity on account of treatment (Boyd, 1968).
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Fig.4.15a. Flow cytometric assessment of CAL27 cell death by Annexin-V Assay: Treatment
was done with CFD (CSP-FA8-DOX), CD (CSP-DOX), CSP (only CSP), FA8 (Folate based
Ligand)) and DOX for OSCC cells FaDu, CAL27, MOC2 along-with normal cell line HEK293.
After 24 hours of treatment cells were collected by trypsinization and analysed by Flow
Cytometry after staining with Annexin V-FITC and Propidium lodide (PI) as per protocol.
Graphs represent data as Average + SEM values of percent apoptotic cells. Statistical
analysis was carried out using students t-test where *-p <0.05, **-p<0.01, ***-p<0.001 with

UT as control, S- p<0.05 with DOX as control and #- p<0.05 with CD as control.
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Fig.4.15b. Flow cytometric assessment of MOC2 cell death by Annexin-V Assay:
Treatment was done with CFD (CSP-FA8-DOX), CD (CSP-DOX), CSP (only CSP), FA8 (Folate
based Ligand)) and DOX for OSCC cells FaDu, CAL27, MOC2 along-with normal cell line
HEK293. After 24 hours of treatment cells were collected by trypsinization and analysed by
Flow Cytometry after staining with Annexin V-FITC and Propidium lodide (Pl) as per
protocol. Graphs represent data as Average + SEM values of percent apoptotic cells.
Statistical analysis was carried out using students t-test where *-p <0.05, **-p<0.01, ***-

p<0.001 with UT as control, $- p<0.05 with DOX as control and #- p<0.05 with CD as control.
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Fig.4.15c. Flow cytometric assessment of FaDu cell death by Annexin-V Assay: Treatment
was done with CFD (CSP-FA8-DOX), CD (CSP-DOX), CSP (only CSP), FA8 (Folate based
Ligand)) and DOX for OSCC cells FaDu, CAL27, MOC2 along-with normal cell line HEK293.
After 24 hours of treatment cells were collected by trypsinization and analysed by Flow
Cytometry after staining with Annexin V-FITC and Propidium lodide (PI) as per protocol.
Graphs represent data as Average + SEM values of percent apoptotic cells. Statistical
analysis was carried out using students t-test where *-p <0.05, **-p<0.01, ***-p<0.001 with

UT as control, S- p<0.05 with DOX as control and #- p<0.05 with CD as control.
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Fig.4.15d. Flow cytometric assessment of HEK293 cell death by Annexin-V Assay:
Treatment was done with CFD (CSP-FA8-DOX), CD (CSP-DOX), CSP (only CSP), FA8 (Folate
based Ligand)) and DOX for OSCC cells FaDu, CAL27, MOC2 along-with normal cell line
HEK293. After 24 hours of treatment cells were collected by trypsinization and analysed by
Flow Cytometry after staining with Annexin V-FITC and Propidium lodide (PI) as per
protocol. Graphs represent data as Average + SEM values of percent apoptotic cells.
Statistical analysis was carried out using students t-test where *-p <0.05, **-p<0.01, ***-

p<0.001 with UT as control, $- p<0.05 with DOX as control and #- p<0.05 with CD as control.
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Table.4.3. Comparison of apoptotic effect between CFD & CD: Table represents the
percentage of apoptotic cells in each cell line induced by targeted formulation CFD and

non-targeted formulation CD.

S.No. Cell line Percentage of apoptotic cells
CFD CcDh
1. FaDu 40.2 315
2 CAL27 93.5 46.1
3 MOC2 43.7 33.5
4 HEK293 5 8.5

Table.4.4. Variation of CFD induced apoptosis across OSCC cell lines: Table represents

percentage of each cell subpopulation for individual OSCC cell lines post CFD treatment.

Cell subpopulation OSCC cell lines

FaDu CAL27 MOC2
Apoptotic 40.2 93.5 43.7
Necrotic 0 1.1 32.9
Live 59.9 5.4 234

118



Chapter 4 Results

(A) FaDu (B) CAL27

uTt CFD CcD DOX uTt CFD CcD DOX

Actin i
D P 20 T e ——

Bax s SEER wm e

21kDa BaX o ———
A ¥ " - —T—— - v‘:—
2 g R se 2 R TR RS
Bax/Bcl2 1 1.76  1.52 2.27 Bax/Bcl2 1 2.18 149 157
3 FaDu 3 CAL27
2.5 A 25
2 - 2
o o
@ S
s VS S1s
a 3 :
1 - 1]
0.5 0.5
0 - o 4

cD DOX

cD DOX

Fig.4.16. Western blotting for apoptotic pathway associated proteins Bax & Bcl-2: OSCC
cells (A)FaDu and (B) CAL27 were treated in vitro with CSP formulations CFD(CSP-FA8-DOX)
and CD(CSP-DOX) besides free drug DOX (6.4 uM). After 24 hours of incubation lysates were
collected for Immunoblotting. Graphs represent levels of pro-apoptotic protein Bax
normalized against levels of the anti-apoptotic protein Bcl-2 (individually normalized
against house-keeping protein B-Actin). Data has been represented as Average + SEM
values. Blots were quantified using Image-J software. Statistical significance with respect to
Untreated control represented by * where p<0.05-* and p<0.01-** , $- p<0.05 with DOX as

control & #- p<0.05 with CD as control.
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Fig.4.17: Western blotting for estimation of Bcl-2 expression in MOC2 cells: MOC2 cells
were treated in vitro with CSP formulations or free DOX (equivalent to 6.4 uM DOX) and
after 24 hours lysates were collected for Immunoblotting. Graphs represent levels of anti-
apoptotic protein Bcl-2 (normalized against B-Actin). Data is represented as Average + SEM
values.
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Fig 4.18: Western blotting for assessment of DOX induced necrosis: FaDu cells were
treated in vitro with CSP formulations and free DOX (equivalent to 6.4 uM DOX) and after
24 hours lysates were collected forimmunoblotting. Graphs represent levels of necroptotic

marker RIP3 (normalized against B-Actin). Data is represented as Average + SEM values.
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Fig.4.19a. CFD proves as maximally effective with no apparent toxicity: Plot (A) shows the
change in tumour size (group size) as recorded over the course of treatment (Day O to Day
16. Plot (B) on the other hand shows change in body weight for the same treatment groups,
with no toxicity evident in targeted delivery group. Statistical significance was evaluated
using Students t-test where *-p<0.05 with Untreated group (UT) as control and $- p<0.05

with DOX as control.
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Fig.4.19b. CFD stalls tumour growth at an early stage of treatment: Graph (A) represents
statistically significant change in CFD treated tumour size on day 16 (last day of dosing) as
well as the inter-group tumour size difference on a dose-to-dose basis. Graph (B) shows the
same data but only as representative of day 16. Statistical significance was evaluated using

Students t-test where *-p<0.05.
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Fig.4.19c. CFD treatment has long standing therapeutic effect: MOC2 cells were inoculated
(1 million per animal) subcutaneously in 4 weeks old female C57/BL6J mice. Treatment was
started on day 8 (post tumour inoculation). Intraperitoneal injections (5 mg/kg Drug
equivalent) for CFD (CSP-FA8-DOX), CD (CSP-DOX), CSP (only CSP), FA8 (Folate based Ligand)
and DOX were administered intraperitoneally for 5 dosings on alternate days. Above Image
represents tumour size difference as seen at the end of treatment course on day 23 post
tumour inoculation. Statistical significance was evaluated using Students t-test where *-

p<0.05 with Untreated group (UT) as control.
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4.9. Western blotting experiments with MOC2 tumour lysates:

Subcutaneous tumours induced in mice were harvested after animal sacrifice and lysed for
the purpose of carrying out western blotting experiments. Even though E-Cadherin levels
showed no significant upregulation in treatment group CFD, a concomitant
downregulation in levels of Vimentin was found in CFD treated samples, indicating a
possibility of EMT reversal induction (Fig.4.20). This corroborates from earlier reports on
Vimentin and its involvement in EMT (Bonavida & Baritaki,2011). Cleaved caspase-3 is a
well-reported marker for apoptotic cell death (Porter & Janicke,1999). Immunoblotting
studies for this pro-apoptotic marker revealed higher expression levels in CFD treated

samples as compared to the untreated control tumours.
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Fig.4.20. Western blotting for study of markers associated with EMT and apoptotic
pathways in tumour lysates: MOC2 induced tumours inoculated subcutaneously in C57
mice were harvested treatment group-wise at the end of treatment schedule and lysed to
obtain protein samples for Western blotting. Blots were immunoprobed for EMT associated
markers E-Cadherin and Vimentin. Additional blotting was also performed for Cleaved
caspase-3, a confirmatory marker associated with the apoptotic pathway. All blots were
normalized against corresponding immunoblot of B-Actin. Graphs represent levels of
particular proteins as Average + SEM values. All blot images were quantified using Image-J
software. Statistical significance with respect to Untreated control represented by * where
p<0.05-*. Similarly, S denotes p<0.05 with DOX as control & # denotes p<0.05 with CD as

control.
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4.10. Histopathology based toxicity studies:

