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ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) is an umbrella term for
cancers that develop in the mucosal epithelium in the head and neck area. Current
treatment options include surgical tumour removal, radiotherapy, chemotherapy,
targeted therapy or immunotherapy. There is an urgent need for more effective
treatments that enhance therapeutic efficacy and functional outcomes. Cold
atmospheric plasma (CAP) has undergone multiple trials for applications in the medical
field, including cancer treatment. We investigated the co-treatment of CAP with
chemotherapeutics and DNA damage response inhibitors (DDRi) in A253 and FaDu cell
lines using proliferation and spheroid growth assays and immunofluorescence. Data
suggests an enhanced anti-proliferative effect on HNSCC in both 2D and 3D cultures.
Our results indicate a possible synergistic effect between the combination of CAP and
cisplatin or DDRi. We then progressed to testing cisplatin-loaded hydrogels as plasma-
activated hydrogel therapy (PAHT). PAHT combines CAP with hydrogel material, which
is made of sodium polyacrylate and poly(vinyl alcohol). It can be loaded with cationic
drugs such as cisplatin and, when exposed to CAP, the hydrogel changes in ionic
strength and pH, leading to the delivery of the drug deep into the tissue. The anti-
proliferative effects of PAHT were measured using a cell proliferation assay and the
results demonstrate that the combination led to enhanced cell death, although leakage
of cisplatin from the gels in the absence of CAP was also noticed. This study
demonstrates that CAP enhances the anti-proliferative effects of cisplatin and DDRIi
through both direct application and indirect PAHT treatment, emphasizing its potential
to develop innovative therapies for HNSCC and highlighting PAHT's ability to aid in the

locoregional treatment of this cancer.
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1. INTRODUCTION

1.1. INTRODUCTION TO HEAD AND NECK SQUAMOUS CELL CARCINOMA

Head and neck squamous cell carcinoma (HNSCC) is an umbrella term for a
heterogeneous group of malignancies that develop in the mucosal epithelium in the
head and neck area, such as the larynx, the oral cavity (ie. floor of the mouth, lips, hard
palate, buccal mucosa, anterior tongue, retromolar trigone), the oropharynx (ie. base of
the tongue, soft palate, posterior pharyngeal wall, lingual tonsils, uvula and palatine
tonsils), the nasopharynx, and the hypopharynx (Figure 1). HPV-associated HNSCC
usually develops in the palatine and lingual tonsils of the oropharynx, while tobacco-
related HNSCC mainly occurs in the larynx, the oral cavity, and the hypopharynx

(Johnson et al., 2020).
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Figure 1: HNSCC anatomical sites (Johnson et al., 2020). HNSCC originates from the mucosal
epithelium in various regions, including the oral cavity (e.g., tongue, floor of mouth),
nasopharynx, oropharynx (e.g., tonsils, base of tongue), hypopharynx (lower throat), and larynx.
The aetiology of HNSCC varies - human papillomavirus (HPV)-associated HNSCCs primarily
occur in the oropharynx, while tobacco-associated HNSCCs commonly develop in the oral cavity,
hypopharynx, and larynx. These distinctions highlight the influence of risk factors on the
tumour's location and origin. Reprinted from Nature Reviews Disease Primers, Volume 6, Article
number 92, Daniel E. Johnson et al, Head and neck squamous cell carcinoma, Copyright 2020,
with permission from Springer Nature.

Oral squamous cell carcinoma (OSCC), by way of illustration, presents as a highly
aggressive tumour with a prognosis that has seen minimal improvement over the past
thirty years. Manifesting anywhere within the oral cavity, including the oral floor, buccal
mucosa, the tongue, upper and lower gingiva, and palate, OSCC continues to pose
significant challenges despite advancements in cancer detection and treatment
(Sasahira and Kirita, 2018). In addition to this, OSCC of the tongue and gingiva tends to
infiltrate deeper muscles and the jawbone, respectively. Moreover, due to the rich
lymphatic network and numerous anastomoses in the oral cavity, OSCC frequently
metastasizes to cervical lymph nodes (Raul Gonzalez-Garcia et al., 2008). Its overall 5-

year survival rate remains notably low, consistently below 50% over the past decades
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(Kim et al., 2016), and it ranks among the leading causes of morbidity and mortality in
regions including Central and Eastern Europe, Melanesia, and South-Central Asia (Torre

etal, 2015).

1.2. RISK FACTORS AND EPIDEMIOLOGY

The main risk factors for HNSCC development are alcohol and tobacco
consumption, environmental pollutants, occupational or radiation exposure, age, diet,
underlying genetic predispositions (e.g. Fanconi anaemia - which leads to impaired
DNA repair processes), or infections with certain viral agents such as human

papillomavirus (most often type 16) and Epstein-Barr virus.

1.2.1. ToBACCO USE AND HNSCC

Globally, around 70 to 80% of HNSCC cases are linked to tobacco and alcohol use,
the risk being ten times higher in smokers than in never-smokers (Khariwala,
Hatsukami and Hecht, 2011). The carcinogenic agents in tobacco products, such as
tobacco-specific nitrosamines (TSNA) and polycyclic aromatic hydrocarbons (PAH), can
trigger adduct formations in the DNA, leading to disruptions in the DNA structure. DNA
adducts form when carcinogens bind to and disrupt the double-helix structure of DNA.
If not repaired, these adducts can lead to miscoding and permanent mutations, disabling
tumor suppressor genes such as TP53 and potentially activating oncogenes like KRAS

(Khariwala, Hatsukami and Hecht, 2011).
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4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N-
nitrosonornicotine (NNN) are two well-known carcinogenic compounds found
specifically in tobacco. When these compounds undergo bioactivation by phase I
enzymes (such as cytochrome P450 enzymes in the liver), they become more reactive
and can modify cellular macromolecules through a process called pyridyloxobutylation
(Wang et al,, 2019). Both DNA and protein adducts formed by these activated
carcinogens release a compound called 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB)
upon hydrolysis. HPB is unique to TSNAs, so its presence is highly specific to tobacco
exposure and the bioactivation of carcinogens from it. As a result, HPB can serve as a
valuable biomarker, indicating both tobacco exposure and the occurrence of
bioactivation, which links it directly to the carcinogenic processes associated with

smoking (Wang et al., 2019).

A study by Jethwa and Khariwala (2017) quantified the level of DNA adduct
formation found in the oral cavity of HNSCC patients who smoke by determining the
level of 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB)-releasing DNA adducts present at
diagnosis. After analysing the DNA in buccal cells, the results indicate that DNA adduct
levels are higher in smokers with HNSCC compared to cancer-free smokers. This result
might suggest that the difference between smokers with HNSCC and cancer-free
smokers is attributable to variations in DNA repair and carcinogen processing, which

might differ in some smokers.

Beyond its carcinogenic effects, tobacco has been shown to negatively impact
treatment outcomes in HNSCC patients, including reduced radiation effectiveness,
poorer surgical results, and increased wound complications. Studies have shown that

patients who continue smoking even after undergoing radiotherapy could develop
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osteoradionecrosis, which leads to hospitalization during treatment, influencing both

survival and local control (hazard ratio 1.7, respectively 1.5) (Zevallos et al., 2009).

In addition to this, smoking before surgery can lead to higher risks of anaesthetic
complications and poor wound healing (Tang et al., 2014). Hatcher et al. (2015) studied
129 HNSCC patients scheduled for major surgery, considering demographic factors,
history of smoking, and urinary cotinine levels. Cotinine is the primary metabolite of

nicotine, formed in the liver through enzymatic metabolism.

When a person consumes nicotine (such as through smoking), it is rapidly
processed in the liver, where approximately 70-80% of nicotine is converted to
cotinine. This transformation is mainly catalyzed by the enzyme CYP2A6, and to a lesser
extent, nicotine is also metabolized into another compound, nornicotine, with the help
of both CYP2A6 and CYP2B6 enzymes (Kaprio, 2022). Cotinine has a longer half-life
than nicotine, remaining in the bloodstream for 15-19 hours, compared to the 2-3-hour
half-life of nicotine. This extended presence of cotinine in the blood results in relatively
stable plasma concentrations of about 1-3 uM in regular smokers. Because of its
stability and longer half-life, cotinine is often used as a reliable biomarker to assess
nicotine exposure over a longer period, as it provides a more consistent measure than

nicotine itself (Kaprio, 2022).

The results of the Hatcher et al. (2015) study showed that current or former
smokers were six times more likely to experience complications, such as vascular, renal,
and pulmonary acute blood anaemia, urinary tract infections, and delirium and had
longer hospital stays compared to non-smokers. Moreover, it is believed that

endothelial migration is negatively impacted by smoking, triggering luminal thrombosis,
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while nicotine is known to increase vasoconstriction, affecting organ oxygen delivery

(Marin et al., 2008).

According to Marron et al. (2009), HNSCC risk is reduced by 30% when quitting
tobacco smoking for a short period (between one to four years), compared to
individuals actively smoking. In addition to this, in laryngeal cancer, the risk is reduced
by 60% after 10 to 15 years, and in oral cavity cancer, the risks go down to a never-

smoker level after 20 years (Marron et al., 2009).

1.2.2. ALCOHOL CONSUMPTION AND HNSCC

Alcohol is the second major risk factor for HNSCC. Alcohol toxicity results from
ethanol and its metabolic byproducts, involving the oral microbiota and oxidative stress.
Alcohol may increase epithelial cell exposure to carcinogens, leading to DNA damage,
epigenetic changes, and impairments in the DNA repair processes, including the

formation of DNA adducts, similar to tobacco consumption (Ferraguti et al., 2022).

Acetaldehyde, the main oxidative metabolite of alcohol, is a tumor initiator which
binds to DNA and disrupts the double helix. Other carcinogenic compounds released
when ingesting alcohol are the reactive oxygen species (ROS) (i.e. hydroxyl radicals,
superoxide, and hydrogen peroxide) formed during alcohol biotransformation involving
alcohol dehydrogenase (ADH), catalase, and cytochrome P-450 2E1 (CYP2E1) (Boccia et

al,, 2009), the major alcohol-metabolizing enzyme in the brain.

CYP2E1 is associated with oxidative damage, and it can cause disruptions in

mitochondria (Jin et al,, 2013). When ROS are generated, the intracellular redox state is
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negatively affected, leading to a high increase in oxidative stress and neuronal cell death
due to the oxidation of lipids, DNA, and proteins (Miller-Pinsler and Wells, 2014).
Various mutations can be triggered by the production of ROS, such as single and double-
strand breaks, oxidized bases, and the formation of exocyclic adducts, promoting clonal
expansion and cellular immortalization, which are directly linked to cancer

development (Ferraguti et al., 2022).

A myriad of genetic modifications can be triggered by alcohol consumption,
leading to somatic copy-number alterations in oncogenes and tumor suppressors
commonly encountered in HNSCC, such as CDKNZA, FHIT, the 11q13 region, HERZ,
3925-qter, and CSMD1. However, unlike tobacco, TP53 mutations are not as frequent

(Urashima et al., 2013).

Moreover, aldehyde dehydrogenase 1 (ALDH1) is an enzyme that plays a critical
role in the primary pathway of alcohol metabolism, converting the byproducts of
alcohol breakdown into less harmful substances that can be further processed by the
body (Ferraguti et al., 2022). The gene encoding ALDH1 is located on chromosome
9q21.13. In the context of head and neck cancer, ALDH1 has gained attention as a highly
selective prognostic marker. Studies have shown that cells positive for ALDH1 (ALDH1+
cells) tend to exhibit resistance to radiotherapy and could initiate and sustain tumour
growth. This makes ALDH1 a marker of interest for predicting tumour aggressiveness

and treatment resistance in HNC (Ferraguti et al., 2022).

However, determining the exact impact of alcohol on cancer and other health
conditions is challenging. Unlike some toxins that have a clear dose-response
relationship (a "threshold effect” where harm only begins above a certain level of

exposure), alcohol does not have a clearly defined threshold. This means that even low
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levels of alcohol consumption may still contribute to neoplastic and non-neoplastic
diseases, adding complexity to understanding and assessing alcohol-related health risks

(Ferraguti et al., 2022).

Incidentally, compounds derived from fermentation (e.g. ethyl carbamate), often
found in alcoholic drinks, are known to be carcinogenic to humans (IARC Working
Group on the Evaluation of Carcinogenic Risks to Humans, 2010; Boffetta and Hashibe,
2006). Moreover, studies have shown that certain microorganisms found in the oral
microbiota, play an important role in interfering with the carcinogenic effect of alcohol
consumption (Salaspuro, 2020). Genus Neisseria, which is often found in the human oral
microbiota, has high ADH activity and has been proven to generate high amounts of
acetaldehyde when cultured in vitro in the presence of ethanol. Similarly, N. subflava
and oral streptococci, such as Streptococcus salivarius, Streptococcus
intermedius, and Streptococcus mitis display the same ADH activity and capability to

produce acetaldehyde from ethanol (Ferraguti et al., 2022).

Individuals that continue alcohol consumption even after the start of their
treatment experience a significant negative impact on survival, with a hazard ratio of
1.28 (Fortin, Wang and Vigneault, 2009), and poorer quality of life (Potash et al., 2009).
Cessation of alcohol consumption is necessary for individuals who must undergo
surgery and involves screening all patients for excessive alcohol consumption with
questionnaires such as the Fast Alcohol Screening Test (Parker, Marshall and Ball,

2008).
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1.2.3. HUMAN PAPILLOMAVIRUS INFECTION AND HNSCC

HPV-16 infection is actively increasing in prevalence as a causative agent for
HNSCC, mostly in oropharyngeal and oral squamous cell carcinoma (Shaw and Beasley,
2016). Human papillomaviruses (HPVs) are DNA viruses that target various epithelial
tissues in the body. There are two main categories of HPVs based on their tissue
tropism: cutaneous types that infect the skin (epidermis) and mucosotropic types
that infect mucosal linings, such as those in the upper respiratory system and anogenital
tract (Humans, 2007). HPVs are further classified into low-risk and high-risk types
based on their potential to cause cancer. High-risk HPVs (HPV 16, 18, 31, 33, 35, 39, 45,
51, 52, 56, 58, and 59) have been shown to promote cancer through their ability to
disrupt cellular control of growth and genome stability, leading to unchecked cell
division and genomic instability (Humans, 2007). This cancer-causing potential is
primarily due to two viral proteins, E6 and E7, which interfere with tumor suppressor
pathways and other cellular processes that control proliferation and apoptosis

(Humans, 2007).

HPVs specifically target keratinocyte progenitor cells, which are early-stage cells
that mature into keratinocytes. These progenitor cells are encountered in the basal
layer of stratified squamous epithelia, directly attached to the epithelial basement
membrane. This membrane is essential for the integrity of the epithelial layer and, for
HPVs to initiate infection, it must reach these basal cells (Faraji et al.,, 2017).
Experimental models have shown that HPVs need access to the basement membrane to
establish infection, and this access is often facilitated by micro-abrasions or tiny tears in

the epithelial surface, allowing the virus to bypass the protective outer layers (Kines et
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al., 2009). Once the HPV reaches the basal layer, it can infect the progenitor
keratinocytes, starting a cycle of infection that could lead to cellular changes and

contribute to cancer development for high-risk HPV types (Faraji et al., 2017).

In the head and neck, specifically in the oropharynx, HPV can establish infection
without the presence of epithelial abrasions. This infection mechanism in the
oropharynx is attributable to the presence of a specialized structure of the tonsillar
tissues in Waldeyer’s tonsillar ring, which includes the lingual, tubal, palatine, and
adenoid tonsils (Faraji et al., 2017). The tonsillar structures are made out of a specific
type of epithelium combined with lymphoid tissue called reticulated squamous
epithelium (Figure 2). Compared to the continuous basement membrane most epithelial
tissues have, this specific tissue has a fenestrated basement membrane (Faraji et al.,

2017).

These natural gaps allow the immune cells to move between lymphoid tissue and
epithelium, providing them access to potential pathogens encountered in the oral cavity
(Faraji et al., 2017). However, these gaps are the entry points of HPV infection to the
basal keratinocytes of the tonsillar epithelium. This distinctive feature of Waldeyer's
ring may explain the higher susceptibility of the palatine and lingual tonsils to HPV-

related cancers, such as oropharyngeal squamous cell carcinoma (Westra, 2012).

Viral oncoproteins E6 and E7, whose expression is induced in the keratinocytes
after HPV infects the basal cells, are known to inactivate tumour suppressor proteins,
such as p53 and Rb (Retinoblastoma Protein), promoting abnormal cell growth,
genomic instability, and disruption of keratinocyte differentiation (Faraji et al., 2017).
The infection leads to disrupted cell differentiation in the basal layer, with

the involvement of genes like E2ZF1, which regulates cell cycle progression. As cells grow
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abnormally, mutations in genes like TRAF3, FHIT, and PTEN contribute to the early
stages of carcinogenesis by altering cellular signaling and promoting uncontrolled
growth (Faraji et al., 2017). When the infection reaches the carcinoma in situ stage,
mutations in genes on chromosome 3q26/28 are encountered and cells become
cancerous but have not yet invaded the surrounding tissues. Additional mutations in
genes such as PIK3CA, SOX2, and TP53 drive the transition to invasive carcinoma, where
cancer cells penetrate the basement membrane and spread to surrounding tissues

(Figure 2) (Faraji etal., 2017).
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Figure 2: Progression of HPV infection to invasive carcinoma in HNC (Faraji et al.,, 2017).
HPV infects the tonsillar crypts, bypassing the typical epithelial barrier due to the crypt's unique
structure. HPV infection leads to progressive genetic and cellular changes, resulting in dysplasia

and eventually invasive carcinoma. This model demonstrates the molecular steps involved in

HPV-induced cancer in the tonsils, specifically showing the roles of viral proteins (E6, E7) and

the accumulation of host mutations. The colour gradient on the right indicates the stages of
transformation, from normal cells (blue) to dysplasia (purple), and finally to tumour (red) as
the cells progress through the stages of HPV-induced carcinogenesis. Reprinted from Microbes
and Infection, Volume 19, Issues 9-10, Farhoud Faraji et al (2017), Copyright 2017, with
permission from Elsevier.
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Worldwide, over 80% of young adults have an HPV infection at some point
during their lifetime, but most cases are spontaneously cured by the immune system
within two years (Tanaka and Alawi, 2018). If the infection is not cleared, pre-malignant
or malignant lesions could be triggered by chronic HPV infections, which can appear in
multiple anatomical sites, such as the oropharynx (Fakhry and D’Souza, 2013). A study
by D’Souza et al. (2014) has shown that HPV-16 DNA is, in most cases, not detected in
the partners of OPSCC patients, highlighting the uncertainty behind chronic HPV

infections and why certain individuals can clear the infection while some do not.

In the United States, approximately 70% of oropharyngeal cancer (OPSCC) cases
are HPV positive, while there is lower HPV prevalence in other HNSCC sites, due to
the oropharynx being particularly susceptible to HPV persistence (D’Souza et al., 2007).
Based on risk profiles and demographics, there are significant dissimilarities between
HPV-related and HPV-unrelated oropharyngeal cancer. For example, individuals with
HPV-related OPSCC are significantly younger, male, and of white race, and have
heightened numbers of lifetime oral sex partners, but reduced tobacco and alcohol
usage, and improved dentition, compared to HPV-negative OPSCC patients (Zhou, Jou

and Cohen, 2021).

Vaccine development for HPV infections started back in the 1990s, using virus-
like particles (VLPs) from the major papillomavirus capsid protein L1 through a process
of recombinant protein expression in yeast and bacteria (Zhou, Jou and Cohen, 2021).
Nowadays, three HPV vaccines passed clinical trials and provide protection against nine

types of HPV. Multiple studies highlight the effectiveness of the vaccines, which is
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highest in individuals vaccinated before the first sexual contact (Castle and Maza, 2015).
In addition to this, there has been a significant decrease in the prevalence of HPV
infections in girls aged 13 to 19 (83%), and those aged 20 to 24 (66%), 5 to 8 years after
vaccination (Drolet et al., 2019). Another study, that focused on over 2600 men and
women (18-33 age range), concluded that the prevalence of oral infections with four
different types of HPV has a decline of 88% for the individuals that received at least one

dose of 4vHPV vaccine, compared to those not vaccinated (Chaturvedi et al., 2018).

Despite all studies confirming the effectiveness of the HPV vaccine, global access
is still hard to achieve, influenced by multiple factors such as healthcare infrastructure,
costs, education, and geographical location (Roden and Stern, 2018). In 2019, it was
estimated that globally, 15% of girls and 4% of boys received the full course of the HPV
vaccine, with an additional 20% of girls and 5% of boys receiving at least one dose
(Bruni et al., 2021). Regionally, Australia and New Zealand had the highest HPV vaccine
coverage (77%), followed by Latin America (61%), and Europe and North America
(35%). In contrast, Northern Africa, Asia, and Oceania (excluding Australia and New
Zealand) had low coverage rates. In Sub-Saharan Africa, despite only one-third of
countries including HPV vaccination in their national schedules, coverage reached

nearly 20% (Bruni et al., 2021).

While 55% of countries globally have introduced the HPV vaccine, 70% of
eligible girls still live in countries without a national HPV program. This gap is largely
due to 7 of the 10 most populous countries (China, India, Nigeria, Pakistan, Indonesia,
Bangladesh, and Russia) either not having introduced the vaccine or only offering it sub-
nationally (Bruni et al., 2021). Consequently, global coverage reached only 15% in 2019.

Of the 30% of girls aged 9 to 15 who live in countries with an HPV vaccine program, just
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over half (53%) completed the final dose. Global coverage has been gradually
increasing, but this is primarily due to more countries introducing the vaccine rather

than improvements in vaccination rates within existing programs (Bruni et al., 2021).

Additionally, The COVID-19 pandemic in 2020 has significantly disrupted HPV
vaccination programs worldwide. Due to school closures and interruptions in routine
immunization services, HPV vaccine delivery has been halted in most countries,
affecting coverage for other vaccines as well. By August 2020, approximately 70
countries reported that their immunization programs had been interrupted as a result

of the pandemic (Bruni et al., 2021).

1.2.4. EPIDEMIOLOGY AND TRENDS IN INCIDENCE

According to the latest GLOBOCAN estimates (2020), HNSCC accounts for
approximately 890,000 new cases and 450,000 deaths worldwide, which makes HNSCC
the sixth most common type of cancer, accounting for 4.5% of cancer diagnoses and
deaths (Figure 3) (Barsouk et al., 2023). The highest incidence rates of HNSCC are
encountered in South and Southeast Asia, predominantly in India, where tobacco, with
or without areca nut use, accounts for around 80% of all HNSCC cases (Cheong et al.,
2017; Gormley et al., 2022). In the Indian subcontinent and Taiwan, around 50% of oral

cancer cases are linked to betel quid chewing.

Chewing areca nut (a main component of betel quid) is a significant risk factor
for oral cancer. Studies show that individuals who chew betel quid have a considerably

higher risk of developing oral cancer compared to those who have never used it
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(Warnakulasuriya and Chen, 2022). One of the primary alkaloids in areca nut is

arecoline, strongly linked to carcinogenic properties, as shown in studies using human

primary cells and other experimental systems (Gupta et al., 2020).
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Figure 3: The global incidence of HNSCC, reprinted from International Agency For
Research On Cancer, 'Cancer today (Gormley et al., 2022) - Data visualization tools for
exploring the global cancer burden in 2020". The map displays the lip, oral cavity, larynx,
hypopharynx and oropharynx cancer sites, showing the estimated age-standardised rates of
HNSCC incidence for both sexes.

The global incidence of HNSCC is rising in many countries, especially among
younger populations, with a projected 30% annual increase by 2030 (Sung et al., 2021).
HPV infection is expected to surpass tobacco as the main cause of HNSCC worldwide,
leading to a higher incidence of oropharyngeal cancer compared to oral cancer.
Additionally, laryngeal cancer cases have risen by 23% over the past decade
(Fitzmaurice et al., 2017). In the United Kingdom, the incidence of oropharyngeal cancer
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has risen by 6.5% among women, and 7.3% among men, while oral cancer has increased
by 3.0% in women, and 2.8% in men, with the most significant growth occurring in
individuals of disadvantaged socioeconomic backgrounds (Louie, Mehanna and Sasieni,

2015).

Every year in the United Kingdom, approximately 12,759 new cases of HNSCC
are diagnosed, which averages out to 35 new cases every day between 2017 and 2019.
Unfortunately, this number is expected to rise, with incidence rates predicted to
increase by 3% from 2023-2025 to 2038-2040, potentially reaching around 16,300 new
cases annually by 2038-2040, according to Cancer Research UK (2024). HNSCC ranks as
the 13th most common cancer in women and the 5th most common in men, with the
highest rates observed in individuals aged 65 to 69. Despite advancements, the survival
rate for HNSCC varies widely, ranging from 19% to 59% for patients diagnosed between
2009 and 2013. Notably, 46% to 88% of HNSCC cases are preventable, highlighting the

importance of early detection and prevention strategies (Cancer Research UK, 2024).

1.3. OVERVIEW OF HEAD AND NECK SQUAMOUS CELL CARCINOMA
DEVELOPMENT

1.3.1. DNA DAMAGE AND DNA REPAIR

The average DNA molecule faces persistent attacks from a myriad of
internal and external genotoxic agents, with estimates suggesting that each cell

encounters up to 10> spontaneous or induced DNA lesions daily (De Bont and van
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Larebeke, 2004). Despite this, all living organisms bear the responsibility of
safeguarding their genome and accurately passing it on to subsequent generations (De

Bont and van Larebeke, 2004).

DNA damage is known to be a causative factor in cancer development. DNA
lesions, acquired from exogenous (environmental sources) or endogenous factors
(cellular metabolic sources) have the potential to modify the fundamental structure of
the double helix, consequently impacting transcription and replication processes.
Exogenous factors include ultraviolet (UV) and ionizing (IR) radiations, and other
chemical agents, while endogenous factors are oxidation, hydrolysis, alkylation, and
mismatch of DNA bases in the double helix. The aberrant repair or replication of these
lesions can result in mutations within the genome, which may be passed down to
daughter cells, posing detrimental effects on an individual's health (Torgovnick and

Schumacher, 2015).

In healthy cells, DNA damage repair mechanisms are able to withstand DNA
damage and ensure that the cell continues to undergo division properly. Genome
instability, one of the key hallmarks that aid in cancer development, arises from
aberrations and deficiencies in the DNA damage response (DDR) network (Li et al.,
2023). Therefore, neoplastic cells often have mutations in DDR genes or experience
replicative stress, which leads to an inability to effectively repair DNA. As a result, these
cells accumulate genetic mutations, contributing to tumorigenesis (Li et al., 2023).
Targeting the DDR processes in cancer cells could be the future of therapeutic
strategies, as interfering with their ability to repair DNA can induce excessive DNA
damage that cancer cells will not be able to repair, ultimately leading to apoptosis (Li et

al, 2023).
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DDR proteins can be broadly categorized into two groups: caretakers and
gatekeepers (Li et al., 2023). Caretakers are responsible for maintaining genome
integrity by directly repairing DNA damage. They play a crucial role in ensuring that
DNA is repaired accurately to prevent mutations that could lead to cancer or other
diseases. On the other hand, gatekeepers regulate the repair process by coordinating it
with other cellular events, such as the cell cycle and cell death, ensuring that DNA repair
occurs at the appropriate time and in the proper context to maintain cellular function

(Matthews, Bertoli and de Bruin, 2021).

Together, caretakers and gatekeepers work cooperatively to safeguard the
genome. Different types of DNA damage activate specific DDR pathways tailored to
repair the particular type of damage (Li et al., 2023). A very important characteristic of
these DDR pathways is that they often exhibit redundancy, meaning multiple pathways
can repair the same type of damage (Setton et al., 2021). This redundancy may help
explain why synthetic lethal interactions, where inhibiting two DDR proteins leads to
cell death, are common (Nijman, 2010). Essentially, if one repair pathway is defective,
another pathway can often compensate, but if two related pathways are inhibited
simultaneously, the cell may not be able to repair its DNA, leading to cell death (Li et al,,

2023).

Damage sensors, signaling/mediator proteins, and effectors are part of the
caretakers’ category, collectively ensuring DNA damage is properly repaired (Brown et
al,, 2016). For example, one of the simplest DNA damages, UV-induced cyclobutane
pyrimidine dimers (CPDs), can be repaired by photolyase proteins through a process
known as photoreactivation, where light activates the repair enzyme to reverse the

damage (Ramirez-Gamboa et al., 2022). Moreover, small modifications in the DNA
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bases, which are usually caused by oxidants, UV, or alkylating agents are fixed by direct
reversal repair enzymes without the need for additional proteins (Li et al., 2023). A
good example is 06-methylguanine DNA methyltransferase (MGMT), which removes
methyl groups from 0°-methylguanine lesions through a mechanism where the methyl
group is transferred to MGMT itself, resulting in its degradation (Mishina, Duguid and

He, 2006).

Another DNA repair mechanism that is triggered when DNA bases undergo
modifications is base excision repair (BER) (Dianov and Hiibscher, 2013). When the
BER process starts, DNA glycosylases detect and remove damaged bases (e.g. 5-
hydroxycytosine), leaving behind AP sites (abasic sites). These sites are further
processed by AP endonuclease 1 (APE1), which generates a single-strand break (SSB).
The subsequent repair pathways for SSBs overlap with those for single-strand break
repair (SSBR), with PARP1 playing a vital role in recognizing and signaling the break

(Caldecott, 2022).

For more complex DNA damage, such as crosslinks that distort the DNA helix
structure or bulk DNA adducts, nucleotide excision repair (NER) is activated to remove
these larger lesions (Marteijn et al.,, 2014). Very similar to BER and NER, mismatch
repair (MMR) is a DNA repair pathway that specifically attends to aberrations created
during DNA replication, such as single nucleotide mismatches and small deletions or

insertions, through a ‘cut and patch’ process (Li, 2007).

A more error-prone mechanism is translesion synthesis (TLS), which provides
an alternative approach to dealing with DNA lesions, allowing replication to continue
past damaged DNA without breaking the DNA strand (Sale, 2013). Due to the lack of 3’

to 5' exonuclease activity, the mechanism that corrects errors in high-fidelity

27



polymerases. TLS lacks proofreading and employs low-fidelity polymerases; therefore,
it increases the likelihood of mistakes in the DNA repair process and could boost the

mutation rate (Goodman and Woodgate, 2013).