3x10° cells of MOC-2(Mouse OSCC cell line) were injected subcutaneously into the right
flank of female C57/BL6J mice (5-6 weeks). Tumours of approx. volume 50 mm?3(average)
were observed on the 7th day post tumour cell inoculation. Mice were then randomly
divided into groups and treated with CFD, CD, DOX, CSP & FA8 (5mg/kg DOX drug
equivalent) intraperitoneally for 5 alternate dosings. Tumour size was measured every 2
days with vernier callipers. Mice were then sacrificed on day 23 post tumour inoculation
and organs, namely the heart, liver, kidney and spleen were taken out and fixed with 4%
paraformaldehyde. Post fixation organs were preserved in 1X PBS containing 20% glycerol
till embedding them in paraffin blocks and obtaining sections using a Microtome. Upon
observation, signs of myocardial vascular degeneration as well as some thickening in the
middle layer of the coronary artery were found in the heart tissue samples of DOX treated
mice (Fig.4.21). Also, mild vacuolar/fatty degeneration of the coronary artery was
observed in myocardium of heart for CD treated mice. In contrast, heart tissue from CFD
treated mice was found to have normal morphology of the myocardium. Regarding the
other organs observed, no apparent sign suggesting any loss of micro-architecture or
perturbation in tissue structure could be observed across all the treatment groups.
Notably, multifocal tumour emboli consisting of clusters of neoplastic cells could be

observed in sections of liver from CD and DOX treated groups.
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Fig.4.21. Organ histopathological studies for tissue toxicity: Above panel represents H&E
(Haematoxylin and Eosin) stained images of different organ sections belonging to heart,
kidney, liver and spleen. Images were taken under 100X and 200X magnification as
required. Red arrow in the image representing Heart section of DOX treatment group

shows myocardial vacuolar degeneration.
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4.11. Assessment of DOX uptake in whole tumours and TAMs:

Subcutaneous tumours induced in mice were isolated fresh after sacrificing tumour bearing
mice and were subsequently broken down by using Collagenase 1 to obtain a uniform
suspension. Whole tumour cell suspensions were thus assessed via Flow Cytometry for the
qguantitation of drug (DOX) uptake. Drug uptake was found to be higher in case of CFD
treated tumours as compared to DOX or CD treated groups (Fig.4.22-A). Subsequently the
separation of CD11b positive (rich in TAMSs) cell population from tumours was done and a
comparative assessment of drug uptake was done between the CD11b-positive and
negative cell populations. We found that DOX uptake was higher in the TAM-inclusive
CD11b positive cell population, indicating significant uptake of the targeted system within

the target stromal population (Fig. 4.22-B).

To assess and confirm the degree of FR expression on TAMs so isolated from murine
tumours, a Flow cytometry-based receptor level quantitation was performed. Sufficient
shift in fluorescence was detected after staining TAMs with FR-targeted antibody, which
indicated substantial levels of FR expression on TAMs isolated from tumours. This also
confirmed that the entry of drug was undoubtedly occurring via the Folate receptor

(Fig.4.22-C).
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Fig.4.22. Flow Cytometry for drug quantitation in TAMs: MOC2 induced tumours from
C57 mice were harvested treatment group-wise on the 10t day post tumour inoculation
(after 2 treatment schedules or dosings) and broken down into single cell suspensions that
could be processed for flow cytometry. Graphs represent mean area for fluorescence as
Average + SEM values. Statistical significance with respect to (A) CD and (B) Non-TAM
population is represented by * which denotes that p<0.05. (C) Graph representing FR
expression profile for TAMs isolated from murine tumour. ** represents statistical

significance at p<0.01.
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4.12. Assessment of TAM downregulation in the OSCC tumour microenvironment:

Subcutaneous tumours induced in mice were isolated fresh after sacrificing tumour bearing
mice and were subsequently broken down by using Collagenase 1 to obtain a uniform
suspension. Whole tumour cell suspensions were thus assessed via Flow Cytometry for the
guantitation of TAM associated markers CD80, CD163, CD68 and CD206(Fig 4.23). For ease
of assessment, calculations were performed for relative ratios of CD80(anti-tumoural) to
CD206(pro-tumoural) and CD68 to CD163(both pro-tumoural). CD80/CD206 ratio in CFD
treated group was found to be significantly higher than untreated group UT. At the same
time, the CD68/CD163 ratios were higher for all treatment groups when compared to UT.
Individually, CD80(M1 marker) expression was significantly higher in case of CFD group
when compared to control group UT while for DOX treated group such was not the case
(Fig.4.24-A). At the same time, CD163(M2 marker) expression was the lowest (statistically
significant) only in case of CFD treated group and not for pristine DOX treatment (Fig.4.24-
B). Since it has already been proven that it is possible to attenuate cancer aggressiveness
by remodelling the TME, especially via the downregulation of CD206-positive markers, the

findings from this particular experiment were encouraging (Tu et al.,2020).
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Fig.4.23. Flow Cytometry based quantitation of TAM specific markers: MOC2 induced
tumours from C57 mice were harvested treatment group-wise on the 10" day post tumour
inoculation (after 2 treatment schedules or dosing’s) and broken down into single cell
suspensions that could be processed for flow cytometry. Cd11b-positive TAM population
was isolated from tumoural cell suspensions using CD11b-coated magnetic beads (Miltenyi
Biotech) and assessed for expression levels of four TAM markers- CD80, CD206, CD68 and

CD163(histograms).
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Fig.4.24. Flow Cytometry based quantitation of M2 TAM-associated markers: Tumours
were harvested treatment group-wise at the end of treatment schedule and broken down
into single cell suspensions that could be processed for flow cytometry. TAM positive
population was assessed for (A) CD80 and CD206 (B) CD68 and CD163 using fluorescently
tagged antibodies. Graphs represent mean area for fluorescence as Average + SEM values.
Statistical significance with respect to Untreated control represented by * where p<0.05

and S where p<0.05 with DOX as control.
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4.13. Protein level studies to confirm treatment effects on TME:

Subcutaneous tumours induced in mice were harvested after animal sacrifice and lysed for
the purpose of carrying out western blotting experiments. In order to re-confirm the
findings pertaining to Flow cytometry data for TAM markers, immunoblotting was
performed for TAM markers CD80 and CD206. In this regard, CD80-positive macrophages
are known to be an essential player to orient the TME towards an anti-cancer state (Chang
et al.,2007). In concert with our flow cytometry data (Fig.4.25), CD80 levels were found to
be highly upregulated in CFD treated mouse tumours when compared to other groups.
Again, akin to Flow cytometry data, CD206 levels were found upregulated across all groups
except CFD when compared to untreated samples. However, notably, upregulation in

CD206 was negligible in CFD treated samples as compared to CD and DOX treated tumours.
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Fig.4.25. Western blotting for M1 marker CD80 and M2 marker CD206 in tumour lysates:
MOC2 induced tumours inoculated subcutaneously in C57 mice were harvested on 20™" day
post tumour inoculation and lysed. Blots were immunoprobed for TAM markers CD80 and
CD206. All blots were normalized against corresponding immunoblot of B-Actin. Graphs
represent levels of particular proteins as Average + SEM values. All blot images were
guantified using Image-J software. Statistical significance with respect to Untreated control
represented by * where p<0.05, S where p<0.05 with DOX as control and # where p<0.05

with CD as control.
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4.14. Western blotting to probe possible mechanism behind tumour cell and TAM

attenuation:

Subcutaneous tumours induced in mice were harvested after animal sacrifice and lysed for
the purpose of carrying out western blotting experiments. iNOS levels were found
significantly downregulated in CFD treated tumours as compared to untreated control.
Upregulation was noted in TNF a levels in CFD treated lysates but not as much as in case
of CD and DOX treatment groups (Fig.4.26). Protein level for p53 in case of CFD treated
group was found to be significantly downregulated with respect to untreated tumour
group. This finding in particular was interesting in view of the fact that stable p53
expression (protein level) in cancers mutated for this gene is often indicative pro-cancerous
conditions owing to possible gain of function (Soussi & Lozano,2005). Additionally, such
GOF mutations may even work in concert with elevated iNOS expression to aid in cancer

progression (Yang et al.,2015).
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Fig.4.26. Western blotting for TNFa and iNOS in tumour lysates: MOC2 induced tumours
inoculated subcutaneously in C57 mice were harvested treatment group-wise at the end of
treatment schedule on 20" day post tumour inoculation and lysed to obtain protein
samples for Western blotting. Blots were immunoprobed for EMT associated markers iNOS
and TNFa as well as tumour suppressor protein p53. All blots were normalized against
corresponding immunoblot of B-Actin. Graphs represent levels of particular proteins as
Average * SEM values. All blot images were quantified using Image-J software. Statistical
significance with respect to untreated control (UT) is represented by * which denotes that

p<0.05 and $ where p<0.05 with DOX as control.
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4.15. Spheroid based ex-vivo studies for assessment of drug uptake:

Tumour spheroids were cultured for this particular experiment as it is a dependable ex-
vivo platform and faithfully recapitulates in vivo tumour size regression experiments as
well as drug uptake results without sacrificing experimental animals and also within a much
shorter span of time (Ref). In this case, spheroids were assessed for drug uptake by Flow
cytometric quantitation. For FaDu spheroids, uptake of CFD was found to be slightly less
than that of DOX in 24 hours (Fig.4.27). However, drug uptake in CFD treated spheroids at
24 hours was still significantly higher than in case of those treated with non-targeted
formulation CD. However, result of uptake studies at 48 hours showed comparable drug
uptake between CFD and DOX treated spheroids with greater shift when compared to CD.
However, this same experiment was also repeated in loose spheroids of aggressive mouse
OSCC cell line MOC2 where CFD uptake was found to be much higher than CD but at the
same time lower than that of free drug treated spheroids. Also, for both FaDu as well as
MOC2, it was found that the uptake of drug reduced between 24 hours and 48 hours in
case of DOX treated group while this depreciation was comparatively less for CFD treated

spheroids.