These DDR mechanisms highlight how various caretaker proteins collaborate to
detect and repair DNA damage, preventing genomic instability and potential
tumorigenesis. Triggering aberrations in the DNA repair processes of neoplastic cells is
believed to be one of the targetable hallmarks of cancer (Pilié et al., 2018). When
cancers have to over-rely on their remaining pathways for genome stability, they
become vulnerable to DNA damage-induced cell death if the remaining pathways are

pharmacologically disrupted (Al-Bedeary, Getta and Al-Sharafi, 2020).

Following this strategy, the first DNA repair inhibitor, olaparib, a PARP (Poly
(ADP-ribose) polymerase) inhibitor, was approved in 2014 for the treatment of ovarian
cancer with BRCA gene deficiencies (Deeks, 2015). Since then, at least six additional
PARP inhibitors have been developed and approved worldwide, expanding their use to
other cancers, including pancreatic, breast, and prostate cancers (Curtin and Szabo,
2020). The development strategy for PARP inhibitors has evolved, with a focus on
selectively inhibiting PARP1, which maintains therapeutic efficacy while aiming to

reduce side effects (Ngoi et al., 2021).

In addition to PARP inhibitors, other DNA damage response (DDR) checkpoint
proteins have emerged as potential targets for cancer therapy. These include WEE1
(WEE1 G2 checkpoint kinase), ATR (ATM and Rad3-related), ATM (Ataxia-
Telangiectasia Mutated), and PLK1 (Polo-like kinase 1). Inhibitors targeting these
proteins are being tested in clinical settings, with some showing promising preliminary

responses in certain cancer types. These DDR inhibitors aim to exploit the cancer cells'
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vulnerabilities in repairing DNA, offering new therapeutic avenues for cancer treatment

(Lietal.,, 2023).

1.3.2. CANCER HALLMARKS AND HNSCC

The growth signals of normal, healthy cells are meticulously regulated through
both soluble and membrane-bound growth factors. In contrast, cancer cells exhibit
autonomous and erratic growth patterns due to disrupting these regulatory signals
(Keshavarzi et al,, 2017). The concept of the hallmarks of cancer was introduced to
describe a set of functional abilities acquired by human cells during their transition
from healthy to neoplastic states, specifically traits essential for the development of
malignant tumors, which serve as a framework for understanding the complexity of

cancer (Hanahan, 2022).

These hallmarks encompass key traits such as sustaining proliferative signaling,
promoting angiogenesis, resisting cell death, evading growth suppressors, achieving
replicative immortality, and facilitating invasion and metastasis. These traits are
underpinned by genome instability, which accelerates the acquisition of genetic
alterations, and inflammation, which supports various hallmark functions (Figure 4)

(Hanahan and Weinberg, 2011).
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Figure 4: The hallmark traits commonly exhibited by most cancers (Hanahan, 2022). The
2022 Hallmarks of Cancer (left) now include eight core capabilities and two enabling
characteristics. In addition to the six original hallmarks from 2000, two emerging hallmarks
introduced in 2011—reprogramming cellular metabolism and avoiding immune destruction—
are now considered core features. On the right, recent proposals include emerging hallmarks,
such as senescent cells, epigenetic reprogramming, phenotypic plasticity, and polymorphic
microbiomes. Reprinted (or adapted) from Cancer Discovery, 2020, 12 (1), 31-46, Douglas
Hanahan, Hallmarks of Cancer: New Dimensions, with permission from AACR.

The most fundamental characteristic of cancer cells lies in their ability to sustain
proliferation. Healthy tissues meticulously regulate the production and dissemination
of growth-promoting signals, orchestrating cell entry and progression through the
growth and division cycles. This regulation ensures the maintenance of a balanced cell
population and the preservation of normal tissue structure and function. Neoplastic
cells disrupt this delicate balance by deregulating these signaling pathways, granting

themselves autonomy over their growth (Hanahan and Weinberg, 2011).

These enabling signals primarily stem from growth factors that bind to receptors

on the cell surface, often containing intracellular tyrosine kinase domains. The family of
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transmembrane tyrosine kinase receptors known as the epidermal growth factor (EGF)
family encompasses epidermal growth factor receptor (EGFR) or human epidermal
growth factor receptor 1 (HER1), HER2, HER3, and HER4 (Bernardes et al., 2010).
Subsequently, these receptors instigate intricate intracellular signaling cascades that
control cell cycle advancement and cellular growth, including augmentation in cell size.
These signals often exert influence over other vital cellular processes, such as survival

and energy metabolism (Hanahan and Weinberg, 2011).

In addition, the availability of growth factors undergoes intricate regulation
through processes like sequestration in the pericellular space and the extracellular
matrix, as well as through the actions of a sophisticated network of enzymes, including
proteases and sulfatases. These enzymes modulate the liberation and activation of
growth factors in a highly specific and localized manner, introducing another layer of
complexity to our comprehension of the regulation of cell proliferation in both health

and disease (Hanahan and Weinberg, 2011).

Mitogenic signaling pathways in cancer cells are comprehensively understood.
Cancer cells can develop the capacity to maintain proliferative signaling through diverse
alternative pathways. For example, they might generate their own growth factor
ligands, enabling them to react to these self-produced signals by expressing
corresponding receptors, consequently inducing autocrine proliferative stimulation

(Lemmon and Schlessinger, 2010; Witsch, Sela and Yarden, 2010).

Alternatively, cancer cells can emit signals that stimulate normal cells within the
surrounding tumor-associated stroma, inducing these cells to release various growth
factors that support cancer cell proliferation (Cheng et al., 2008). Moreover, cancer cells

may disrupt receptor signaling by increasing the levels of receptor proteins present on
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their surfaces, rendering them hypersensitive to even low levels of growth factor
ligands. Similar outcomes may arise from structural alterations in receptor molecules

that enable ligand-independent activation (Bhowmick, Neilson and Moses, 2004).

Independence from growth factors can also arise from the constitutive activation
of components within signaling pathways downstream of these receptors, bypassing the
need for ligand-mediated receptor activation. Since multiple distinct downstream
signaling pathways originate from a receptor stimulated by a ligand, the activation of
one of these pathways, such as the Ras signal transducer pathway, may only replicate a
portion of the regulatory instructions transmitted by the activated receptor (Hanahan

and Weinberg, 2011).

Apart from their ability to induce and sustain growth-promoting signals, cancer
cells must also evade robust mechanisms that negatively regulate cell proliferation,
many of which are governed by tumor suppressor genes. Many tumor suppressors
have been identified through their characteristic inactivation in animal or human
cancers, with many validated through gain- or loss-of-function experiments in mice.
Among these, the RB and p53 proteins serve as prototypical tumor suppressors, acting
as central control points within two critical cellular regulatory pathways. These
pathways dictate whether cells proceed with proliferation or, conversely, activate

apoptosis or senescence (Hanahan and Weinberg, 2011).

Numerous studies have identified a significant correlation between the
expression levels of EGFR, phosphorylated EGFR (pEGFR), HER2, or HER4 and the poor
prognosis of patients with OSCC. Elevated levels of cyclin D1, a cell-cycle regulator
governing the transition from the G1 to S phase, have also been linked to diminished

survival rates (Monteiro et al., 2013; Silva et al., 2014). Furthermore, the presence of c-
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Met, another transmembrane tyrosine kinase receptor, has been associated with
unfavourable outcomes in OSCC patients due to its activation of matrix
metalloproteinase (MMP)-1, -2, and -9 (Lim et al., 2012). Additionally, a study by Macha
etal. (2011), focusing on the cytoplasmic transcription factors belonging to the signal
transducer and activator of transcription (STAT) family, suggests that OSCC cases
displaying expression of phosphorylated STAT3 (pSTAT3) are correlated with the

poorest prognosis.

Various tumor-suppressor genes responsible for anti-growth signals undergo
inactivation through the processes of mutation, methylation, and deletion that arise in
cancerous cells, leading to loss of heterozygosity. Such an example is p53, which is
widely recognized as the guardian of the genome, playing a crucial role in regulating the
cell cycle, apoptosis, DNA repair, and cellular differentiation (Choi and Myers, 2008).
Somatic mutations in the TP53 gene are identified in approximately 60% of cases of
HNSCC and approximately 10% of early oral dysplasia cases (Keshavarzi et al., 2017).
For the rest of HNSCC cases, TP53 regulation is negatively affected by interaction with
different proteins, such as E6, the oncoprotein produced by HPV-16. E6 can interfere
with the p53 protein, leading to its degradation. This happens in about 20% of cases of
HNSCC (Boudewijn ].M. Braakhuis et al., 2004). In the other 20% of cases, the TP53 gene
might not be mutated, but other proteins in the p53 signaling pathway could be
disrupted. A good example is the overexpression of MDM2, a key protein which
regulates p53 by promoting its degradation (Bernstein et al., 2012). In 80% of HNSCC
cases, this protein is overexpressed, leading to accelerated degradation of p53,

therefore contributing to tumour development (Valentin-Vega et al., 2007).
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Additionally, p53, can promote apoptosis (Levine and Oren, 2009) by inducing
the expression of pro-apoptotic proteins like Noxa, Puma, and Aip1, aiding in triggering
cell death. The p53 protein also represses the expression of antiapoptotic proteins, such
as Bcl-2, which normally work to prevent apoptosis. This ensures that, when necessary,

damaged cells undergo apoptosis (Bernstein et al., 2012).

In HNSCC, the presence of TP53 mutations in a premalignant lesion is a strong
predictor of progression to carcinoma, with a positive predictive value of 86%
(Bernstein et al,, 2012). This means that if a TP53 mutation is found in a precancerous
lesion, there is a high likelihood that the lesion will develop into cancer. Studies have
also shown that mutant TP53 is present in 29% of hyperplastic lesions (early, benign
changes in tissue), 46% of dysplastic lesions (abnormal tissue growth that could

progress to cancer), and 58% of HNSCC (cancerous lesions) (Bernstein et al., 2012).

Taking all this into account, a grading system for p53 mutations has been
developed in head and neck cancers, including OSCC, categorizing mutations into low-
risk missense mutations, high-risk missense mutations, and other mutations
(Sandulache et al., 2018; Neskey et al., 2015). Subgroups with high-risk p53 mutations
are associated with reduced sensitivity to cisplatin, increased risk of distant metastasis,
extranodal extension, and poorer prognosis (Osman et al., 2015). Overall survival rates
are notably lower in OSCC patients with p53 mutations compared to those with wild-
type p53 (De Oliveira, Ribeiro-Silva and Zucoloto, 2007). A study by Poeta et al. (2007)
analyzed 420 patients with HNSCC, including OSCC cases, and their results show that
patients with any TP53 mutation had a 40% increased risk of death compared to those

with wild-type TP53 (Hazard Ratio [HR] 1.4; 95% Confidence Interval [CI] 1.1-1.8).
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According to the same study, disruptive TP53 mutations were associated with a 70%

increased risk of death (HR 1.7; 95% CI 1.3-2.4).

Multiple studies so far highlighted that a significant correlation exists between
decreased expression levels of the cell-cycle regulators p16 or p21 and poor prognosis
in OSCC patients (Zhang Mingbin et al., 2013), (Padhi et al., 2017). The tumor
suppressor phosphatase and tensin homolog (PTEN) acts by negatively regulating the
phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR)
pathway and inhibiting insulin signaling by indirectly suppressing the mitogen-
activated protein kinase (MAPK) phosphorylation and blocking insulin receptor
substrate 1 (IRS-1) phosphorylation (Khalid et al., 2017). The lack of PTEN expression
in OSCC serves as an indicator of a poor prognosis (Zhao et al., 2017). Additionally,
PTEN inactivation can occur through gene methylation, as evidenced by the restoration
of PTEN mRNA expression post-treatment with 5-aza-2'-deoxycytidine (5-Aza-dc), a

demethylation agent, in human OSCC-derived cells (Kurasawa et al., 2008).

In addition to this, the presence of PIP3, which is the result of PIP2 being
denatured by PI3K in the plasma membrane, activates a cascade of signaling events.
PDK1 (3-phosphoinositide-dependent protein kinase 1) is recruited to the membrane
by PIP3 and activates AKT (protein kinase B) (Vanhaesebroeck, Stephens and Hawkins,
2012). AKT is a key protein that regulates various cellular processes, including
promoting cell survival, by phosphorylating a variety of target proteins. In HNSCC, PI3K
is overexpressed in 37% of cases, and AKT is overexpressed in 17% of cases (Bernstein
etal,, 2012). Interestingly, similar alterations in the PI3K/AKT pathway are sometimes

seen in the surrounding mucosa (healthy tissue near the tumour), indicating that these
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changes might occur early in tumour development and are frequent targets in the

process of tumour formation (Bernstein et al., 2012).

Besides the loss of tumour suppressor genes, HNSCC can evade growth
suppression through the transforming growth factor- (TGF-8) pathway, the NOTCH1
pathway and the retinoic acid receptor-§ (RAR-§3) pathway. TGF- is a signaling
molecule that normally suppresses cell growth by inhibiting the activity of Ras, a small
protein (GTPase) that promotes cell division. In HNSCC, mutations that cause a loss of
function in TGF-f receptors, combined with overexpression of Ras, can lead to
uncontrolled cell proliferation and the development of typical HNSCC, as demonstrated

in a mouse model (Lu, 2006).

This suggests that loss of TGF-f3 signaling and Ras activation can contribute to
cancer development. NOTCH1 is a signaling pathway that plays a role in regulating cell
fate and proliferation. In HNSCC, NOTCH1 signaling is often downregulated, which
reduces its ability to suppress tumour growth (Bernstein et al.,, 2012). This
downregulation may be caused by the overexpression of EGFR (epidermal growth
factor receptor), which is commonly elevated in many cancers, including HNSCC (Kolev
et al., 2008). Additionally, about 15% of HNSCC cases show a loss-of-function mutation
in the NOTCH1 gene, further impairing its tumor-suppressive role (Stransky et al., 2011;

Agrawal et al., 2011).

Last but not least, RAR-f is a receptor activated by retinoids (vitamin A
derivatives) that generally suppresses cell growth. In HNSCC, RAR-3 expression is
suppressed, often due to hypermethylation, which is a process where excessive methyl

groups are added to the gene's promoter region, silencing its activity. This suppression
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allows the cancer cells to bypass the growth-restraining effects of RAR-3 (Bernstein et

al, 2012).

Another hallmark of cancer is the ability of neoplastic cells to resist cell death.
Apoptosis is a protective mechanism that occurs in response to various stress signals,
such as DNA damage or the activation of oncogenes. Apoptosis serves as a defense
mechanism by eliminating damaged or abnormal cells, preventing them from becoming
cancerous (Bernstein et al., 2012). However, for cancer to develop and progress, cells
must resist apoptosis. Neoplastic cells acquire resistance to apoptosis through the
inactivation of pro-apoptotic factors (proteins that promote cell death) or the
overactivation of apoptotic inhibitors (proteins that prevent cell death). This allows
cancer cells to survive despite the presence of DNA damage or other forms of stress

(Bernstein et al., 2012).

Another method neoplastic cells use to escape apoptosis involves EGFR
(epidermal growth factor receptor) signaling. One of the key downstream effectors of
EGFR signaling is STAT3, a transcription factor that regulates many cellular processes,
including the suppression of apoptosis. When EGFR signaling is increased, it activates
STAT3, which in turn inhibits apoptosis, allowing cancer cells to survive and proliferate

(Grandis et al., 2000).