FaDu spheroids were also cultured the same way and treated for uptake post which they
were fixed and observed under the confocal microscope after 6 hours. Uptake of Dox was
surprisingly found to be slightly higher in the CFD treated spheroids as compared to DOX
treated spheroids. However, uptake in CD treated 3D spheroids was lower than CFD
treated ones but almost at par with those treated with pristine drug. These results more
or less corroborated with our flow cytometry results based on the same experimental

outline (Fig.4.28).
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Fig.4.27. Flow Cytometry for quantitation of drug uptake in spheroids: MOC2 and FaDu

spheroids were treated on day 3 post seeding and harvested at two time points, 24 hours

and 48 hours post treatment. Graphs represent mean area under fluorescence as Average

+ SEM values. * denotes p<0.05 w.r.t UT, S denotes p<0.05 w.r.t DOX and # denotes p<0.05

w.r.t CD.
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Fig.4.28. Confocal Imaging for qualitative assessment of drug uptake in FaDu spheroids:
FaDu spheroids were treated on day 3 post seeding and harvested 6 hours post treatment.
Spheroids were fixed with paraformaldehyde and mounted under coverslips on glass slides
to produce permanent slides. Imaging was done under 20X magnification under two filters.
Images represent various treated spheroid groups and their fluorescent images pertaining

to DOX associated signal.
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4.16. Study for assessment of treatment effects on ex-vivo cultured spheroid size:

Spheroids were treated in the same way as in case of spheroid based drug uptake studies
and assessed via brightfield microscopy for changes in size or volume at 24 hours and 48
hours’ time points. In case of FaDu, CFD treated spheroids were found to have significantly
reduced size when compared to untreated group within 24 hours. While there wasn’t much
difference in size for CD treated group(non-targeted), DOX treated spheroids showed size
depreciation as well, even though not statistically significant. At the 48 hours’ time point
we found statistically significant size depreciation for both CFD and DOX treated spheroids.
In case of MOC2, the overall spheroid structure as well as size were found to be significantly
altered after 24 hours of CFD treatment and this effect was still found to be persistent even
at the 48 hours’ time point. Once again, CD treated spheroids showed very little change in

size which did not amount to being statistically significant (Fig.4.29).
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Fig.4.29. Bright field imaging for size regression analysis in 3D tumour spheroids: FaDu

and MOC2 spheroids were treated on day 3 post seeding and imaged under 10X

magnification 24 hours and 48 hours post treatment. Images were analysed using Image J

software for spheroid size(volume) assessment. Graphs represent volume readings in um3

where statistical significance has been calculated with respect to untreated control UT

where * represents p<0.05. # denotes p<0.05 where CD is control.
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The usual course of treatment for OSCC in the clinical setting has mostly included surgical
resection of the primary tumour to get rid of further progression and facilitation of disease-
free survival (Shah & Gil,2009). But with time the nature of oral cancer, its genesis as well
as repercussions in affected individuals have evolved, paving the path for multiple
therapeutic approaches like radiotherapy, surgery, chemotherapy as well as combinations

of these modalities.

Oral cancer is highly resistant to therapy and very difficult to diagnose, especially in its early
stages (Zhang & Li,2023). One of the reasons behind this is the inherent ability of cancer
cells to expel drugs or chemotherapeutic moieties using a variety of different mechanisms.
The inability of drugs to be retained over extended time periods in cancer cells often poses
a challenge to achieving long standing therapeutic outcome (Liu, 2009). Targeted
chemotherapy making use of nanosized molecules or nano-sized delivery systems often
tend to address the issue of drug retention by means of EPR or Enhanced Permeability and
Retention, a phenomenon that allows passive circulation of nanosytems to the tumour site
and its adjoining areas (Shi et al.,2020). This mostly happens either on account of the leaky
vasculature possessed by these tumour sites or due to a lack of sufficient lymphatic
draining which allows higher retention. MDR or Multi Drug Resistance arises due to
multiple reasons. However, some of the primary ones are those that directly affect drug
activity, namely the influx and efflux of drugs or small molecules at the tumour site. Most
of the time these movements are under the control of membrane transporters like Pgp
(Loscher & Potschka,2005). Ever since their discovery, these transporters have been

deeply studied so as to develop them as druggable targets. As a result, there are currently
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a host of drugs at our disposal which target these transporter proteins and thus effectively
serve as efflux inhibitors (Amin, 2013). However, the other way this issue may be
addressed is by means of site-targeted delivery as achieved by methods such as receptor
targeted delivery. There have been multiple studies on drug retention and its targetability
using inherently fluorescent molecules like Anthracyclines (Krishan et al.,1987). Most of
these studies have tried to take advantage of the EPR effect by modulating the size, shape
or other morphometric characteristics of the nano-sized delivery systems for effective
delivery and subsequent retention (Zhuo et al., 2018). Some of these studies have reported
the use of click reaction-based systems that are amenable to modification in size and
structure when applied with an appropriate stimulus (Han et al.,2017). On the other hand,
there are studies that elaborate on the advantages of nanodelivery systems that can
circumvent or avoid efflux pumps such as those present in the cell membrane to achieve
improved drug retention (Ma & Mumper,2013). In this context literature review brought
up have come across multiple studies that have detailed the elegant workings of such
therapeutic molecules that manage to be retained on account of their surface
functionalizations and other chemical or physical modifications (Osman et al.,2022). It is
common knowledge that drugs like Doxorubicin enter cells by means of diffusion. This
means their entry is smooth but at the same time, they are subject to being evicted by
membrane-based efflux pumps like Pgp (Kim et al.,2020). On the other hand, the same
molecule when modified or conjugated to a targeted system is taken up by cells by means
of the endocytic pathway, marking a major way in which they are subsequently sorted once
within the cell (Ma & Mumper,2013). Endocytosis also provides these delivery systems
immunity from efflux pumps and transporter proteins (Goren et al.,2000). One particular

work involved the use of a modified nanodelivery system that reduced or scavenged the
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tumour site of GSH(Glutathione), thus effectively chemosensitizing the cancer cells while
serving the purpose of photoacoustic imaging (Yang et al.,2020). In the context of the
current work, we did manage enhanced DOX retention (Fig. 4.12). This was possibly
because of Folate Receptor mediated endocytosis which surely must have gained
advantage over efflux transporters that otherwise render these cancer cells resistant.
However, a deeper understanding of the exact mechanism or the particular efflux effectors
that may have been involved has not yet been entirely delineated and would provide for
more detailed investigation in the future. There was enough evidence showing higher
retention of DOX for longer periods of time when delivered via the FR, affecting tumour
cells and TAMs alike. This finding also matches with the observation of previous authors

who have outlined a clear correlation between longer retention and evasion of drug efflux.

5.1. Targeting FR in oral squamous cell carcinoma

The aim of the current work was to develop a delivery system that would faithfully carry
drug payload specifically into cancer cells. The receptor chosen to target is the FR which
was initially discovered as a ubiquitous target for the delivery of agents that were
otherwise difficult to deliver to the interior of cells (Lu et al.,2002). The idea of conjugating
such molecules or other payloads to a naturally sourced Vitamin molecule was like striking
gold in its initial stages, especially when it achieved successful delivery even to plant cells
(Low et al.,2008). However, further studies soon revealed that the FR was overexpressed
on cancer cells as well as cells in a variety of diseased conditions (Hilgenbrink & Low,2005).
This made FR a popular choice for targeted delivery to cancer cells as well as tumour
associated macrophages (TAMs) (Nagai et al.,2009). The Folate based cationic lipid

reported previously was shown to have higher affinity for the FR as compared to the
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natural ligand Folate (Elechalawar et al.,2017). Targeted drug delivery was achieved using
glucose-based carbon nanospheres in melanoma and grade-4 glioma besides TAMs, which
express FR. A variety of nano formulations are used for the diagnosis and therapy of oral
cancer. These include liposomes, polymeric nanospheres/nanocapsules, nanocrystals,
dendrimers, gold and magnetic nanoparticles etc. For treatment of oral cancer,
mesoporous silica nanoparticle with DOX, co-encapsulated with other drug, or chitosan
nanoparticle loaded with levulinic acid derivative targeted through FR have been tested on
animal models of OSCC (Wang et al.,2018; Lim et al.,2018). Together with the
heterogeneity of cancer types in oral cavity and the difficulty in attaining high local
concentration of drug in the diseased sites, it is paramount to look for delivery systems
that offer the advantage of dual targetability. In glucose based nanospheres (CSPs) the
negatively charged surface carries multiple carboxylic anions formed from glucose moieties
which render it selectively accessible to cancer cells having relatively higher expression of
sialic acid moiety. Adsorbed folate cationic lipid on CSP provides this extra selectivity to
target and deliver higher concentration of drug cargo to cancer cells. This ensured minimal
accumulation of drug in non-cancerous areas, thus reducing potential collateral damages,
as is evidenced by higher accumulation of CFD compared to pristine DOX at a given time

point within OSCC cells (Fig. 4.13).