Replicative senescence is a process which allows normal cells to have a limited
number of cell divisions. The telomeres, the protective end of chromosomes, get shorter
after every cell division process (Bernstein et al., 2012). The cells stop dividing when
they enter the senescence stage, and apoptosis is triggered if the telomeres continue to
shorten beyond the critical point. The telomerase enzyme can counteract the shortening

of telomeres by adding new telomeric repeats to the chromosome ends. This allows
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cells to bypass the normal limit on the number of divisions, effectively extending their

lifespan (Bernstein et al., 2012).

Telomerase is active during embryonic development, but it is typically inactive in
somatic cells in adults. In many cancers, however, telomerase is reactivated, allowing
cancer cells to maintain their telomeres and divide indefinitely, making them effectively
immortal (Bernstein et al., 2012). This reactivation of telomerase is also observed in
HNSCC, with 78% of HNSCC cases showing telomerase activation, as well as 85% of

precancerous tissue and 53% of adjacent normal tissue (Bernstein et al., 2012).

Angiogenesis is the process that precedes the activation of metastasis. Tumours
require a blood supply to grow and remove waste products (Bernstein et al., 2012). To
achieve this, the tumour stimulates the formation of new blood vessels, a process
known as angiogenesis. This is the sprouting of new vessels from existing blood vessels,
which increases the blood supply to the tumour. Hypoxia, or low oxygen levels, occurs
in the centre of growing tumours due to the rapid proliferation of tumour cells

surpassing the formation of blood vessels (Bernstein et al.,, 2012).

In response to hypoxia, the tumour increases the production of pro-angiogenic
factors, which promote the formation of new blood vessels. These pro-angiogenic
factors are fibroblast growth factors (FGF 1 and 2), platelet-derived growth factor
(PDGF), interleukin-8 (IL-8), and vascular endothelial growth factor (VEGF) (Bernstein
et al.,, 2012). VEGF is one of the most important pro-angiogenic factors. It binds to
receptors on endothelial cells, which are the cells that line the inside of blood vessels.
VEGF binding to these receptors triggers endothelial cell proliferation (cell growth) and
migration (movement), which are crucial steps in the formation of new blood vessels

during angiogenesis (Bernstein et al., 2012).
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High expression of VEGF has been observed in HNSCC, and it plays a significant
role in the disease's progression by promoting angiogenesis (Caponigro et al., 2005).
Studies have shown that the expression of VEGF or its receptors is increased in 50% of
premalignant lesions and 75% of malignant oral and laryngeal lesions. This suggests
that VEGF is an important factor in the development and progression of HNSCC,
contributing to the tumour's ability to recruit blood vessels and sustain growth

(Bernstein et al., 2012).

The process of metastasis involves the detachment of cancer from the primary
tumour and the invasion of surrounding healthy tissue and distant sites. The
mechanisms of this process heavily rely on changing shape and adhesion properties. A
key event in this process is the epithelial to mesenchymal transition (EMT), in which
epithelial cells, which are connected and stationary, lose their characteristics and gain
mesenchymal traits, such as increased motility and the ability to invade surrounding

tissues. EMT is a critical step in cancer metastasis (Fang and Kang, 2021).

E-cadherin is a cell adhesion protein that plays a crucial role in holding epithelial
cells together at the adherens junctions, which are structures that mediate cell-cell
adhesion (Petrova, Schecterson and Gumbiner, 2016). The protein complex that forms
at these junctions includes E-cadherin and two catenins (a-catenin and (3-catenin).
These proteins help link the E-cadherin molecules to neighbouring cells, maintaining
cellular cohesion and preventing detachment. During the transition to a mesenchymal
phenotype (such as during EMT), the expression of E-cadherin and the catenins is
downregulated. This downregulation weakens the attachment between cancer cells,
facilitating their detachment and ability to migrate to other areas (Petrova, Schecterson

and Gumbiner, 2016; Fang and Kang, 2021).
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In HNSCC, the downregulation of E-cadherin occurs in 59% of cases, and the
downregulation of catenins a and 3 occurs in 72% of cases (Tanaka et al., 2003). This
downregulation is significant because it contributes to the loss of cell-cell adhesion,
which is necessary for cancer cells to detach and invade surrounding tissues.
Additionally, the downregulation of these proteins is linked to the presence of lymph
node metastases, meaning that cancers with reduced E-cadherin and catenin expression

are more likely to spread to nearby lymph nodes (Bernstein et al., 2012).

Cancer develops due to a complex interplay of genetic and environmental factors
that occur over time. Over a long period, the accumulation of genetic changes and
environmental damage results in the phenotypic variations seen in different cancers
(Langie et al., 2015). Genome instability is generated by the intensification of mutations
within the genome, and it allows genetic alterations to accumulate, aiding in cancer
development. Genomic instability is considered an enabling characteristic of cancer
because it facilitates the acquisition of the hallmarks of cancer by providing the genetic
variations necessary for neoplastic cells to adapt and develop (Langie et al,, 2015).

Another enabling characteristic of cancer is tumour-promoting inflammation,
which is often encountered in HNSCC. Chemokines recruit immune cells (macrophages,
mast cells, dendritic cells, lymphocytes, granulocytes) to the site of tumours, which
paradoxically exploit the immune response to enhance their growth. Moreover, immune
cells release reactive oxygen species, which increase genomic instability due to being

mutagenic (Bernstein et al., 2012).

One inflammatory factor known as COX-2 produces inflammatory prostaglandins
and has been linked to cancer progression. In HNSCC, COX-2 is overexpressed in 71% of

cases, correlating with the production of VEGF. This combination may contribute to a
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more aggressive disease with lymph node involvement (Bernstein et al., 2012).
Furthermore, chronic oral infections like periodontitis have been linked to more
aggressive oral cancers, and poor dental hygiene may play a role in the connection
between cigarette smoking and HNSCC (Tezal et al., 2009). This highlights how
inflammation, often driven by immune cells, can act as a facilitator of tumour growth

and progression.

Overall, the myriads of mutations that could be involved in the development of
HNSCC remain a largely unexplored area. Following the hallmarks of cancer, further
studies on these mutations could aid in enabling more personalized therapies tailored

to the specific genetic makeup of individual tumours.

1.4. DIAGNOSIS, TREATMENTS AND CLINICAL TRIALS

1.4.1. UP-TO-DATE DIAGNOSIS AND TREATMENT OPTIONS

Oral tumors often avoid detection until they have reached advanced stages,
despite the oral cavity's accessibility for examination. Recently, non-invasive imaging
techniques have emerged as valuable tools for detecting molecular and cellular
alterations in living organisms. Technologies such as computed tomography (CT),
positron emission tomography (PET), and magnetic resonance imaging (MRI) offer
promise in screening patients, particularly those with oral squamous cell carcinoma,
during the early phases of the illness (Keshavarzi et al., 2017).

The treatment so far requires a multidisciplinary approach, including medical,

surgical, and radiation oncology, pathology, and radiology. The backbone of HNSCC
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treatment is surgery, followed by definitive concurrent chemoradiation (CRT), adjuvant
radiation therapy, chemotherapy, targeted therapy or immunotherapy (Anderson et al.,
2021). When developing a treatment plan, the goal is to pursue the most curative
approach possible while also preserving the patient's functional abilities, such as speech

and swallowing (Johnson et al., 2020).

1.4.2. CLINICAL TRIALS AND CYTOTOXIC AGENTS

Despite the application of various treatment modalities for HNSCC patients,
including chemoradiotherapy, targeted therapy, and immunotherapy, overall clinical
outcomes have not shown a significant therapeutic advantage. Individuals with
metastatic HNSCC typically face a poor prognosis, as the disease is often considered
incurable at this stage (Goel et al., 2022). Currently, only a limited number of
therapeutic approaches have demonstrated the ability to improve progression-free

survival (PFS) or overall survival (0OS) (Marur and Forastiere, 2016).

Although included in the standard treatment regimen, some of the therapies
used in treating cancer can have a negative impact on the patient’s quality of life.
Radiotherapy, for example, requires different techniques, doses, fractionation schemes,
and fields based on the specific condition of the patient. Radiotherapy complications,
however, are very common in HNSCC patients. Modern techniques of radiotherapy, such
as image-guided radiotherapy or intensity-modulated radiotherapy, alleviate the extent
of the side effects due to the reduction of radiation delivered to the surrounding healthy

tissue while also precisely covering the targeted area (Yeh, 2010).

42



Chemotherapy's effectiveness, for example, is usually evaluated using several
prognostic markers, which help to predict clinical outcomes. Among these, previous
treatments (such as chemotherapy, radiotherapy, surgery, or other interventions) and
the cancer stage at diagnosis are the most critical factors affecting treatment response
(Colevas, 2006). Despite these limitations, several pharmacological agents, particularly
monoclonal antibodies, have exhibited significant potential in treating HNSCC, and
many are currently being evaluated in clinical trials (Kozakiewicz and Grzybowska-

Szatkowska, 2018).

A substantial number of clinical studies have confirmed the therapeutic efficacy
of various treatments, including chemotherapy, radiation, immunotherapy, and targeted
therapy (Moreira et al., 2017; Samra et al,, 2018). Among these treatment options, a
combination regimen of docetaxel, cisplatin, and 5-fluorouracil (5-FU) has emerged as
particularly promising. Furthermore, these three drugs are the most frequently utilized
medications in clinical trials globally (Goel et al., 2022). However, recent advancements
in immunotherapy and targeted therapy have highlighted the potential for monoclonal
antibody-based treatments. Drugs such as nimotuzumab, nivolumab, zalutumumab,
pembrolizumab, panitumumab, and cetuximab, are among those that could play
significant roles in future HNSCC management (Kozakiewicz and Grzybowska-

Szatkowska, 2018).

Findings from various clinical trials have shown the efficacy of multi-
combinational therapy. A combination of docetaxel with cisplatin and 5-fluorouracil (5-
FU), followed by chemoradiotherapy (with weekly carboplatin), has led to improved
three-year overall survival (0S) rates compared to a combination of only cisplatin and

5-FU (Posner et al., 2007). The main adverse effect observed in these treatments was
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grade 3/4 neutropenia (a significant drop in white blood cell count), which was
frequently reported. Despite its benefits, the docetaxel with cisplatin and 5-fluorouracil
regimen also raised toxicity concerns, with 25.8% of patients experiencing grade 3-4
neutropenia and 7% experiencing treatment-related deaths (Lionnel Geoffrois et al.,
2016). This underlines the critical issue of chemotherapy-induced toxicity in HNSCC

treatment (Fayette et al.,, 2016).

Another potential therapy in the current treatment landscape for HNSCC is
molecular-targeted therapy, with clinical trial results indicating a shift toward more
tailored therapeutic approaches (Kozakiewicz and Grzybowska-Szatkowska, 2018).
This type of therapy focuses on targeting molecules directly involved in the growth,
progression, and spread of cancer, interfering with specific biological pathways or
proteins more prominent or sometimes unique in cancer cells (Min and Lee, 2022).
Some key molecular targets are Epidermal Growth Factor Receptor (EGFR), which is a
protein that promotes cell growth and division when activated and it is often
overexpressed in many cancers, including HNSCC, Vascular Endothelial Growth Factor
(VEGF), which is a signal protein that stimulates the formation of blood vessels,
therefore, targeting VEGF can inhibit tumour growth by restricting its blood supply, and
Phosphatidylinositol 3-kinase (PI3K), which is an enzyme involved in cellular functions
such as growth, proliferation, and survival. Abnormal PI3K signaling is linked to cancer

progression (Goel et al., 2022).

Accounting for all of these aspects, while there are a variety of therapeutic
strategies currently used in treating HNSCC, the complexity and variability of HNSCC is

still a challenge when trying to achieve consistent treatment success. Ongoing research,
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particularly in targeted therapies, immunotherapy, and the identification of biomarkers,

is essential to improve outcomes for patients with HNSCC (Goel et al., 2022).

1.5. EMERGING TECHNOLOGIES: PLASMA-BASED TREATMENTS

1.5.1. INTRODUCTION TO PLASMA

The concept of plasma in medicine has been actively developing at a high pace in
the last two decades, going from initial discovery to in vivo/in vitro pre-clinical trials
and clinical trials that highlight its beneficial application in wound healing, tissue
regeneration, disinfection, and even cancer treatment due to its anti-tumoral effects

(Brany et al., 2020).

The surge of studies focusing on this innovation in the medical field emphasizes
the vast prospects plasma promotes in developing novel approaches to treating
different diseases, with supposedly fewer side effects or with an enhanced effect when
used in combination therapy. Moreover, plasma research requires a multidisciplinary
approach, and all the results so far have come to fruition due to the collaboration
between the plasma physics community, chemists, and multiple health experts in life

sciences and clinical medicine (Laroussi, 2020).

The beginning of plasma science started back in 1879, with William Crookes,
which ionized gas in an electrical discharge tube after applying a high voltage through a
voltage coil, and the result was firstly called ‘radiant matter’ and later, in 1927, Irving

Langmuir changed the term to ‘plasma’ (Langmuir, 1928; Brany et al., 2020). Therefore,

45



plasma, the fourth state of matter, could be described as an ionized gas formed through
the disintegration of polyatomic gas molecules or the discharge of electrons from

monatomic gas shells (Adhikari and Khanal, 2013).

There are also three rules an ionized gas needs to follow in order to correctly be
referred to as ‘plasma’, and these rules focus on plasma frequency, macromolecular
neutrality, and Debye shielding. The macromolecular neutrality that characterises
plasma is attributable to the fact that the net resulting charge of the ionized gas is zero,
which means that plasma has essentially the same density of electrons (negative
charge) and protons and other heavy particles (positive charge). The motion of these
particles in plasma triggers the formation of electric fields and the further development
of magnetic fields. Debye shielding, made of all the charged plasma particles, plays an
important role in shielding the electrostatic fields formed inside the ionized gas. Finally,
yet importantly, the plasma frequency helps plasma go back to its neutral charge if
external factors are affecting its equilibrium conditions (Chaudhary, Imam and Alj,

2017; Adhikari and Khanal, 2013).

Considering temperature, plasma can be high temperature (108 K, the same
temperature found in the solar core), thermal (2 x 104K), and non-thermal (between
300 and 1000K in artificial conditions). The difference between the three groups stands
in the electron density, with high-temperature and thermal plasma having higher

ionization and electron density than non-thermal (cold) plasma.

In plasma with low ionization, such as cold plasma, which has ionization only up
to 1%, the neutrally charged interactions between particles trigger multiple coulomb
interactions, which lead to particle collisions. Particle collisions, such as electron-

electron, have higher temperatures than ions and neutrons when they reach
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thermodynamic equilibrium, but this type of collision cannot transfer kinetic energy to

bigger particles (Chaudhary, Imam and Alj, 2017).

Regarding pressure, cold plasma can be triggered at both low and atmospheric
pressure, and their benefits are diverse. The first studies on low-pressure cold plasma
concluded that treating surfaces with plasma is more effective than conventional
sterilisation (Fiebrandt, Lackmann and Stapelmann, 2018), while cold atmospheric

plasma (CAP) has been proven to reduce microbial load (Napp et al., 2015).

This discovery is of high relevance due to the health concerns the world is facing
nowadays with accentuated antibiotic resistance against certain bacteria strains, such
as Clostridium difficile (C-diff) and Methicillin-Resistant Staphylococcus aureus (MRSA),
and the difficulties encountered when treating chronic wounds, which are susceptible to
bacterial infections, such as diabetic foot ulcers, venous ulcers or ischemic ulcers

(Laroussi, 2020).