FR targeted delivery was proven in this work by receptor attenuation studies (Fig. 4.7).
However, higher concentration of folate (100 um was required, indicating a strong affinity
possessed by our Folate based ligand FA8 for the Folate receptor. We are aware of the
phenomenon of FR circulation between the cell surface/membrane and the cytoplasm
(Hilgenbrink et al.,2005). FR is initially present as a membrane bound glycoprotein which

upon binding to a suitable ligand dislodges from the membrane and enters the cell via an
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endocytic pathway. Upon entry into the cell, it releases its cargo and the free receptor is
re-circulated to the cell surface where it proceeds to bind a greater number of ligand
molecules. For western blotting studies the buffer used for in vitro lysate collection was
Laemmli. Laemmli buffer is not well suited for the extraction of membrane bound
glycoproteins, suggesting that whatever protein levels of FR were detected most likely
corresponded to the freely circulating FR isoform (Gurnett et al.,1996). Subsequent
blotting studies revealed a spike in the levels of FR immediately within 30 minutes of Folate
treatment. These levels were then gradually seen to wane off within a few hours, indicating
that it had possibly been recycled back to the cell surface. This was a probable indication
that targeted delivery system CFD would be endocytosed rapidly once it faced the surface
FRs on cancer cells leading to robust uptake followed by recycling in less than 6 hours.
Levels of FR expression as a function of folate exposure conducted on a time scale study,
revealed interesting facts. Regulation of soluble FR1 levels post-folate treatment in FaDU
and MOC2 were different than CAL27 but exhibited much higher levels than that in non-

cancer cell, HEK293 (Fig. 4.6). This indicated FR-targeted entry of CFD in OSCC cells.

5.2. Further benefits of FR targeted therapy

When it comes to targeted therapy, its crucial to understand how such systems would
enter cells and how effective payload delivery would be. There is a comprehensive review
article providing detailed insight on the use of endocytic mechanisms for targeted delivery
(Bareford & Swaan,2007). Based on their findings from literature, the authors argue that
targeted delivery which follows uptake and internalization along the endo-lysosomal
pathway hold great promise for disease specific therapies that can deliver cargo in a

directed manner to specific compartments or sites of the cell. Receptors such as the Folate
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receptor are present on the membrane and upon binding a high affinity ligand are
endocytosed in vesicles that carry the delivery system inside till it is broken down by endo-
lysosomal formations for effective release of cargo (Sabharanjak & Mayor,2004). This way,
the therapeutics are saved from eviction by efflux pumps or transporters as well. Such
approaches hold great potential for illnesses that suffer from drug resistance, including

cancer.

In this case, uptake of the targeted system is via the caveolin mediated endocytic pathway
(as is reported for Folate based entry) where the caveosome, a type of late endosome,
releases its cargo and the free receptor is recycled back to the surface (Suen & Chau,2014).
Results from receptor internalization studies corroborated with these findings and
supported the model of FR mediated targeted drug uptake (Fig. 4.6; Fig. 4.8) Further, Zhang
et al. have highlighted the importance of molecular interactions between targeted nano-
delivery systems and membrane components for achieving better cellular uptake (Zhang
et al.,2021). In the particular context of the folate receptor, the authors explain how FR, a
glycoprotein, interacts with a suitable ligand or therapeutic entity and allows for its
internalization and subsequent rapid disintegration for efficient release of therapeutic
payload. However, the question that remained was whether targeted nanotherapeutics

could evade or resist MDR.

An elaborate review on this topic has been published by (Xue et al.,2020). The authors
have stressed upon advantages such as narrow size distribution, evasion of efflux pumps
and longer circulation as well as higher accumulation in target site for targeted
nanoparticles which provide them therapeutic advantage over standard approaches. Since

designated Pgp inhibitors and similar molecules have certain known disadvantages, use of
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alternative methods like siRNAs, antisense oligos or photodynamic therapy seems to be a
better choice. In this regard, Kim et al. reported a targeted therapy module where they
have elegantly incorporated the use of a microbubble-nanoparticle combinatorial
platform. This system was shown to successfully deliver drug payload on the basis of
micellar delivery whereupon photodynamic therapy induced release of Ce6 which
incapacitated ABCG2 efflux pumps, allowing the efficient release and accumulation of
Doxorubicin payload by nanoparticles at the target site (Kim et al.,2020). In another case,
Yuan et al. authored a review on nanotherapeutic approaches to reversing MDR in resistant
breast cancer (Yuan et al.,2017). Xu et al. reported the successful use of SLNs (solid lipid
nanoparticles) for delivering Paclitaxel efficiently to drug resistant breast cancer cells (Xu
etal.,2018). The authors elegantly demonstrated that SLN mediated drug uptake was much
higher in resistant cells due to probable evasion of efflux pumps and they also verified
endocytic uptake mechanisms by using specific inhibitors for Clathrin and Caveolin
mediated endocytosis (Suen et al.,2014). However, at the end they have also concluded
that whether the endocytic pathway followed by SLNs in case of resistant and sensitive
cells is the same or different is not entirely clear and requires further investigation. In spite
of relatively discouraging reviews so far, Efflux inhibitors are also being used by some
investigators in conjunction with standard chemotherapeutics on a targeted delivery
platform (Dong et al.,2019). In this study, Confocal scanning microscopy imaging of treated
cells revealed that within cells treated with pristine DOX, drug shifted from the nuclear
region to the cytoplasm and cell peripheral areas. Contrastingly, cells treated with CFD
showed higher retention of drug within the nucleus (Fig. 4.13). This indicated the systems
potential to resist the usual drug removal/eviction mechanisms make effective

chemotherapy a challenge for multiple drugs, including DOX.
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Distant metastasis in OSCC is quite common, even though it has been noted to happen in
cases of late or advanced tumour growth. Metastasis in OSCC may lead to secondary
tumours as well as primary tumours at distant sites. A patient cohort study conducted in
2016 showed the different sites in the body where metastasis from HNSCC may occur.
Other than the lungs, distant metastasis was found to attack the heart, a variety of bones
in the body, and the brain as well. However, apart from the knowledge of the spreading
pattern of metastatic oral cancer, it is crucial to have an understanding of the underlying
molecular biology as well. A review article on this matter explains how EMT is important
for local recurrence as well as lymph node mediated distant metastasis (Toll et al.,2013).
EMT is basically of 3 types-type 1, type 2 and type 3 where type 3 corresponds to the kind
that contributes to cancer growth and progression. Among the primary molecular targets
of EMT in oral cancer are E-cadherin, Vimentin, SNAIL, ZEB and TWIST (Joseph et al.,2018).
Hence for the current study, E-cadherin and Vimentin levels were assessed in in-vivo
samples or tumour lysates (Fig. 4.20). Additionally, a detailed review article by Ling et al.
was found which documents how the tumour microenvironment also has a direct role in
EMT occurrence (Ling et al.,2021). The TME as is known comprises of an array of stromal
elements. Ling et al. have stressed on the role of such major members of the OSCC TME-
the CAFs (Cancer Associated Fibroblasts) and TAMs (Tumour associated Macrophages). M2
pro-tumoural TAMs as well as M1 TAMs and their possible involvement in the entire

process of EMT and tumour growth have been discussed later in this report.

5.3. Overcoming drug resistance for induction of cancer cell apoptosis

Doxorubicin is popularly known to induce apoptosis by overriding anti-apoptotic signals in

cancer cells (Fiandalo & Kyprianou,2012). Cancer cells often exhibit chemoresistance as a
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result of dysregulation in the balance between pro-and anti-apoptotic markers. It is quite
common to find tumours that have upregulated expression of anti-apoptotic proteins such
as Bcl-2, coupled with (not always) a concomitant downregulation of pro-apoptotic
proteins like Bax (Cho et al.,2006). Oftentimes, such perturbations in the apoptotic balance
are due to mutations in proteins that are part of either the intrinsic or extrinsic apoptotic
pathways. This makes targeted therapies aimed at such dysregulated proteins a lucrative
therapeutic option, especially in case of chemoresistant cancers that also harbour mutated
tp53 (Radha & Raghavan 2017). The targeted system discussed here carries a cytotoxic
molecule and hence it was logical that one should expect some activation of the apoptotic
pathway (Christidi & Brunham,2021). However, this would require downregulation of Bcl-
2, which would otherwise promote further genetic dysregulation and unchecked cellular
proliferation to give rise to highly invasive cancer. This would be also be relevant especially
considering the fact that the cell lines used in this study are all reportedly mutated for tp53
and also exhibit characteristic signs of DOX chemoresistance. When it comes specifically to
oral squamous cell carcinoma, Bcl-2 overexpression has been recorded in multiple reports
using 2D cultures or animal models of OSCC (Duan et al.,2017). However, there is a lot of
disparity when it comes to comparing these observations with findings regarding clinical
samples, where a large portion consistently shows high expression levels of Bax and Bcl-2
expression levels vary to a huge degree, making matters largely inconclusive (Jordan et
al.,1996). Interestingly, the work reported by Pratt et al. discusses the regulation of Bcl-2
expression by mutated tp53 in Estrogen Receptor positive breast cancer cells, pointing out
that stable expression of the mutated p53 caused moderately higher levels of Bcl-2
production while adenovirus mediated overexpression of wild type tp53 caused

downregulation of Bcl-2 expression (Pratt et al.,2007). Yet another study by Emi et al.
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discusses the therapeutic outcome of targeting Bcl-2 in breast cancer cells (Emi et
al.,2005). The authors elegantly demonstrated how downregulation of Bcl-2 with antisense
constructs increased their chemosensitivity to a host of different drugs (Yamanaka et
al.,2005). In one study on the effects of tea tree oil (TTO), Ramadan et al. studied two types
of cells, malignant melanoma and squamous cell carcinoma of the liver (Ramadan et
al.,2019). The authors treated these cells with TTO and found a resultant increase in
expression levels of tp53 and Bax accompanied by an attenuation of Bcl-2 protein levels.
Teni et al. did an expression analysis for Bcl-2 and Bax in clinical samples of chewing
tobacco induced OSCC using patient samples for diseased tumour tissue as well as lesions.
They found irregularities in Bcl-2 expression but a majority of the samples had mutations
in one or more of this particular set of genes-Bax, Bcl-2 and tp53, clearly outlining their
importance in the context of the disease and its implications (Teni et al.,2002). Arumugam
et al. have briefly reviewed the expression status of Bcl-2 in oral squamous cell carcinoma
in patient samples and the prospects of the same as a prognostic marker (Arumugam et
al.,2017). The authors have also stressed on how Bcl-2 contributes to negative prognosis
and the importance of Bcl-2 inhibitors as a treatment option in the future. However, Bax
or its possible role in cancer development and propagation must not be overlooked. Alam
et al. found that Bax was mostly deregulated in a cohort of 127 OSCC patient samples via
the tp53/Akt pathway and that its progressive downregulation is often responsible for the
chemoresistant and invasive nature of this particular malignancy (Alam et al.,2019). A
healthy and balanced ratio between Bax and Bcl-2 proteins is thus important for effective

therapeutic outcome to be obtained (Singh et al.,2019).

OSCC is usually resistant to Doxorubicin, on account of upregulation of miR-221 as pointed

out in their research article by Du et al. (Du et al.,2017). This was experimentally proven
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by the use of anti-miR-221 oligonucleotides which downregulated miR-221 and effectively
upregulated TIMP3 levels, leading to increased chemosensitivity in treated OSCC cells. As
discussed earlier, OSCC often possesses mutated tp53. This again might lead to further
chemoresistance towards DOX and its cytotoxic effects (Chan & Lung,2004). However,
targeted delivery of Doxorubicin may overcome this hurdle by means of a variety of
strategies, both direct and indirect (Wang et al.,2011). Such approaches might include re-
activation of suppressed tp53 or depletion of a stable gain-of-function mutant protein.
Additionally, targeted transfection with functional tp53 may be performed to achieve
cancer cell death (Sharma et al., 2016, Sridharan et al., 2020, Mukherjee et al.,2009).
However, it must be remembered that targeted delivery has ability to achieve successful
therapeutic outcome for drugs like Doxorubicin which otherwise induces chemoresistance
as a pristine molecule. El-Hamid et al. reported a liposome coated nano-doxorubicin
formulation (Doxil) which they found to induce apoptosis in a much greater proportion of
cells than when compared to pristine Doxorubicin (Abd ElI-Hamid et al.,2019). At the same
time, they also showed that the percentage of necrotic cells was much higher in case of
Doxorubicin treatment than the Doxil treated group. This particular report corroborates
with findings from this study where CFD (targeted system) induced comparable or
sometimes slightly higher levels of apoptosis than free DOX, while showing little
upregulation in TNFa or RIP3 when compared to drug alone (Fig. 4.15; Fig. 4.18; Fig. 4.26).
This would likely be more efficacious. Additionally, there would probably be very little
possibility of CFD having necroptotic effects like cardiotoxicity as free DOX in vivo.
Somewhat akin to this approach, Lu et al. reported the use of a dual function nanoparticle
that was decorated with Folic acid for receptor mediated delivery of Doxorubicin (Lu et

al.,2018). The authors reported better targeted uptake as well as longer retention and
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circulation in vivo among other encouraging findings, providing evidence as to the much
more streamlined and efficient system of DOX delivery than when the drug alone is
administered to drug resistant cancer cells. With increased drug efflux, drug resistance
becomes more evident. Induction of resistance against drugs like DOX is a known fact.
Initially, cytotoxic effects of free DOX are higher than CFD in OSCC cells (Fig. 4.15). This
finding, when considered in light of the 24-hour uptake study, gave a clear indication that
anti-cancer effects of CFD were comparatively more long-lasting owing to better retention
post-uptake. At an earlier time, point (6h), uptake of pristine DOX was highest compared
to other groups (Fig. 4.10). However, at the 24-hour time point, CFD showed the highest
uptake compared to other treatment groups in all OSCC cells (Fig. 4.12). Efflux pumps are
present in all kinds of cells irrespective of whether they are mammalian, fungal or bacterial
(Van Bambeke et al.,2000). Efflux pumps have a variety of functions which serve crucial
physiological purposes. For example, efflux pumps in cells of the gastrointestinal tract help
in getting rid of toxins, and those in the kidney aid in excretion of drugs (Ughachukwu &
Unekwe,2012). However, the function of these efflux pumps changes its nature in the
context of cancer cells, where they tend to overexpress and eliminate drugs or other
therapeutic small molecules, effectively diminishing treatment outcome (Modok et
al.,2006). The presence of such pumps and transporters is one of the major reasons behind
multiple drug resistance (MDR), a challenging feature most resistant cancers exhibit.
However, when it comes to avoiding or countering this problem, efflux pump inhibitors are
still considered out of bounds. Some of the reasons behind this is the toxicity such
inhibitors have been found to cause as they promote retention of chemotherapeutics to
extents much higher than required, bringing about more damage than recovery (Wu et

al.,2019). Efflux pump inhibitors have also been reported to affect pumps in cells of
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unaffected areas, negatively impacting enzymatic activity of P450 (Kuzin et al.,2018). It is
thus logical that other ways to evade the activity of efflux pumps or their effects in case of
cancer therapy be searched for. This calls for detailed knowledge of the various effectors
related to the working of these efflux pumps so as to possibly target them in conjunction
with targeted delivery of chemotherapeutics. In this regard there have been few
breakthroughs in recent times. Chen et al. have shown how the overexpressed status of
efflux pumps and related transporters is reached in a progressive manner as cancer cells
are induced to become drug tolerant over a series of passages (Chen et al.,2016). The
authors treated breast cancer cells with Tamoxifen over a long stretch of time and several
passages to give rise to potentially resistant cells. As expected, they found these tolerant
or resistant cells to have overexpression of a number of transporters like Pgp, BRCP, MRP2
etc., showing how the two factors are directly correlated. Not long ago, Kurimchak et al.
have shown how the well-known efflux pump MDR1 promotes intrinsic and acquired
resistance to PROTACs (Proteolysis targeting chimeras), an upcoming and profoundly
promising class of drugs (Kurimchak et al.,2022). Needless to say, efflux mediated MDR
and its implications are of serious concern to those concerned with targeting cancer

effectively.

5.4. Possibilities of EMT reversal

As already discussed, E-Cadherin is a major protein which is severely dysregulated in OSCC
and affects tumour invasiveness as well as progression. An immunohistochemical study on
patient samples revealed how loss of expression for E-Cadherin in cells at the invasive front
is a negative prognostic marker (Mehendiratta et al.,2014). However, the authors also

mentioned that they did not find any direct correlation between lowered E-cadherin
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expression and lymph node status or tumour size. In another study on patient samples,
Verdin et al. recently showed that mRNA levels of E-Cadherin are significantly higher in
cells at the invasive fronts of tumours than cells at the centre (Verdin et al.,2019). The
authors again confirmed that this low expression of E-cadherin was responsible for local
recurrence as well as lower survivability. Vimentin however, is a mesenchymal marker
whose expression pattern is quite the opposite to that of E-Cadherin, both in terms of
expression levels as well as prognosis. Liu et al. reported a detailed analysis of Vimentin
expression and its prognostic value using cell lines as well as patient samples (Liu et
al.,2016). The authors showed that TGFB-mediated upregulation of Vimentin expression
was reversed when siRNA against Vimentin was used. Also, patient samples provided
enough evidence to show that high Vimentin expression was a negative prognostic factor
and indicated high potential of lymph node metastasis. Similar observations have been
recorded and reiterated elegantly in the recent review article published by Mogre et al.

(Mogre et al.,2022).