Alongside this, CAP has emerged as a promising tool in modern medicine,
demonstrating significant potential across various therapeutic applications. It has
already been successfully used in the clinical treatment of chronic wounds and skin
disease, where it has shown the ability to promote healing and reduce inflammation

(Brany et al., 2021).

In laboratory research, CAP has exhibited remarkable effects, including a
selective decrease in the viability of tumour cells, which raises its potential as a cancer
treatment. Furthermore, the synergy between CAP and standard pharmaceuticals is an

exciting area of exploration, as studies suggest that combining plasma treatment with
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conventional drugs may enhance their effectiveness and improve overall treatment

outcomes (Brany et al.,, 2021).

Overall, the unique properties of CAP present a wide range of opportunities for

advancing medical treatments, and ongoing research is essential to fully realize its

benefits for patients (Figure 5).
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Figure 5: Introduction to cold atmospheric plasma (CAP) (Murillo et al., 2023). A -
Atmospheric plasma can be thermal (functional at very high temperatures) or cold (appropriate
for biomedical applications due to functioning at room temperature). B - types of CAP delivery

devices used in cancer research: plasma jet and dielectric barrier discharge. C - types of

applications in tissue or cell culture. The direct application involves the plasma itself being
applied directly to the tissue or cells. All the components of plasma come into contact with the
target, affecting the tissue or cells directly. For the indirect application, plasma is used to treat a
liquid (creating the PCL), which contains the cytotoxic components generated by plasma. This
liquid is then applied to the tissue or cells.
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1.5.2. PLASMA COMPONENTS AND THEIR ROLE IN DNA DAMAGE

Over the past two decades, research on cold atmospheric plasma (CAP) has
focused largely on its anti-cancer properties, which are primarily linked to CAP's ability
to generate reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Brany et
al,, 2021). These reactive species are highly significant in cancer treatment due to their
potential to induce oxidative stress that can selectively harm tumour cells. Additionally,
studies have explored CAP’s influence on nitric oxide (NO) production, as NO plays a
critical role in stimulating stem cell proliferation, which is vital for regenerative

processes (Laroussi, 2020; Semmler et al., 2020).

Interestingly, healthy cells can activate their antioxidant defences to counter ROS
and RNS, enabling them to survive CAP exposure with minimal damage (Snezhkina et
al,, 2019). By contrast, cancer cells already have elevated ROS levels and altered redox
regulation mechanisms, making them particularly vulnerable to further increases in

ROS and RNS triggered by CAP (Woedtke et al., 2019; Aggarwal et al., 2019).

This differential response allows CAP to target cancer cells more effectively
while sparing healthy cells. Another reason tumour cells are thought to be more
susceptible to CAP is their high replication rate. Attributable to this fact, they enter the S
phase of the cell cycle, when DNA is unwound and thus more vulnerable, more
frequently. Tumour cells are especially sensitive to CAP’s ROS and RNS effects when this

process takes place (Van der Paal et al.,, 2017).

Nonetheless, the response of cancer cells to CAP-generated reactive species

varies with concentration. For example, at lower concentrations, hydrogen peroxide
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(H202) can promote cell growth, while at higher concentrations, it can induce
programmed cell death (apoptosis) (Thannickal and Fanburg, 2000). Similarly, nitric
oxide (NO) has concentration-dependent effects: at low levels, NO can protect cells by
reducing protein and lipid oxidation, stabilizing cell membranes, and limiting apoptosis;
at higher concentrations, however, NO becomes cytotoxic, leading to cell damage (Kong
et al,, 2009). This concentration-dependent response of cancer cells to CAP highlights

the complexity and the potential for precise modulation in CAP-based therapies.

Another strong interaction CAP could have with cells involves lipid peroxidation.
In this process, a chain reaction in which oxidants and free radicals damage the lipids
within the cell membrane is triggered. Most affected lipids in this process are the ones
with carbon double bonds (e.g. polyunsaturated fatty acids) (Ayala, Mufioz and
Argiielles, 2014; Gaschler and Stockwell, 2017). When low levels of lipid peroxidation
are generated in healthy cells, the antioxidant defense mechanism of said cells is
triggered, leading to increased production of antioxidant proteins that aid in
counteracting oxidative stress, allowing cells to repair mild oxidative damage. Despite
that, when the levels of lipid peroxidation are excessive, those defence mechanisms can
no longer be able to perform their essential function. This would lead to apoptosis or
even necrosis if the damage is extensive (Ayala, Mufioz and Argiielles, 2014; Gaschler

and Stockwell, 2017).

Moreover, lipid peroxidation can disrupt the structure of lipids in the cell
membrane, negatively affecting the membrane stability. High levels of peroxidation can
generate pores in the membrane, which in turn allow reactive species and radicals to
penetrate more easily into the cell (Ayala, Mufioz and Argiielles, 2014; Gaschler and

Stockwell, 2017). Tumour cells, in particular, often have a unique lipid composition and
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altered cholesterol levels in their membranes, which can make them more vulnerable to
this peroxidation process (Szlasa et al., 2020; Preta, 2020; Semmler et al., 2020). As
reactive species enter through these pores, they can interfere with critical cellular
signaling pathways, causing signaling disruptions that may lead to cellular dysfunction
or even cell death (Redza-Dutordoir and Averill-Bates, 2016; Zhang et al., 2016). This
vulnerability in tumour cell membranes can potentially be used in targeted therapies, as

it allows for selective damage to cancer cells while sparing healthier ones.

Besides reactive species and radicals, CAP also generates ultraviolet (UV)
radiation, another factor that could negatively interact with cells. CAP-generated UV
radiation can trigger the formation of pyrimidine dimers, damaging cellular DNA. These
pyrimidine dimers are aberrant covalent links between adjacent pyrimidine bases in
DNA. The generation of pyrimidine dimers increases cytotoxicity and cell mutagenicity

(Goto et al,, 2015).

The two most encountered types of pyrimidine dimers generated by UV
radiation are pyrimidine (6-4) pyrimidone photo-products, formed due to a single
covalent bond between the carbon at the 6 position on one ring and the carbon at the 4
position on the neighbouring ring, and cyclobutane pyrimidine dimers (CPDs), which
form when two adjacent pyrimidine bases (e.g. thymine or cytosine) become directly
bonded, generating a cyclobutane ring(Goto et al., 2015). The normal DNA structure and
function are negatively affected by the increased number of CPDs and 6-4 photo-
products, raising the probability of mutations and cell death. Since CAP can emit UV
radiation across variable wavelengths that can drive pyrimidine dimer formation (Jiang
et al., 2009), this poses a potential safety risk, particularly if exposure is too intense or

prolonged.
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Thus, while CAP holds therapeutic promise, it must be applied in carefully
controlled dosages and under regulated conditions to minimize the risk of unintended

cellular damage (Brany et al.,, 2021).

1.5.3. PLASMA PHARMACOKINETICS: IMPLICATIONS FOR DRUG DELIVERY

Conventional, up-to-date anti-cancer treatments frequently cause side effects
due to the high and repeated doses of drugs required to achieve a therapeutic impact.
This need for potent dosing often leads to toxicity, impacting not only cancer cells but
also healthy cells, resulting in adverse effects for the patient (Pucci, Martinelli and

Ciofani, 2019).

To address this, current research worldwide is focused on strategies that could
generate the same therapeutic outcomes with lower drug dosages, therefore reducing
side effects. Emerging research suggests that CAP may help meet this goal by enhancing
the effectiveness of cancer treatments when used in combination with
chemotherapeutic and pharmaceutical agents. CAP has shown potential in synergistic
therapies, meaning that, when combined with conventional drugs, it could allow for
effective cancer cell targeting at lower doses, reducing the likelihood of side effects and

improving the overall safety of treatment (Brany et al., 2021).

While medical CAP devices have undergone stringent safety testing, there are
possible issues regarding their use on tissues due to the potential effects of CAP-
generated hydroxyl radicals. Although they may hold therapeutic promise for treating

conditions such as cancers, their delivery carries potential mutagenic risks that warrant
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careful evaluation (Sabrin et al.,, 2024). In addition to this, another challenge plasma
medicine faces when using CAP as a therapy option is the precise delivery and control of
clinically relevant doses of reactive oxygen and nitrogen species (RONS) in the
millimolar range. Most CAP sources produce these RONS only in the micromolar range,

making therapeutic concentrations hard to achieve (Sabrin et al., 2024).

Plasma-activated hydrogel therapy (PAHT) is a cutting-edge technology designed
to address chronic diseases, including wounds and cancer while mending the side
effects of hydroxyl radicals triggered by CAP and the limitation of clinically relevant
doses (Sabrin et al., 2024). Research has shown that using a hydrogel film between CAP
and the target tissue effectively blocked all hydroxyl radicals from reaching the target
without affecting the passing of RONS. This finding suggests that hydrogels can serve as
a protective barrier to minimize the potentially harmful cytotoxic effects of short-lived
radicals while preserving the therapeutic benefits of CAP by delivering beneficial RONS
to the target tissue (Sabrin et al., 2024). Moreover, PAHT can trigger the generation of
higher RONS doses through electrochemical methods. Advanced sensor technologies
paired with PAHT could allow for real-time, in situ monitoring of key parameters,
promising a solution for precise control when administered to patients (Sabrin et al.,

2024).

The potential of PAHT is currently being investigated across various medical
applications, offering promising prospects for novel therapeutic approaches in wound
healing and diseases such as cancer. Integrating PAHT with antimicrobial or
chemotherapeutic agents represents a potential advancement in addressing diverse

medical challenges, including HNSCC.
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1.6. CONCLUSION AND AIMS

A diagnosis of head and neck squamous cell carcinoma (HNSCC) is often
associated with a poor prognosis and complex symptomatology, highlighting the urgent
need for more effective therapeutic strategies that enhance treatment efficacy and
functional outcomes. The integration of conventional treatment approaches with
innovative therapies represents a promising avenue for advancing HNSCC management.
Emerging technologies such as cold atmospheric plasma (CAP) and plasma-activated
hydrogel therapy (PAHT) show significant potential in diverse applications, including
blood coagulation, disinfection, tissue regeneration, wound healing, and cancer

treatment.

In the next chapters, we will discuss whether or not the anti-proliferative effects
of chemotherapeutics (e.g. cisplatin) or DDR inhibitors such as adavosertib, olaparib,
ceralasertib, and AZD1390 may be boosted by the co-treatment with CAP, in both 2D
and 3D cultures of two HNSCC cell lines, A253 and FaDu. The anti-proliferative effects of
the co-treatment will be evaluated through cell proliferation assays, spheroid growth
assays, and the detection of the DNA damage marker yH2AX using immunofluorescence.
Additionally, cisplatin-loaded hydrogels have also been tested in order to assess the

future potential of PAHT therapy in the locoregional treatment of HNSCC.
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2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. REAGENTS

All reagents were purchased from Thermo Fisher Scientific and Sigma Aldrich, or

as otherwise specified. All cell culture media, penicillin/streptomycin, trypsin, and fetal

bovine serum (FBS) were purchased from Gibco or Labtech. Cell culture flasks and cell

culture diseases were from Thermo Fisher Scientific, Corning incorporated or Sarstedt.

2.1.2. ANTIBODIES

Table 1. Table of primary and secondary antibodies for Imnmunofluorescence staining.

Type of Antibody Manufacturer/Information | Concentration | Application
antibody
Primary y-H2AX Abcam, ab26350, 1:500 IF
(pS139) (M) | monoclonal
Secondary Anti- Invitrogen, A32723, 1:1000 IF
mouse, polyclonal
Alexa Fluor
Plus 488
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2.1.3. BUFFERS AND SOLUTIONS

Table 2. Table of compositions for buffers and solutions.

Solution Recipe

Alamar Blue 5% (w/v) in PBS

Blocking Solution 5% (w/v) skimmed milk powder in TBST or 5% (w/v)
BSA in TBST

Bovine serum albumin (BSA) 3% (w/v) in TBST

Vectashield® (Vector Laboratories) | Proprietary formulation (contains antifade agents

and DAPI)

Tris-Buffer Saline (10X TBS) 50 mM Tris-Cl, 150 mM NacCl, pH 7.5 in MQW

Tris-Buffer Saline with Tween (1X 10% (v/v) 10X TBS, 0.1% (v/v) Tween-20
TBST)

Phosphate-buffered saline (PBS) 1 tablet in 500 mL MiliQ water to produce a solution
of 10 mM phosphate, 150 mM sodium chloride, pH
7.3-7.5.

2.1.4. SPHEROID STAINING

Table 3. Table of stains used for live cell staining of spheroids.

Type of Manufacturer | Stock Working Dilution | Application

stain Information Concentration | Concentration | Factor

SYTOX™ Invitrogen 5mM 100 uM 1:50 Live cell staining

Green of spheroids

Nucleic

Acid Stain

Hoechst Invitrogen 10 mg/mL 1 mg/mL 1:1000 Live cell staining
of spheroids

33342

56



2.1.5. TISSUE CULTURE

Head and neck cancer cell lines (A253 and FaDu) were obtained from Dr Jason
Parsons’ laboratory at the University of Birmingham and were cultured in Dulbecco’s
modified eagle’s medium (DMEM) (Gibco) with 10% (v/v) of fetal bovine serum (FBS)
(Sigma-Aldrich), 4 mM L-glutamine, 25 mM D-glucose, 1 mM sodium pyruvate and 1%
(v/v) penicillin/streptomycin(PS) (100 units penicillin and 10 pg streptomycin/mL)
(Gibco). Cells were grown in an incubator at 37°C and 5% COz. Cells were harvested

using 0.05% Trypsin (Gibco).

Cells were passaged for no more than thirty passages from the purchased stock.
To passage the cells, media were removed from the flask and cells were then washed
with PBS and incubated for 2-5 min, depending on cell line, with trypsin at 37°C. Media
were added to the trypsinised cells to achieve the desired dilution to seed into new
plates or flasks after cell counting using a haemocytometer (Counting chamber,

Hawksley, AC1000) and a microscope (AE2000, Motic).

2.1.6. COLD ATMOSPHERIC PLASMA JET

The Cold Atmospheric Plasma (CAP) jet used in this paper comprises a glass tube
with a 4 mm inner and a 6 mm outer diameter, and a single, cylindrical copper electrode
of 15 mm length and a distance of 40 mm from the nozzle. The electrode was powered
by a PVM500 power supply produced by Information Unlimited, USA, and the flow rate
of helium gas (BOC) that passed through the glass tube was modulated using a digital

mass flow controller produced by APEX, USA, fixed at 0.5 standard litres per minute
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(SLPM). The input voltage supplied to the electrode was fixed at 10 kVy-p (peak-to-peak)
at a frequency of 30 kHz. This plasma jet has previously been described by Gaur et al.,

2020 (Figure 6).

Figure 6: Helium cold atmospheric pressure plasma jet set-up. (A) General CAP jet set-up,

displaying the polytetrafluoroethylene (PTFE) housing that covers the glass tube and the
electrode (circled in red), the PVM500 power supply, and the digital APEX mass flow controller.
(B) A photograph taken during the experiments, showing how the plasma jet was used to treat

cells in a 96-well plate.

2.1.7. CoMPOSITE HYDROGELS

The composite hydrogels used in this paper have been manufactured by Dr
Naing Thet in Professor Toby Jenkin’s laboratory at the Department of Chemistry of

the University of Bath (Gaur et al., 2023).