For the mouse aggressive cell line (MOC2) used in the current study, no reports recording
relative levels of E-Cadherin or Vimentin could be found. However, protein levels from
western blotting showed very low levels of basal E-Cadherin expression and high basal
levels of Vimentin expression. Based on this and how CFD or DOX treated lysates have
responded, it may very well be seen that CFD exhibits clear indication of EMT reversing
capabilities (Fig. 4.20). This result has relevance even in drug resistant cancers like OSCC
since it has been established that EMT reversal may be one way of overcoming MDR in

cancers (Erin et al.,2020).
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However, the particular approach for targeting EMT reversal in OSCC has not yet been
explored to its full potential in spite of having some encouraging evidence from existing
publications. According to a review by Wise-Draper et al., the most practical ways of
addressing metastatic oral cancer would include identifying them as PDL1-expressing or
not, ablative approaches wherever appropriate, and targeted anti-angiogenic therapy
(Wise-Draper et al.,2022). For especially resistant cancers, targeting cancer stem cells for
resistance reversal is also a practical approach (Nunes et al.,2018). This might prove to be
particularly effective since cancer stem cells have self-renewal properties and often
promote metastasis. Discovery of novel biomarkers to be used as potential therapeutic
targets is also of utmost importance. For example, Sun et al. demonstrated how
downregulation of cyclin dependent kinase 5(CDK5) activity by targeting the STAT3/miR-
21 axis in HNSCC cell lines reduces Vimentin expression while increasing levels of E-
Cadherin expression (Sun et al.,2015). In one miRNA based therapeutic study on
65rd3ed3d cell lines, overexpression of miR-485-5p was found to result in increase in E-
Cadherin levels and a concomitant decrease in Vimentin levels, leading to EMT reversal and
hence an overall downregulation in invasiveness (Lin et al.,2017). Some molecules like
bovine lactoferrin and Metformin are now being newly discovered as prospective of

reversing EMT in OSCC (Chea et al.,2018; Qu et al.,2014).

5.5. M2 TAM attenuation aids in overall tumour regression

With a dosage of drug so chosen for in vivo tumour regression studies, superior therapeutic
outcome was witnessed for CFD-mediated therapy compared to pristine DOX treatment.
With possibly higher retention of DOX through simultaneous dual targeting, first evidently

through FR and also hypothetically through CSP’s interaction with tumour-associated OSCC
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cell surface, CFD-mediated tumour regression was far more prominent when compared to
the other treated groups (Fig. 4.19c). In future, further dosage customization is necessary
to achieve improved therapeutic outcome. A deeper understanding of the possible reasons
behind the observed intracellular drug-retention as well as tumour size regression
influenced by the targeted system CFD is required. To sum up, there was evidence of better
delivery as well as retention of DOX as mediated by the FR targeted nano-formulation.
Besides tumour regression, it was of interest to check whether the targeted delivery
system made any difference in terms of alleviating the usual cardiotoxic effects of
Doxorubicin (Podyacheva et al.,20121). There have been reports that have documented
their findings from investigations into the probable mechanisms behind DOX induced
cardiomyopathy. One such study showed how the upregulation of death receptors by
Doxorubicin induces TRAIL-mediated apoptosis in cardiomyocytes (Zhao & Zhang,2017). A
recent review on this topic lists multiple ways in which Doxorubicin may induce
cardiotoxicity, including mitochondrial damage, inhibition of the Tyrosine kinase pathway,
autoimmune inhibition, lipid peroxidation and ROS generation among others (Rawat et
al.,2021). There have been numerous studies that have tried to simulate DOX associated
toxicity in animal models like rabbits, rats, mice etc. Features simulated primarily include
histological and ultrastructural perturbations in the myocardium (Huang et al.,2021). In
this study, the results from histopathology-based toxicity studies concur with published
findings, also indicating that the chances of incurring similar debilitating effects when using

the targeted delivery system CFD are negligible to none (Fig. 4.21).
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Fig.5.1. Schematic figure representing CFD mediated uptake, targeted apoptosis and

tumour regression in MOC2 mouse model.

The establishment of a syngeneic OSCC model using MOC2 was necessary in the context of
the current work since a large portion of it deals with the stromal elements residing in the
TME and hence necessitates the use of an immunocompetent animal model (Mendes et
al.,2020). However, the tumour regression data observed this time exhibited the same
trend as the last report and this was evidence that the targeted delivery system was not
only well capable at affecting sizeable regression in tumour size in an aggressive cancer
model but was also more effective when compared to pristine drug alone (Fig. 4.19a). This
finding further suggested that CFD might possibly be affecting the pro-tumoural stromal
elements in the TME so as to cause an overall remission in tumoural growth. There have
been enough studies in recent times which have showcased the higher anti-cancer efficacy

for molecules or targeted systems which target not just the tumour cells but also pro-
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tumoural macrophages in the TME, underlining repeatedly the vital role that the TME and
its resident macrophages play in tumour progression as well as chemoresistance (Ge &
Ding,2020). Earlier reports with the same targeted delivery system showcased efficient
drug uptake in the TAM population residing in immunocompetent mice models of glioma
(Elechalawar & Bhattacharya et al.,2019). It was thus imperative to verify whether achieve
similar outcome could be achieved in a syngeneic model of aggressive OSCC. Upon
assessment drug uptake was found to be slightly higher in TAMs than in the rest of the
tumour cell populations (Fig. 4.22-B). On top of that drug uptake was assessed in whole
tumours and uptake of CFD was found to be comparable to or even slightly higher than
that of DOX (Fig. 4.22-A). The next objective was to assess any changes in TAM polarization
that might have happened as a result of targeted therapy. The CD80 is a glycoprotein
molecule that is present transiently on the surfaces of B cells, dendritic cells as well as
macrophages (Santin et al.,1999). Interestingly, it has been reported by multiple authors
that levels of CD80 expression are particularly low in cancer cells, making them highly
evasive towards anti-tumour immune responses launched by T-cytotoxic cells (Tirapu et
al.,2006). Indeed, tumour cells with low or no CD80 expression have been shown to induce
apoptosis in tumour infiltrating T cells, often rendering allied immunotherapeutic
approaches redundant (Mir, 2015). Conversely, induction of higher CD80 expression levels
either by transfection or other methods has proven itself a valid therapeutic approach in
recent times (Zhang et al.,2016). In fact, it is proven now that the activation of T-cells and
the mounting of an appropriate anti-tumour immune response is quite challenging in the
absence of stable CD80 expression. Contrary to this, the CD206 marker has been found to
be a prominent M2 marker, facilitating pro-tumoural conditions and the maintenance of a

cold tumour microenvironment. Fan et al. reported the prognostic significance of CD206 in
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liver cancer, experimentally showing that not only did high CD206 expression correlate
with lower survival rates but also increased chances of metastatic progression significantly
(Fan et al.,2019). Utilizing a short hairpin approach, they silenced CD206 in liver CSCs
(cancer stem cells) and showed that it impacted their invasiveness and migratory
capabilities. Similar findings were reported by Haque et al. who studied the role of CD206
positive TAMs in OSCC progression using clinical samples. The authors reported that CD206
positive TAMs were the primary perpetrators of metastasis and invasiveness as compared
to TAMs expressing other M2 markers like CD204 or CD163 (Haque et al., 2019). The
authors went on to further point out that CD206 positive TAMs comprised of a particular
TAM subset producing EGF in large quantities and also that conditioned media collected
from such cultures reprogrammed other TAM subsets to become more proliferative and
invasive in nature. Another notable therapeutic approach which investigators are studying
these days is the use of HDPs (Host Defense Peptides), also termed IDRs (Innate Defense
Regulators) for immunomodulatory purposes. Needless to say, such indirect therapeutic
approaches hold immense promise for immunotherapy. This makes the findings for the
current work encouraging since they are indicative of M2 to M1 reprogramming. Flow
cytometry data in this regard was clearly suggestive of a significant increase in CD80
expression levels with no noticeable depreciation in CD206 levels. However, findings on
TAM repolarization as a CD80/CD206 ratio were more encouraging when compared to
either untreated or DOX treated samples (Fig. 4.24). At the same time, western blotting
results from tumours collected at a relatively later time point were more evident of an
improved CD80/CD206 ratio in case of treatment with the targeted system CFD (Fig. 4.25).
Apart from this it was also found that targeted delivery system CFD had the highest drug

uptake in TAMs among all the treatment groups, signifying that it had adeptly targeted
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TAMs on the basis of FA8-conjugation and managed to unload its drug payload therein for
maximal therapeutic outcome (Fig. 4.22). As a last leg of the experiment, it was also found
that drug uptake on account of CFD was much higher in the TAM-positive stromal
subpopulation of cells as compared to the CD11b-negative non-TAM stromal
subpopulation. All this data indicated that targeting TAMs was possibly being achieved with
success by the targeted CSPs, bringing about a holistic chemo-immunotherapeutic effect
on aggressive tumours of oral squamous cell carcinoma. Even though such a report is
probably yet to be published in terms of oral cancer, there are examples of earlier instances
where the targeted delivery of Doxorubicin by functionalized nano-delivery systems has
managed to target pro-tumoural TAMs for elimination or reversal besides exerting
conventional chemotherapeutic effect. Niu et al. synthesised Doxorubicin loaded PLGA
nanoparticles which were primed with Mannose for targeting TAMs and they successfully
managed to show that these nanoparticles were capable of inducing tumour regression to
a much higher extent as opposed to free DOX mediated chemotherapy alone (Niu et
al.,2013). A few years later Yang et al. published their report where Doxorubicin alone had
been used as a conjugate for ZnO nanoparticles and these NPs could achieve targeted
reversal of pro-tumoural TAMs towards a more favourable M1 phenotype (Yang et
al.,2019). It is thus clear that Doxorubicin when used in a specialized and targeted manner
may perform wonders in terms of targeting multiple classes of pro-tumoural cells in a

tumour for improved treatment.