The composite hydrogels were prepared by dissolving cisplatin (Sigma-Aldrich)
in deionized water at a concentration of 0.3 mg/mL. After fully dissolving, PAA (sodium
polyacrylate) particles (SAVIVA, BASF), 1% w/v concentration, were added to the

cisplatin solution and left at room temperature for 30 minutes, for the PAA particles to
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absorb cisplatin. The resulting particles were washed with water and ethanol under
vacuum, using a Biichner funnel. After washing, the PAA particles were dried by
repeated freeze-thaw cycles using liquid nitrogen and washing with ethanol. After this
process, the PAA particles were dried at 60°C under vacuum until a dry powder was
achieved. 5 g of PVA (cryo-crosslinked poly(vinyl alcohol)) (Sigma-Aldrich) and 100 mg
of dried PAA particles were combined to obtain a homogeneous powder. This powder
was dissolved in 100 mL of deionized water and kept in a water bath at 95 °C for 1 h. 20
mL of the cisplatin-PAA-PVA solution were then added to a 9 cm-diameter Petri dish
and spread evenly, before being stored at =20 °C until frozen and then defrosted at 25

°C.

2.2. METHODS

2.2.1. CELL PROLIFERATION ASSAY: CISPLATIN AND DDR INHIBITORS

A253 and FaDu were trypsinised and seeded (see Section 2.2) into 96 well plates
at 1250 cells per well and incubated at 37°C and 5% CO:z overnight. Cells were treated
with the test compounds at the desired dose, ranging from 0 to 20 uM (Cisplatin,
AZD1775, AZD1390, AZD6738) or 0 to 500 uM (Olaparib), and used DMSO as a vehicle
control. Compounds were supplemented into 200 pL of media and incubated at 37°C
and 5% COz for 72 h. 20 pl of filter-sterilised resazurin solution (100 mg/ml in PBS) was
added to each well. Plates were incubated for 3 h at 37°C and 5% CO2 incubator and the

product were measured by absorbance at 570 nm (reference absorbance 595 nm) every
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1 h using a Tecan Infinite 200 PRO plate reader. Data analysis was performed using

GraphPad Prism 9.2.0.

2.2.2. CELL PROLIFERATION ASSAY: COLD ATMOSPHERIC PLASMA

A253 and FaDu were trypsinised and seeded (see Section 2.2) into 96 well plates
at 1250 cells per well and incubated at 37°C and 5% CO2 overnight. Cells were treated,
before or after 30 and 60 seconds of direct CAP (see section 2.1.6) treatment, with the
test compounds at the desired dose (1.5 uM Cisplatin, 0.5 nM AZD1390, AZD6738, 1 uM
Olaparib, 300 nM AZD1775) and DMSO as vehicle control (0.1% (v/v) DMSO).
Compounds were supplemented into 200 pL of media and incubated at 37°C and 5%
CO2 for 72 h. 20 pl of filter-sterilised resazurin solution (100 mg/ml in PBS) was added
to each well. Plates were incubated for 3 h at 37°C and 5% CO:z incubator and the
product was measured by absorbance at 570 nm (reference absorbance 595 nm) using
a Tecan Infinite 200 PRO plate reader. Data analysis was performed using GraphPad

Prism 9.2.0.

2.2.3. CELL PROLIFERATION ASSAY: COMPOSITE HYDROGELS

A253 and FaDu were trypsinised and seeded (see Section 2.2) into 96 transwell
plates at 1250 cells per well and incubated at 37°C and 5% CO:z overnight. Cisplatin-
loaded hydrogel discs (see section 2.1.7) of 0.6 mg/mL concentration and 3-4 mm

thickness were prepared using a biopsy punch and then treated with CAP (see section
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2.1.6) for 120 seconds (Figure 7). After treatment, the CAP-activated cisplatin-loaded
hydrogel discs were placed on top of the target cells and the plate was incubated at 37°C
and 5% COz for 72 h. 20 pl of filter-sterilised resazurin solution (100 mg/ml in PBS) was
added to each well after incubation. Plates were incubated for 3 h at 37°C and 5% COz2
incubator and the product was measured by absorbance at 570 nm (reference
absorbance 595 nm) using a Tecan Infinite 200 PRO plate reader. Data analysis was

performed using GraphPad Prism 9.2.0.

Figure 7: Cisplatin-loaded hydrogel discs. Before being applied to the monolayer culture in
96-transwell plates, the cisplatin-loaded hydrogel discs were activated by CAP as shown in
these photographs. The CAP treatment was applied for 30 or 60 seconds from a 1 mm distance.

2.2.4. FOR IMMUNOFLUORESCENCE

Cells were trypsinised and seeded (see Section 2.2) at 1250 cells per well for
A253 and FaDu in a 96-well glass bottom plate. For co-treatment with CAP (see section

2.1.6), cells were treated with Cisplatin, AZD1775, AZD1390, AZD6738, Olaparib or
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DMSO control (0.1% (v/v) DMSO) at different concentrations (see Section 2.2.2) for 1
hour before direct CAP application. Samples were then directly treated with CAP for 60

seconds, and incubated at 37°C, 5% COz for 24 hours before immunofluorescence.

2.2.5. SPHEROID TREATMENT AND STAINING

A253 and FaDu were seeded into Nunclon Sphera 3D culture 96 well plates at
1250 cells per well and incubated at 37°C and 5% CO2 for 3 days. Spheroids were then
treated with a combination of the test compound at the desired dose, ranging from 0 to
50 pM cisplatin, and direct CAP treatment (see section 2.1.6) for 240 seconds. The
spheroid growth was recorded for 5 days using a ZEISS Axio Zoom.V16 microscope, 32x
magnification objective (Plan-NEOFLUAR Z 1.0x, NA 0.25). Images were captured using
a ZEISS Axiocam 506 mono camera with 200 ms exposure time and analyzed in Fiji
(Image]). After 5 days of growth, spheroids were labelled with SYTOX Green and
Hoechst 33342 to analyse cytotoxicity, using a ZEISS Axio Zoom.V16 microscope, 52x

magnification objective (Plan-NEOFLUAR Z 1.0x, NA 0.25).

2.2.6. IMMUNOFLUORESCENCE

See section 2.2.4 for how cells were treated. After treatment, cells were gently
washed twice with 3% BSA in PBS before being fixed and permeabilized with 100 pL
4% PFA in PBS per well for 20 min at room temperature. PFA was removed and wells
were washed in 3% BSA in PBS twice. 200 pL of 0.5% Triton X-100 in PBS was added

per well for 20 min incubation at room temperature. The Triton was removed, and wells
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were washed twice with 3% BSA in PBS. 200 pL of blocking solution (3% BSA in PBS)
was added to each well and the plate was incubated in the dark for 1 hour. After
incubation, the blocking solution was removed from each well and 50 pL of primary
antibody diluted in 3% BSA in PBS was added per well for 1 hour at room temp
protected from light. After the primary incubation, each well was washed thrice with
PBS. 50 pL of secondary antibody diluted in 3% BSA in PBS was added per well for 1
hour at room temperature protected from light. After incubation, wells were washed
with PBS 5 times and mounted by adding ~ 25 pL. mounting medium (Vectashield plus
DAPI) to each well. The plate was stored at 4 °C and protected from light. See Table 2.1

for primary and secondary antibody solutions.

A Zeiss-LSM880-Airyscan confocal microscope and Zen software were used to
image the immunofluorescence of stained cells in a 96-well glass bottom plate, using a
20x objective dry lens (Plan-Apochromat 20x/0.8 M27) for y-H2Ax detection. Images
were captured with a GaAsP detector and processed using ZEN Black software. Z-stacks
were acquired with a 1 um step size over a total depth of 20 um. Four fields of view
were imaged per condition (well) and an average of these was taken to compare

repeats. Images were analysed in Image] software.
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3.CO-TREATMENT OF HNSCC CELLS WITH CISPLATIN AND

CoLD ATMOSPHERIC PLASMA

3.1. INTRODUCTION

Well-known in the category of chemotherapeutic drugs, cisplatin (also known as
cis-diamminedichloroplatinum (II) or cisplatinum) is a platinum compound that has
square planar geometry, only slightly soluble in aqueous solutions. It is usually
dissolved in N, N-dimethylformamide and dimethylprimanide when preparing stock
solutions for use in cell culture studies or in vitro assays. Cisplatin is used as a means of
treatment for various human cancers, including testicular, lung, ovarian, bladder and
head and neck cancer, affecting carcinomas, sarcomas, lymphomas, and also germ cell

tumors (Dasari and Bernard Tchounwou, 2014).

Cisplatin’s molecular structure plays a key role in its ability to fight cancer by
inhibiting DNA synthesis in a dose-dependent manner. However, despite its
effectiveness, its therapeutic use is limited by significant side effects, including renal
toxicity, neurotoxicity, and ototoxicity (Tchounwou et al., 2021). These drawbacks,
along with the development of drug resistance, make it challenging to maximize
cisplatin's efficacy in cancer treatment. Therefore, new strategies are needed to reduce
these side effects and overcome resistance. These approaches include searching for less
toxic cisplatin analogues, using combination therapies with other cancer drugs, and

exploring nanotechnology (Tchounwou et al., 2021).
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After being approved by the FDA as the first platinum compound used in cancer
treatment (1978) (Kelland, 2007), further studies have been conducted on other metal-
containing compounds that could have anticancer properties (Frezza et al,, 2010). In
addition, multiple studies have focused on the synthesis of cisplatin analogues to
enhance its therapeutic index, with 13 of these analogues reaching the clinical trial
stage. Carboplatin and oxaliplatin have been the only cisplatin analogues that have
received worldwide approval, having similar patient outcomes after treatment, but with

a different toxicity profile than cisplatin (Wheate et al., 2010).

One major advantage of carboplatin when compared to cisplatin is the
elimination of nephrotoxic effects, which are often-encountered side effects of cisplatin
treatment. Carboplatin, however, has strong myelo-suppressive effects, inhibiting the
blood cell output from the bone marrow in the body (Dasari and Bernard Tchounwou,
2014). Considering the type of cancer, carboplatin has been proven to be 1/8 to 1/45 as
effective, and the standard dosage used clinically is four times higher than the one for
cisplatin to achieve the same level of effectiveness (Dasari and Bernard Tchounwou,
2014). Attributable to its more stable properties, once carboplatin enters the body, its
stability allows the drug to stay active for longer compared to cisplatin. The drawback of
this stability is that it prevents carboplatin from being as reactive as cisplatin - much of
the carboplatin remains unaltered and passes through the body without being fully
utilized. This is why, in some cases, approximately 60-70% of carboplatin is excreted
unchanged in the urine within the first 24 hours after administration, before it has a

chance to act on cancer cells (Dasari and Bernard Tchounwou, 2014).

When comparing cisplatin to oxaliplatin, the former typically demonstrates a

more favourable tolerability profile, particularly in geriatric patients with advanced

65



gastric cancer (Montagnani et al.,, 2011; Chinen et al., 2022), but it is not very effective in
treating tumours that have already developed resistance to cisplatin (Bernadett
Szikriszt et al., 2020). Additionally. oxaliplatin induces higher amounts of double-strand
breaks in DNA through the formation of oxalate-based adducts, surpassing both
cisplatin and carboplatin in this regard (Devanabanda and Kasi, 2021). Attributable to
the fact that oxaliplatin has an oxalate ligand whereas carboplatin has a carboxylate
group bound to platinum, the oxalate ligand makes oxaliplatin more effective against
certain types of cancers, such as colorectal cancer, compared to carboplatin. However,
oxaliplatin is more likely to cause peripheral neuropathy (Devanabanda and Kasi,
2021), while carboplatin is associated with less severe neuropathy but significant renal

toxicity (HAPANI et al., 2022) when compared to oxaliplatin.

The limitations of cisplatin and its analogues are the main reason why new
therapeutic approaches need to be studied. Prolonged usage leads to significant toxicity
and the development of drug resistance. Efficient treatment options should focus on
lowering treatment doses, interfering less with healthy tissue and triggering fewer side
effects. Developing new drug delivery systems and new combinational therapies could

be the next step towards better quality of life and survival for cancer patients.

3.2. MECHANISM OF ACTION

Cisplatin’s cytotoxicity, or its ability to kill cancer cells, is primarily due to its
binding to DNA. Once inside the cytoplasm, cisplatin becomes activated by replacing its

chloride atoms with water molecules, forming an electrophile that is highly reactive
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towards proteins and nucleic acids (Cepeda et al., 2007; Ishida et al., 2002). This allows
cisplatin to selectively bind to purine bases in DNA, particularly forming cross-links
between two adjacent guanine bases, which further blocks cell division and triggers
apoptosis, or programmed cell death (Brown, Kumar and Tchounwou, 2019). In many
cases, the cisplatin-DNA interaction occurs at the N7 positions of guanine (imidazole
ring), creating strong covalent bonds, a process known as adduct formation. Both
interstrand and intrastrand cross-links, as well as nonfunctional DNA adducts, are the

factors that lead to the high toxicity of cisplatin (Tchounwou et al., 2021).

Cancer cells have a high metabolic rate, requiring elevated levels of reactive
oxygen species (ROS) to support their rapid growth. ROS play a crucial role in activating
signaling proteins that promote cell proliferation and regulate various biological
pathways essential for tumour development, such as activating ERK1/2 and receptor
tyrosine kinases (RTKs) independent of ligands (Sosa et al., 2013). They also help
cancer cells evade apoptosis (programmed cell death) and anoikis (detachment-induced
cell death) by activating proteins like Src, NF-kB, and PI3K. In addition, ROS contribute
to the secretion of metalloproteinases, enabling tissue invasion, metastasis, and the
formation of new blood vessels (angiogenesis) through the release of vascular

endothelial growth factors (Sosa et al., 2013).

It has been proven that cisplatin generates ROS either directly or indirectly
through mitochondrial processes (Ueda, Kaushal and Shah, 2000). Its cytotoxicity has
been linked to lipid peroxidation, a process in which ROS cause damage to cell
membranes. This triggers the production of malondialdehyde (MDA), a by-product of
lipid peroxidation, which causes oxidative damage to proteins and cell membranes,

eventually leading to cell death (Tchounwou et al,, 2021). Research has shown that
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cisplatin induces DNA damage through significant oxidative stress, leading to lipid
peroxidation, reduced glutathione (GSH) activity, and increased MDA levels in different
types of cancer cells. These oxidative mechanisms play a major role in cisplatin’s ability

to kill cancer cells (Tchounwou et al., 2021).

Apoptosis, or programmed cell death, is triggered in cancer cells via two main
pathways: intrinsic (mitochondrial) and extrinsic (receptor-mediated). Both pathways
involve the activation of caspases, enzymes that break down proteins to initiate cell
death (Carneiro and El-Deiry, 2020). The intrinsic pathway is driven by mitochondrial
outer membrane permeabilization, leading to the release of pro-apoptotic proteins like
cytochrome c, which activates the apoptosome and initiates caspase cascades. The
extrinsic pathway is activated by extracellular signals, such as Fas or TNF, which engage
death receptors and form the death-inducing signal complex (DISC), activating caspases

directly (Fernald and Kurokawa, 2013).

Cisplatin induces apoptosis primarily through the intrinsic pathway, although
the specific mechanism varies by cell type. It activates tumour protein p53, which leads
to cell cycle arrest by upregulating p21 and downregulating cyclins and cyclin-
dependent kinases (Kumar and Tchounwou, 2015). Cisplatin also triggers apoptosis by
altering mitochondrial membrane potential, releasing cytochrome c, and increasing
caspase 3 activity. The drug can additionally activate stress pathways, such as p38

MAPK and JNK, further promoting apoptosis (Jeong et al., 2002; Perfettini et al., 2005).