Cancer cells harbouring mutated tp53(mutp53) have been reported to reprogram
macrophages to a tumour supportive and anti-inflammatory state (Nakamura &

Smyth,2020). This information is vital in the present context especially owing to the fact
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that the platform cell line used here (MOC2) possesses mutated tp53, even though exact
nature of the same is not entirely clear so far (Onken et al.,2014). Mutp53-reprogammed
TAMs reportedly favour anti-inflammatory immunosuppression with increased activity of
TGF-B. These findings, associated with poor survival in colon cancer patients, strongly
support a microenvironmental GOF (gain of function) role for mutp53 in actively engaging
the immune system and facilitating cancer progression and metastasis (Stein et al.,2019).
While NF-kB is prominent in macrophage-initiated inflammatory responses, little is known
about the role of tp53 in modulating macrophage responses to challenges like
chemotherapy. It was hence decided to investigate any changes in p53 expression that
might be detectable upon treatment. Strangely, repeated western blotting experiments
showed a clear downregulation in the levels of stable p53 protein expression in CFD treated
tumour samples (Fig. 4.26). There have been several reports which have documented the
presence of stabilized mutant p53 in multiple cancers including OSCC which are in many
cases gain of function changes that encourage tumour growth and therapeutic resistance
(Dolma & Muller,2022; Chan et al.,2004). The findings from the present study regarding
p53 protein levels or the change therein post treatment is thus indicative at best since
there is yet insufficient knowledge as to the exact nature of the p53 mutation which MOC2
particularly has. Also, the exact mechanism behind these low p53 levels in case of the CFD
treated group is not yet clear even though we might possibly assume it to be an indirect
effect from Bcl-2 downregulation as shown earlier (Fig. 4.17). Further delineation of the
same and its subsequent effects on the pathophysiology of MOC2 induced tumours in

future might help throwing light on this interesting aspect.
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5.6. Possible mechanism behind FR mediated anti-tumour effects

Another gene which reportedly assists in DOX mediated cell death is TNFa. TNFa is a
glycoprotein which is selectively cytotoxic against malignant cells as reported for a range
of different cancers (Waters et al.,2013). One way that this molecule might be used now is
as a response modifier, especially in case of tumours which are irresectable or have
become resistant to chemotherapeutic drugs like DOX (Cao et al.,2006). Some of the earlier
works show that TNFa is especially useful in inducing death against cancer cells lacking
functional p53 protein (Rokhlin et al.,2000). In one particular study, Cao et al.
demonstrated the use of TNFa along with DOX in successfully targeting DOX resistant
breast cancer cells for death, primarily evading chemoresistance (Cao et al.,2006).
Assessment of TNFa protein levels revealed an increase in expression for both targeted
and non-targeted treatment groups while the maximum expression was seen in DOX
treated group (Fig. 4.26). From this it may be surmised that the increase in TNFa levels was
probably DOX mediated and not necessarily a direct effect of FR mediated drug delivery.
This finding as to the effect of drug alone is in consort with the findings of Kaczmarek et al.
who showed the upregulation of TNF in lavage fluid from mice injected intraperitonially

with Doxorubicin (Kaczmarek et al.,2013).

The role of nitric oxide and the enzyme responsible for its production, Nitric Oxide Synthase
(NOS), in cancer biology is not yet entirely clear. In the context of the current work, it must
be noted that NO has been proven to have anti-inflammatory effects on the TME, working
as an immunosuppressant and a pro-oncogenic molecule (Penarando & Rodriguez-
Ariza,2019). There have also been reports that NO suppresses tumour suppressor genes

while parallelly inducing oncogene activation by nitrosylating a host of important genes
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involved in cell death and tumour invasiveness (Baritaki et al.,2010). Of the three isoforms
of NOS, iNOS is the one which produces the maximum amount of NO which is intricately
involved with tumour associated processes like metastasis, angiogenesis and malignant
transformation (Panaro et al.,2003). Action of NO has been connected functionally with
p53 and NFkB expression, encouraging pro-tumourigenic functions like progression and
metastasis in a variety of cancers (Muntane & De-la-Mata,2010). Even though levels of
iNOS and their effects may vary from one cancer type to another, it is maintained that high
iNOS levels often lead to an unfavourable prognosis in case of squamous cell carcinomas
(Brennan et al.,2008). Overall, it may be safe to say that targeted drug delivery has possible
role in the downregulation of iNOS levels with possible suppression in protein levels of

functional p53 in tumours essentially mutated for tp53 (Fig. 4.26).

5.7. An ex-vivo model of OSCC for the assessment of targeted chemotherapy

Spheroids are currently a popular experimental platform for development and screening
of targeted nanotherapeutics. There are multiple reasons as to why 3D spheroids are
preferred over 2D in vitro cultures (Pinto et al.,2020). Firstly, they have added features like
cell-cell and cell-ECM interactions, spatial distribution akin to tumours, as well as a
heterogenous nature that can be modulated and designed to mimic a tumour with a
surrounding TME and its constituent stromal elements. 2D cell cultures can’t be depended
upon to faithfully provide us an idea of the true potential of any therapeutic moiety, not
only because it has no interactive TME but also because of its homogeneous nature in
terms of cell type. A 3D tumour spheroid on the other hand has in built gradients for pH
and Oy levels, characteristics that usually define actual tumours (Nunes et al.,2018). In

terms of metastatic potential, it has been seen that tumour spheroids are better models
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for studies pertaining to EMT since the cells in the outermost layer of a spheroid behave
like cells present in the invasive front of tumours. Besides this, the very formation of a
spheroid demands changes in a number of proteins that constitute core elements
controlling cell-cell interactions. For example, induction of E-cadherin expression is
required for the formation of 3-dimensional spheroid structures, even if its detrimental to
tumour growth in vivo (Powan et al.,2017). On top of that, spheroids have also been found
to have upregulated levels of proteins such as ZEB, TWIST and Vimentin, all of which
promote EMT. In this very regard, spheroids are better models than 2D cultures for studies
on invasion and cell migration as has been demonstrated by many studies using spheroids
on Matrigel coated Boyden chambers (Guyon et al.,2020). This likely brings us to question
their status in terms of drug resistance. Surely enough, a thorough literature search
showed us enough evidence to establish the fact that spheroids consist of cells that are
more resistant to chemotherapy than 2D cultures (Hamilton & Rath,2019). As a result,
spheroids are also perfect for testing candidate therapeutics whose aim is to either directly
or indirectly affect MDR. In the context of the current work, spheroids were tried as a
model to assess drug uptake and any possible effects of targeted chemotherapy in OSCC.
There have been several studies in the past that are witness to spheroids proving
themselves as remarkable platforms for large scale screening of anti-cancer
nanotherapeutics. Depending on features like size, charge and surface functionalization, a
number of different nano-therapeutics have been evaluated and validated on different
kinds of spheroid models that cater to a variety of scientific interests. Overall, spheroids in
most studies could demonstrate penetrability and drug delivery by multiple nano-delivery
systems, effectively serving to reduce the number of candidate drugs that reach in vivo

testing and thus minimizing unnecessary wastage of time as well as resources. According
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to a review article, the physical characteristics of nano-delivery systems play a very
important role in deciding their bioactivity and other features responsible for biosafety as
well as therapeutic efficiency (Hasirci et al.,2006). The authors conclude that nanodelivery
systems of a particular size (less than 100 nm) and charge(negative) are usually favoured
more for entry into 3D spheroids for targeted drug delivery. In this case, the glucose
derived CSPs used are close to 300 nm diameter and negatively charged, which would
mean that they are expected to have moderate penetrability in spheroids (Fig. 4.28; Fig.
4.29). The authors have also mentioned that biosafe and biodegradable materials serve
better which bears well for glucose derived biocompatible nanospheres. Lastly, there have
been numerous reports where the use of a targeting ligand has proven advantageous for
targeted delivery to all parts of a tumour spheroid (Huang & Gao,2018). This sits well with
the results from the current investigation which are from a delivery system targeted
specifically against the Folate Receptor (Fig. 4.27). As already discussed, the Oxygen
gradient characteristic of solid tumours is featured by 3D spheroids as well. This leads to
the formation of a hypoxic core with upregulation of factors like HIF-1a, Pgp and VEGF, all
of which contribute to heightened drug resistance. Factors like the presence of an acidic
microenvironment (low pH) and the presence of cancer stem cells also facilitate spheroids
to exhibit drug resistance quite like any in vivo tumour (Milane et al.,2011). The particular
model of 3D spheroid used for the current work doesn’t provide the scope for studying
tumour-stroma interactions or even tumour-ECM interactions. However, these issues can
be taken care of by means of 3D bioprinting or novel fabrication methods that could be
used for making organ-on-chip systems that would serve as effective platforms for

anticancer studies (Ma et al.,2021).
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Overall, this study delineates the success of targeting the Folate receptor for effective

attenuation of oral squamous cell carcinoma as well as its associated stromal elements.

5.8. The need to gain a better understanding of the implications of FR-targeting in cancer

So far in this thesis, we have observed that there are many advantages (in terms of possible
therapeutic outcome) to targeting the Folate Receptor for site specific or cancer cell
directed delivery of drugs or other therapeutic cargo. Receptor oriented targeting may help
overcome certain shortcomings often seen in case of conventional chemotherapy-
induction of chemoresistance, eviction via efflux mechanisms, systemic toxicity that harms
surrounding normal tissues and cells etc.. We started off with the simple objective of
testing the potential of the Folate receptor as a possible therapeutic target in the
treatment of aggressive oral cancer. Hence our primary goal would be to develop a delivery
system that would prove as being FR-targeted and would thus achieve cancer cell targeted
delivery of DOX with negligible drug delivery to surrounding normal cells in the vicinity. As
expected, in a large number of the experiments, CFD performed significantly better than
CD, whether it was with regards to uptake, cancer cell toxicity or changes in levels of M2
TAM specific marker expression. This wasn’t surprising given that we had already
established the FR-targeting capabilities of CFD in the initial part of the study. However, in
the course of observing and analyzing our findings we discovered that our targeted system
CFD showed possibilities of a better treatment outcome as compared to pristine molecule
DOX in some cases. Such differences (statistically significant) were noted in case of results
of drug retention (in vitro & in vivo), expression of certain molecular markers (associated
with cell death, chemoresistance, TAM reversal etc.) as well as tumour size regression
(specific time points). These findings inspite of being interesting do not allow us to claim
that our targeted system is better in any way than DOX as an anti-cancer agent. However,
they do give us the hope that with further in-depth studies on systems such as CFD in
future, we might gain a better understanding of the merits of FR-targeted chemotherapy
in OSCC with the possibility of achieving improved and sustained disease-free survival for

patients.
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Oral cancer is the 6™ most prevalent cancer type in the world and is plagued by severe
challenges like difficulty in diagnosis and treatment. Oral squamous cell carcinoma
becomes malignant and aggressive very fast, considering the fact that it is riddled with
lymph nodes. OSCC is also infamous for its immunologically cold TME which is irresponsive
to conventional immunotherapeutic approaches. The particular in vivo model used in the
current work is an aggressive mouse model of OSCC in immunocompetent C57 mice.
Besides being mutated for p53, most OSCC cell lines and their derivative tumours possess
anomalies in crucial genes involved with pathways responsible for cell proliferation,
metastasis and multi-drug resistance. Targeted nano-delivery systems are making
headway in present times owing to huge leaps in technological advancements. In this work
glucose derived biocompatible carbon nanospheres (CSPs) conjugated to a cationic folate-
based ligand were used. Attempting targeted drug delivery via the Folate receptor enabled
targeting both tumour cells and tumour associated macrophages for improved and site
directed drug delivery. The drug used is Doxorubicin, an Anthracycline less popular these
days on account of misgivings like systemic toxicity, widespread induction of
chemoresistance and ineffectiveness against highly metastatic cancers like OSCC.
Possibilities at overcoming most of these therapeutic challenges were evident since
efficient uptake was achieved in tumour regions as well as M2 pro-tumoural TAMs.
Following their endocytosis, drug accumulation happened in a sustained manner for
durations longer than what was noted in case of the pristine drug. Apoptotic death could
be witnessed in treated cancer cells with some indication of EMT reversal. Further
investigation on possible TME-related effects indicated M2 TAM attenuation as well as
increase in relative percentage of pro-tumoural M1 TAMs. M2 Tams exhibited high uptake

of ligand-conjugated targeted system CFD and overall tumour regression was evident from
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in vivo studies. Further studies involving 3D spheroid models exhibited regression in size as
well as efficient uptake of drug-conjugated CSPs showing that spheroid models of OSCC
may serve well as efficient platforms for screening novel anti-cancer therapies, especially
in malignancies resistant against conventional chemotherapeutics like Doxorubicin. Carbon
nanospheres are biocompatible delivery systems that offer a lot of scope for surface
functionalization and efficient drug loading. Their size, charge as well as receptor-targeted
nature present opportunities for the development of efficient dual-targeting delivery

systems with potential for clinical translation in the near future.

Specific conclusions of the thesis are-

e Oral squamous cell carcinoma cells were found to have relatively high expression
for Folate Receptor and may well be targeted for therapy via the FR.

e Targeted delivery of ligand conjugated delivery system CFD took place via the Folate
receptor as shown by receptor inhibition studies.

e Retention of DOX was found to be comparatively more in CFD treated cells than
those treated only with DOX.

e Entry of CFD occurred selectively in cancer cells while non-cancerous cells showed
no significant cytotoxicity upon treatment with CFD.

e CFD induced apoptotic cell death in OSCC cells principally via the downregulation
of Bcl-2 and the overall upregulation of Bax/Bcl-2 ratio. CFD treatment exhibited no
upregulation of RIP3 like what was seen in case of DOX treatment.

e CFD exhibited highest levels of tumour regression in vivo with minimal toxicity in

an immunocompetent murine model of OSCC developed using MOC2 cells.
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Histopathological studies revealed no signs of apparent cardiotoxicity at tissue level
in case of CFD treated group as compared to DOX treated animals.

e CFD showed highest drug accumulation in mice tumours post treatment as
compared to all other groups including DOX. Particularly, uptake of CFD was found
to be slightly higher in TAM-specific tumour cell population than the rest of the
tumour cells. TAMs isolated from tumour showed relatively high expression of FR.

e When compared to untreated mouse tumours, CFD treated tumours were found to
have higher number of CD80-positive M1 TAMs and lower proportion of CD163-
positive M2 TAMs.

e (CD80/CD206 ratio was found to be the highest in lysates from CFD treated tumours.

e Targeted system CFD showed decent uptake in 3D tumour spheroids generated
from OSCC cell lines, which was at par to that of DOX. This was validated using
confocal imaging (6 hours) as well as flow cytometry(24 hours and 48 hours).

e CFD treated tumours also showed upregulated levels of TNFa (though not as much
asin case of DOX treated tumours) and downregulated protein levels of INOS. These
along with a depreciation in p53 levels (as observed) upon treatment with CFD
might possibly contribute to the mechanistic basis behind CFD mediated tumour
cell death as well as M2-TAM attenuation in a p53-mutated and immunologically
cold model of oral squamous cell carcinoma.

e Further investigation as to the probable mechanisms behind the uptake and
utilization of DOX-conjugated targeted nano-delivery systems shall provide a better
understanding of possible ways to overcome challenges like chemoresistance and

pro-tumoural stromal effects more effectively in future.
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Specific Contributions:

The Folate receptor is a viable target for the efficient delivery of nano delivery systems and
functionalized nanoparticles carrying therapeutic payloads. Folate based cationic ligand
FA8 demonstrated high FR-binding capacity when conjugated to glucose derived
biocompatible carbon nanospheres. Our carbon nanospheres also demonstrated
appreciable drug binding capacity and drug delivered thus via the Folate receptor was
found to be retained at target site within cancer cells for much longer than pristine drug
molecule. Targeted delivery system was found to affect cancer cells with high specificity,
eliciting apoptotic cell death along-with indicative EMT reversal. Targeted system CFD also
performed well in terms of permeabilization and therapy (size reduction) both for murine
tumours as well as 3D tumour spheroids. Data indicative of M2 TAM suppression was
obtained in terms of TAM-specific marker expression, and this was found to correlate with
the expression profile of iNOS. Overall, the murine model of aggressive OSCC was found to
be a promising in-vivo model for studying FR-mediated treatment options against p53-
mutated OSCC. This work shall hopefully encourage further exploration of the potential of

FR-mediated targeted therapy for countering drug resistance.
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Future scope of work:

e Eventhough drug was found to be retained for longer when sent via CFD, the exact
mechanism behind this observation was not investigated in the current work. More
specifically, future studies pertaining to efflux pumps like Pgp and their function
pertaining to receptor mediated drug delivery may be conducted.

e Any effects of FR mediated targeted drug delivery on ROS generation as well as
status of mitochondria post stress may be studied in detail.

e In the present study a subcutaneous tumour model of MOC2 was used. However,
the establishment and standardisation of an orthotopic model of OSCC using the
same cell line would surely provide an improved platform for OSCC related in vivo
studies.

e [twasgathered from earlier reports that p53 in MOC2 cell line is mutated. However,
further studies to ascertain the exact functional nature of this mutation is required
in order for this model to serve better for understanding OSCC biology in depth.

o The effects of targeted treatment upon the TME may further be elucidated by
looking at other important stromal elements like T cells and MDSCs which would
give us more insight on immunotherapeutic potential.

e Preclinical and clinical studies for CSP based FR-targeted systems may be carried
out.

e CFD may be tested for diagnostic as well as therapeutic potential against an array

of FR-related diseases.
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Limitations of the research:

Although a variety of receptor-targeted therapeutic approaches have shown promising
results in vitro and in pre-clinical models in vivo, several important parameters need to be
determined and optimized to ensure successful translation of these technologies to clinical
application. Ongoing and future work in the field need to correlate the extent of receptor
expression to the amount of ligands needed for effective targeting. It is envisioned that
continued research in this area will also enable identification of tumours where
receptortargeted approaches can provide additional advantages over non-targeted ones.
This information is highly critical, because although several cancers are known to have
upregulation of certain receptors, the level of upregulation may or may not be sufficient to
warrant additional benefit from active targeting over and above passive accumulation.
Furthermore, cancers with high receptor expression are often found to have hypoxic cores
that make permeation by delivery systems challenging. Therefore, in such cases even if the
particles themselves may have excellent receptor-targeting capability, getting enough
particles to penetrate throughout the tumour volume can be a challenge, and this will be

a critical component of ongoing and future research.
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