Interestingly, cisplatin-induced cell death is not limited to apoptosis. It may also
involve necrosis (uncontrolled cell death) or autophagy (self-degradation of cell

components), making its effect on cancer cells multifaceted. This highlights the
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complexity of cisplatin's action and suggests that its effectiveness can extend beyond a

single-cell death mechanism (Gonzalez et al., 2001; Milad Ashrafizadeh et al., 2019).

This study aims to elucidate the synergistic effects of cisplatin in the treatment of

HNSCC when administered in conjunction with cold atmospheric plasma (CAP).

3.3. RESULTS AND DISCUSSION

3.3.1. CISPLATIN: CELL PROLIFERATION ASSAY

Knowing the half-maximal inhibitory concentration (ICso) of a drug is essential in
evaluating its potency, and it represents the concentration at which the drug inhibits
biological processes by 50% (Aykul and Martinez-Hackert, 2016). It plays a key role in
drug development, aiding in dosage decisions and evaluation of therapeutic potential.
Therefore, a cell proliferation assay was conducted on FaDu (derived from a squamous
cell carcinoma of the hypopharynx, p53 mutant) and A253 (derived from a
submandibular gland squamous cell carcinoma, p53 negative) cell lines to assess the
proliferation of cancer cells, as measured by metabolic activity assay, when treated with
different concentrations of cisplatin. This first step was important for the optimization

of the cisplatin dose to be used in subsequent experiments.

The two cell lines were, therefore, treated with cisplatin at different
concentrations, ranging from 20 uM to 19.5 nM. After adding the treatment, cells were

incubated for 72 hours. The relative proliferation of cells at each cisplatin concentration
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Proliferation (%)

was measured using resazurin, after 3 hours of further incubation, at 570nm
wavelength (reference 595 nm) (Figure 8). This experiment was conducted in both
technical and biological triplicates for both cell lines to assess the reproducibility and

reliability of the results. All further calculations were done using the mean of the

biological triplicates.

Using the untreated cells as control for 100% proliferation, the top concentration
of 20 uM cisplatin inhibited proliferation by 77.2% for FaDu cells and 85.4% for A253
cells. The treatment with 2.5 uM cisplatin inhibited proliferation by 55.4% for FaDu and
45.5% for A253. Therefore, for future experiments, we have considered an ICso value of

2 uM to be the optimal dose of cisplatin for both cell lines.
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Figure 8: Cell proliferation inhibition rate and ICso for FaDu (A) and A253 (B) cell lines.
FaDu and A253 cells were treated with different concentrations of cisplatin (20uM to 19.5 nM)
for 72 h. The ICso value was estimated to be around 2 uM for both cell lines, using the
AlamarBlue Assay. This estimated ICso value was used in further experiments. Error bars are +
SD of biological replicates. A standard curve is fit through the data (SD - standard deviation).
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3.3.2. CISPLATIN: DIRECT PLASMA TREATMENT

To assess how potent the plasma treatment is in comparison to cisplatin
treatment only, A253 cells were treated with a combination of 1.5uM cisplatin an hour
before treatment with cold atmospheric plasma (CAP), for 30 and 60 seconds. Plasma
operational parameters were 0.5 SLPM (standard litres per minute) helium flow rate,
voltage 10kV, frequency 30kHz, and treatment distance 0.5 cm. After CAP treatment,

cells were incubated for 72 hours, and metabolic activity was measured using resazurin

(Figure 9).
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Figure 9: Post-treatment of cisplatin-treated A253 cells with CAP enhances anti-
proliferative effects. Cells were treated with 1.5uM cisplatin for 1 hour before treatment with
plasma for the indicated times, followed by 72h incubation. Error bars are + SD RM one-way
ANOVA * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Asterisks on the +cisplatin bars are used
to compare the relevant condition without cisplatin. Experiments were performed in triplicate
and repeated three times with similar results.
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The results indicate a significant difference when comparing the 60s CAP-treated
condition with the equivalent cisplatin-only condition. Attributable to the fact that there
is no significant difference in cell proliferation between the cisplatin-only treated cells
and the 30s CAP treatment combination, for further experiments, the 30s treatment was
omitted. The data suggests a possible synergistic effect between CAP and cisplatin. This
means that the combination of cisplatin and CAP works in a way that enhances each
other’s actions, allowing for a more powerful response at lower doses than if cisplatin or
CAP were used separately. Synergism is especially valuable in therapeutic applications,
as it can reduce side effects, improve efficacy, and help in overcoming drug resistance

(Castanieda et al., 2022).

The Response Additivity approach is a model that proves there are synergistic
effects when the drug combination triggers a greater response when compared to the
sum of the impact of the individual drugs (Duarte and Vale, 2022). Based on the results
presented in Figure 2, proliferation is inhibited by 53.65% in the cisplatin treatment
only, with the CAP treatment only inhibiting proliferation by 5.38% for the 30s
treatment and by 13.57% for the 60s treatment. The co-treatment of cisplatin and CAP
inhibits proliferation by 56.56% for the 30s treatment and by 72.67% for the 60s

treatment.

Taking the Response Additivity approach into account, there is a possible
synergistic effect in the co-treatment of cisplatin with CAP for the 60s treatment. The
observed proliferation inhibition of the two treatments combined in co-treatment is
greater than the sum of the individual effects (67.22%), suggesting a possible
synergistic interaction between CAP and cisplatin in the co-treatment. This result

indicates that, when applied together, CAP and cisplatin enhance each other's effects,
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potentially through complementary mechanisms of action or by targeting different
pathways involved in cell proliferation. This probable synergy can result in more
effective inhibition of cell proliferation as the treatments work together to overcome
cellular resistance or activate different types of cell death (Castorina, Martorana and

Forte, 2022).

On the other hand, an additive effect was observed for the 30s co-treatment. The
proliferation inhibition of the two treatments combined in co-treatment is lower than

the sum of the individual effects (59.03%).

Following the same conditions previously mentioned, the same experiment was
conducted with 1.5uM cisplatin treatment being added 1 hour after the 30s and 60s CAP
treatment. Cells were incubated for 72 hours, and the metabolic activity was measured

using resazurin (Figure 10).
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Figure 10: Pre-treatment of cisplatin-treated A253 cells with CAP does not cause
statistically significant enhancement of anti-proliferative effects. Cells were treated with
CAP for the indicated times, 1 hour before 1.5uM cisplatin treatment was administered,
followed by 72h incubation. Error bars are + SD RM one-way ANOVA * p<0.05, **p<0.01,
*¥*p<0.001, ****p<0.0001. Asterisks on the +cisplatin bars are used to compare the relevant
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condition without cisplatin. Experiments were performed in triplicate and repeated three times
with similar results.

The data suggests no significant difference when comparing the CAP treatment
only with the untreated cells. However, there is a significant difference (p<0.0001)
between the combination of CAP and cisplatin and the relevant condition without
cisplatin. We believe that post-treatment of cells with CAP may cause statistically
significant greater enhancement of anti-proliferative effects due to cell membrane

permeabilisation.

Past studies have shown that plasma can trigger the generation of pores on cell
membranes, caused mainly by the electric field and the reactive radicals generated by
CAP (Sreedevi and Suresh, 2023). When the hydroxyl (OH) radicals released from the
plasma jet into the medium reach the cell membrane, they react with the lipid bilayer,
specifically with the polar phosphate head groups of the fatty acids, leading to bond
cleavage and peroxidation of fatty acid tails. This generates alterations in the structure
of the cell membrane, affecting its permeability (Tero et al., 2014; Yusupov etal., 2017;

Yusupov et al., 2017b).

Taking all of these into account, treating the cells with cisplatin 1 hour before
applying the CAP treatment could be facilitated by electroporation, allowing cisplatin to
enter cells through the channels that open in the cell membrane. The pre-treatment of
cells with CAP might not be as effective due to the pores being only temporarily open.
Incubating the cells one hour in between treatments allows the cell to seal the pores in

the cell membrane, therefore affecting the efficiency of the co-treatment.
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In order to assess if the same effect can be observed in a different HNSCC cell
line, FaDu cells were treated with a combination of 1.5uM cisplatin an hour before 60s

CAP treatment, following the same conditions previously mentioned (Figure 11).
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Figure 11: Post-treatment of cisplatin-treated FaDu cells with CAP enhances anti-
proliferative effects. Post-treatment of cells (FaDu cell line) with cisplatin before plasma
treatment. Cells were treated with 1.5uM cisplatin for 1 hour before treatment with plasma for
the indicated times, followed by 72h incubation. Error bars are + SD RM one-way ANOVA *
p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Asterisks on the +cisplatin bars are used to
compare the relevant condition without cisplatin. Experiments were performed in triplicate and
repeated three times with similar results.

The results presented in Figure 11 indicate a significant difference (p<0.05)
when comparing the 60s CAP-cisplatin combination with the equivalent cisplatin-only
condition. In addition to this, the same likely synergistic effect can be seen in the FaDu
cell lines, following the Response Additivity approach. The inhibition rate for the co-
treatment of cisplatin and 60s CAP is 76.41%, while the inhibition rate of cisplatin-only
treatment is 51.75% and the 60s CAP treatment only has an inhibition rate of 20.5%
(their sum is 72.25%, lower than the inhibition rate of co-treatment of cisplatin and 60s

CAP).
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Therefore, the data corroborates and strengthens the findings of the initial
experiment, displaying the enhancement of the anti-proliferative effects of cisplatin

when combined with CAP.

3.3.3. CISPLATIN: IMMUNOFLUORESCENCE

Immunofluorescence (IF) is a versatile and sensitive technique used to detect
and localize specific antigens within tissues or cell preparations. By leveraging
fluorescently labelled antibodies, IF allows the visualization of the distribution and
abundance of target proteins with high sensitivity (Im et al., 2019). Compared to
immunohistochemistry, IF provides enhanced signal amplification and is compatible
with a range of microscopy techniques, including confocal and fluorescence microscopy.
IF can be performed using two main approaches: direct immunofluorescence (Primary

IF) or indirect immunofluorescence (Secondary IF) (Im et al., 2019).

Primary IF uses a single, fluorescently labelled antibody that binds directly to the
target antigen. It is simpler and faster, as it requires only one antibody step, but may
have limited signal amplification. In secondary IF, however, an unlabeled primary
antibody binds to the target antigen, and a fluorescently labelled secondary antibody,
which recognizes the primary antibody, is added. This approach offers greater signal
amplification because multiple secondary antibodies can bind to a single primary
antibody, making it more suitable for detecting low-abundance targets or achieving

stronger signals (Zaqout, Becker and Kaindl, 2020).

To assess the DNA damage triggered in A253 and FaDu cell lines by CAP,

secondary IF has been conducted after the treatment of monolayer culture with 1.5 uyM
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cisplatin and 60s CAP combination. The primary antibody used in this technique is a
YH2AX antibody, with YH2AX being a crucial early step in the DDR, as it facilitates the
recruitment and localization of DNA repair proteins to the site of damage (Kuo and
Yang, 2008). When DNA damage occurs, leading to the formation of DSBs, it triggers the
phosphorylation of H2AX, a variant of the H2A histone family that is part of the
nucleosome structure. This phosphorylation is carried out by kinases such as ATM and
ATR, which are activated in response to DNA damage via the PI3K signaling pathway

(Kuo and Yang, 2008).

YH2AX forms visible foci at the sites of DSBs, representing the damage in a 1:1
correlation, making it a reliable biomarker for assessing DNA damage (Kuo and Yang,
2008). These foci can be visualized using an antibody raised against yH2AX in
techniques such as immunofluorescence, where secondary antibodies amplify the signal
for microscopic observation. The secondary antibody used in our experiments is
AlexaFluor 488 labelled anti-mouse secondary antibody, which will allow the

visualization of yYH2AX in the monolayer culture.

The results of this experiment are presented in Figure 12 and Figure 13 and
were focused on qualitative analysis rather than quantitative analysis due to only one
repeat having been carried out as a consequence of time limitations. This approach was
chosen to observe and evaluate the presence, localization, and overall distribution
patterns of yH2AX within the cells after CAP treatment compared to cisplatin-only
treatment. The primary goal was to assess the quality of the signal and confirm the
expected expression patterns, rather than to measure fluorescence intensity or quantify

the target protein levels.
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Figure 12: DNA damage after treatment with CAP in the presence or absence of cisplatin
in the A253 cell line. A253 cells were incubated with 1.5uM cisplatin for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 um step size over a total depth of
20 pm. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pm.
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Figure 13: DNA damage after treatment with CAP in the presence or absence of cisplatin
in the FaDu cell line. FaDu cells were incubated with 1.5uM cisplatin for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 um step size over a total depth of
20 pm. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 um.

The intensity of yH2AX staining and the proportion of yH2AX-positive
cells is higher in the combination of cisplatin and 60s CAP compared to cisplatin-only
treatment or CAP-only treatment for both A253 cells (Figure 12) and FaDu cells (Figure
13) after 24 hours of treatment. The difference in yH2AX intensity between co-
treatment and the application of cisplatin only reflects their distinct effects on DNA
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damage and repair processes. Being a marker of DNA damage, higher levels of YH2AX
foci indicate enhanced activity of the DNA damage response. Pairing cisplatin with CAP
potentially enhances the cytotoxicity of the oxidative stress triggered by the higher
levels of RONS, which is seen in both cell lines. One main catalyst in the high amount of
DDR seen in the co-treatment with cisplatin and CAP could be the process of
electroporation previously discussed. Because cancer cells have lower cholesterol levels
compared to other cell membranes, they are more likely to undergo peroxidation after
CAP treatment (Nitsch et al., 2022). The infusion of cisplatin treatment, together with
RONS, into the cancer cells could be facilitated by the increased porosity of the cell
membrane (Paal et al,, 2015), leading to an enhanced presence of yH2AX in the co-

treated cells compared to cisplatin-only treated cells.

These results are consistent with other studies in the literature. A study by
Brunner et al. (2022) examined the cytostatic effects of CAP on HNSCC cell lines, both
individually and in combination with low-dose cisplatin. The study utilized IF to
evaluate DNA damage and apoptosis, finding that CAP exposure significantly reduced
cell viability and increased DNA damage. The combination treatment showed additive

effects, suggesting that CAP may enhance the therapeutic efficacy of low-dose cisplatin.

Another study by Afrasiabi et al. (2022) compared the effects of CAP and
cisplatin on oral squamous cell carcinoma cells, utilizing IF to evaluate mitochondrial
damage and apoptosis markers. The study found that both treatments induced
mitochondrial damage and apoptosis. However, the combination therapy exhibited

enhanced efficacy, suggesting a synergistic effect similar to the results of our study.

These results corroborate the findings of the proliferation assays and further

demonstrate that combining direct plasma with an anti-cancer drug is significantly
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more effective in inducing DNA damage in both HNSCC cell lines than standalone

plasma or drug-only treatment.

3.3.4. SPHEROID TESTING

Our preliminary findings so far demonstrate that the combination of CAP with
cisplatin treatment results in significantly enhanced cell death in both cell lines as
compared to plasma or drug alone, which could be a significant breakthrough in the
multimodal treatment of HNSCC. After testing the 2D monolayer cultures with co-
treatment of cisplatin and CAP, future experiments focused on 3D tumour spheroid
models, which represent tumour biology and drug responses more accurately, thus
enhancing translational relevance. Tumour spheroids mimic the structural and
biological features of real tumours more closely than traditional 2D cell cultures. The
fact that they are avascular means they replicate the early stages of tumour growth
before they develop their blood supply, which is a critical step in cancer progression.
This makes spheroids an excellent model for studying early-stage cancer biology and
drug responses (Browning et al., 2021). The growth inhibition of spheroids in response
to a drug can serve as a measure of its efficacy. If a drug can prevent the spheroid from
growing or trigger a size reduction, it suggests that the drug is effective against the

tumour cells.

For reliable and meaningful results, spheroids must be uniform in size at the
start and end of an experiment. If spheroids are of different sizes, it can introduce

variability in the results, making it harder to draw accurate conclusions about the drug's
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effects. For example, larger spheroids may naturally be more resistant to treatment
simply because they have more cells, while smaller ones may be more sensitive.
Consistent spheroid sizes reduce this variability, ensuring that differences in growth or
drug response are due to the treatment and not due to the differences in spheroid size

(Browning et al., 2021).

To optimize the number of cells that need to be seeded for the spheroid to have
an optimal size, A253 and FaDu were seeded into Nunclon Sphera 3D culture 96 well
plates from 20,000 cells to 312 cells per well. The 7-day evolution of A253 and FaDu
spheroids displays the dependence of the spheroid size on the number of plated cells. As
presented in Figure 14 and Figure 15, the spheroids lose their natural shape around day
4 in the wells with the greatest number of cells plated, which is most visible for
the A253 cell line. Past studies have shown that large spheroids have poor uptake of
drugs when using spheroids for drug toxicity assays, leading to errors when quantifying

viability or cell death (Suraj Kumar Singh et al., 2020).
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Figure 14: The 7-day evolution of A253 spheroids displays the dependence of the
spheroid size on the number of plated cells. Various quantities of A253 cells were seeded
into Nunclon Sphera 3D culture 96 well plates and incubated at 37°C and 5% CO; for 3 days.
The spheroid growth was recorded for 7 days using a ZEISS Axio Zoom.V16 microscope, 32x

magnification (Plan-NEOFLUAR Z 1.0x, NA 0.25). Images were captured using a ZEISS Axiocam
506 mono camera with 200 ms exposure time and analyzed in Fiji (Image]). Scale bar: 100 pm.

83



D1

D2

D3

D4

D5

D6

D7

20,000 cells 10,000 cells 5,000 cells

P
-
‘ ® »
‘ |

2,500 cells

1,250 cells

(.

625 cells

K
s/

_

- \l
-

312 cells

100 ym

Figure 15: The 7-day evolution of FaDu spheroids, displaying the dependence of the
spheroid size on the number of plated cells. Various quantities of FaDu cells were seeded
into Nunclon Sphera 3D culture 96 well plates and incubated at 37°C and 5% CO- for 3 days.
The spheroid growth was recorded for 7 days using a ZEISS Axio Zoom.V16 microscope, 32x

magnification (Plan-NEOFLUAR Z 1.0x, NA 0.25). Images were captured using a ZEISS Axiocam
506 mono camera with 200 ms exposure time and analyzed in Fiji (Image]). Scale bar: 100 pm.
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Additionally, Figure 16 displays the changes in volume for both A253 and FaDu
spheroids at different cell seeding densities tracked over 7 days. The standard curve
correlates initial cell seeding densities with spheroid size or cell number over time. It
provides a reference framework to monitor growth kinetics and evaluate how initial

seeding densities influence spheroid formation and proliferation.

Taking this into account and to avoid the generation of necrotic cores in
spheroids due to over-population and lack of nutrients, because the medium in wells
can not be changed without disrupting the spheroid, it was decided to use 1,250
cells/well when testing the co-treatment of cisplatin with CAP. At 1250 cells per well,
the cell density is sufficient to promote consistent aggregation and form compact
spheroids within the desired timeframe. This density prevents the formation of both
too-small (which would affect the growth dynamics) and too-large spheroids (which
may cause crowding and affect nutrient and oxygen availability). It also provides
reproducible spheroid sizes, making it ideal for subsequent drug treatment and imaging

analysis.
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Figure 16: Growth kinetics of A253 (A) and FaDu (B) spheroids formed from different
numbers of plated cells (20,000 cells to 312 cells/well). The graph displays spheroid size
(volume of spheroids in um3) over 7 days, plotted against a standard curve generated for cell
number using GraphPad Prism 10.4.1. Growth rates were analyzed using Image] (Fiji), and data
were normalized to initial seeding densities (n=1).

To assess how co-treatment of cisplatin and CAP affects 3D models, A253 and
FaDu cells were seeded into Nunclon Sphera 3D culture 96 well plates at 1250 cells per
well. Spheroids were treated with a combination of cisplatin ranging from 0 to 50 uM
and direct CAP treatment for 240 seconds after 3 days of growth. The spheroid growth

after applying treatment was recorded for 5 days by brightfield microscopy. After 5
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days of growth, spheroids were labelled with SYTOX Green and Hoechst 33342 to
analyse cytotoxicity by fluorescence microscopy. The results are presented in Figure 17

and Figure 18.
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Figure 17: Treatment of A253 spheroids with cisplatin alone or cisplatin and CAP
combination. A253 spheroids were treated with a combination of direct CAP treatment (240s)
and cisplatin at the indicated concentrations. On day 5, A253 spheroids were then labelled with

SYTOX Green and Hoechst to analyse the cytotoxicity of the combination of CAP and cisplatin
compared to cisplatin treatment only. Representative fluorescence image of A253 cell spheroids
acquired using a ZEISS Axio Zoom.V16 microscope with a 52x magnification objective (Plan-
NEOFLUAR Z 1.0x, NA 0.25). Images were acquired using a ZEISS Axiocam 506 mono camera
with 200 ms exposure time and analyzed in Fiji (Image]). Z-stacks were captured at 1 pm
intervals over a 30 pm depth. Scale bar: 50 pym. Experiments were performed in triplicate and
repeated three times with similar results.
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Figure 18: Treatment of FaDu spheroids with cisplatin alone or cisplatin and CAP
combination. FaDu spheroids were treated with a combination of direct CAP treatment (240s)
and cisplatin at the indicated concentrations. On day 5, FaDu spheroids were then labelled with

SYTOX green and Hoechst to analyse the cytotoxicity of the combination of CAP and cisplatin
compared to cisplatin treatment only. Representative fluorescence image of FaDu cell spheroids
acquired using a ZEISS Axio Zoom.V16 microscope with a 52x magnification objective (Plan-
NEOFLUAR Z 1.0x, NA 0.25). Images were acquired using a ZEISS Axiocam 506 mono camera
with 200 ms exposure time and analyzed in Fiji (Image]). Z-stacks were captured at 1 pm
intervals over a 30 um depth. Scale bar: 50 pm. Experiments were performed in triplicate and
repeated three times with similar results.
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Hoechst 33342 is a membrane-permeable fluorescent dye that easily penetrates
the plasma membrane of nucleated cells (Kessel et al., 2016). Once inside, it binds
specifically to the DNA in the cell nucleus, resulting in a bright blue fluorescence. This
property makes it a useful tool for staining and visualizing nuclei in live or fixed cells,

allowing the identification and analysis of nucleated cells under fluorescence
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microscopy (Kessel et al., 2016). SYTOX Green is a dye that remains nonfluorescent
outside of viable cells due to its inability to cross intact plasma membranes. When cells
undergo death and their plasma membranes become permeabilized, the dye can enter
the cells and bind to their DNA (Demuynck et al., 2020). Upon binding, SYTOX Green
becomes highly fluorescent. This fluorescence serves as an indicator of cell death, as it
only occurs when the membrane integrity is lost, marking the final stages of the cell
death process (Demuynck et al.,, 2020).

The results of this experiment showed that the treatment with cisplatin inhibited
spheroid growth either in the presence or absence of CAP, but the combination of the
drug with 240s CAP showed greater amounts of cell death in both cell lines. The
enhanced cell death in the spheroids is highlighted by the intense green staining.
Although there is green staining in the cisplatin-only treatment as well, there is more
damage visible in spheroids when treated with the co-treatment of CAP and cisplatin.
This effect is particularly notable at lower doses of cisplatin, where almost no SYTOX
Green staining is visible in the absence of CAP, but in combination with CAP, punctate

and diffuse green fluorescence staining is seen.

3.3.5. INDIRECT PLASMA TREATMENT: COMPOSITE HYDROGELS

After the promising results displayed by the co-treatment of HNSSC cell lines
with a combination of cisplatin and direct CAP treatment, the next step in our research
focuses on composite hydrogels. Attributable to the fact that CAP application is limited

to surface area treatments and the depth of tissue penetration of CAP is less than 100
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um (Partecke et al., 2012), a novel drug delivery system (DDS) that could allow CAP

components to be delivered to the targetted cells/tissue is being investigated.

Hydrogels have been used in a wide range of medical applications, including
wound healing or in nicotine and fentanyl patches (Pastore et al.,, 2015). However, when
used as a drug delivery system, hydrogels need to react to a specific stimulus to release
the drug that needs to be administered to different regions of the body (Gaur et al.,
2023). Previously presented by Gaur et al,, 2023, these drug-loaded composite
hydrogels can facilitate the delivery of various drugs through CAP activation, an

emerging DDS.

The composite hydrogels are manufactured from affordable polymers and their
synthesis does not require elaborate chemical steps. The base of the hydrogel is the
sodium polyacrylate (PAA) particles that are further dispersed within a poly(vinyl
alcohol) (PVA) hydrogel matrix. PVA is highly effective for controlled drug release, and
it has been extensively studied in pharmacology, being recognized as a safe material due
to its nontoxic, odourless, and nonirritating nature, as well as its low likelihood of

causing allergic reactions (Lei et al.,, 2022).

Smart hydrogels respond to environmental factors like light, magnetic fields, pH,
temperature or ionic strength (Lei et al.,, 2022). When these stimuli exceed a certain
threshold, smart hydrogels undergo significant changes, such as volume transitions
(swelling or shrinking), allowing the release of different agents, such as antimicrobials
or chemotherapeutics. This responsiveness makes them adaptable and dynamic, with

applications in various fields, particularly in medicine (Lei et al., 2022).
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However, the main drawback of this drug-loaded composite hydrogel is its
limitation to only cationic drugs. The passive release of the drug decreases as the
number of cationic groups increases, due to their interaction with the carboxylate
groups in the PAA particles (Gaur et al., 2023). This limitation could be addressed by
using a positively charged drug-loaded carrier vehicle. This carrier, with a positive
charge, can facilitate the delivery and release of the drug, even if the drug itself is not
inherently cationic. This approach expands the range of drugs that can be used with the
composite hydrogel, providing more flexibility in drug delivery applications (Gaur et al.,

2023).

For our experiments, cisplatin was encapsulated in the hydrogel at a
concentration of 0.6 mg/mL. Cisplatin-loaded hydrogel discs of 3-4 mm thickness were
prepared using a biopsy punch. Cell culture medium was used to hydrate the hydrogel
discs 30 minutes before CAP treatment. The cisplatin-loaded hydrogel discs were then
treated with CAP for 120 seconds, from a 1 mm distance (the glass tube of the CAP jet
should not be in direct contact with the hydrogel surface). The discs were inserted in
the 96 transwell plate and submerged in the cell medium, followed by 72 h incubation.
In addition to the CAP-treated cisplatin-loaded hydrogel and the untreated cisplatin-
loaded hydrogel, untreated cells and cisplatin-only treated cells were used as controls.
The experiment has been conducted in both technical and biological replicates and the

data presented in Figure 18 is the average of the three biological replicates.
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Figure 18: Anti-proliferative effects on HNSCC of cisplatin-loaded hydrogels activated by
CAP treatment. Treatment of A253 (A) and FaDu (B) cell lines with hydrogels loaded with 0.6
mg/ml cisplatin at 3-4 mm thickness, before 120s CAP treatment, followed by 72h incubation.
Error bars are + SD unpaired t-tests * p<0.05, **p<0.01. Experiments were performed in
triplicate and repeated three times with similar results.
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The results suggest that plasma-activated hydrogel therapy (PAHT) has high
anti-proliferative effects on both FaDu and A253 cell lines when compared to
unactivated cisplatin hydrogels (p < 0.01). The untreated cisplatin-loaded hydrogel
inhibits proliferation by 43.5% * 11.7% for A253 and by 45.62% + 11.22% for FaDu
while the CAP-treated hydrogels inhibit proliferation by 58.19% * 9.69% for A253 and

by 62.19% * 4.7 for FaDu.

The highest standard dose of cisplatin actively used in the treatment of HNSCC is
100 mg/m?2, delivered every three weeks for 3 cycles in combination with radiotherapy
(Gupta et al,, 2022), while the lowest standard dose is a weekly regimen of 40 mg/m?
cisplatin for seven weeks (Anouk W. M. A. Schaeffers et al., 2023). The locoregional
delivery of cisplatin, however, will result in a much lower dose. This result is of high
relevance, as a lower dosage of cisplatin could minimize systemic toxicity while
delivering the drug directly to the target site, making it suitable for controlled, localized
treatments. By achieving therapeutic benefits at reduced concentrations, we could open
the door to potentially safer and more manageable treatment protocols for HNSCC

patients.

However, one limitation this experiment has is the passive release of cisplatin in
the unactivated cisplatin-loaded hydrogel as observed through the decrease in
proliferation seen with hydrogel that had not been activated with CAP. We noticed that
the passive release of the drug inside the PAA particles of the hydrogel is influenced by
the time that passed since the hydrogel was manufactured. We believe that, as time
progresses, factors such as changes in the hydrogel's hydration, possible swelling, or the

stability of the drug within the matrix can affect how the drug is released. Therefore, the
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time that passes since the hydrogel’s production can significantly impact the drug’s

release pattern and has implications for how this technology might be applied clinically.

4. CO-TREATMENT OF HNSCC CELLS WITH DNA DAMAGE

INHIBITORS AND COLD ATMOSPHERIC PLASMA

4.1. INTRODUCTION

The cell cycle is a greatly controlled process, with various mechanisms being
involved in regulating DNA damage before the cell can undergo mitosis (Geenen and
Schellens, 2017). The cell cycle consists of a sequence of events that enable a cell to
grow, replicate its DNA, and divide into two daughter cells. It is divided into four main
phases: G1, S, G2, and M phases (Song et al., 2024). During the G1 phase, the cell
prepares for DNA synthesis by producing large amounts of RNA and proteins needed for
subsequent phases. In the S phase, the primary activity is DNA replication to ensure that
each daughter cell inherits an identical copy of the genome. The G2 phase involves
further preparation for division, with the synthesis of small amounts of RNA and
proteins. Finally, the M phase encompasses karyokinesis (nuclear division) and
cytokinesis (cytoplasmic division), leading to the formation of two new cells (Song et al.,

2024).
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Throughout the cell cycle, various factors, including environmental influences
and intrinsic cellular conditions, can compromise the integrity of the cell’s genetic
material (Li et al, 2022). To address these challenges, cells have evolved sophisticated
regulatory mechanisms collectively known as the cell cycle regulatory system. This
system ensures that the cell cycle progresses smoothly, allowing accurate replication
and distribution of genetic material to maintain genomic stability and support proper

cellular function (Song et al.,, 2024).

A key pathway in cell cycle regulation when DNA damage is triggered in the cell
is the DNA damage response pathway (DDR). Following the same steps involved in any
other transduction pathway, the lesions that might appear in the DNA due to different
types of DNA damage activate the DDR signaling pathway. A protein kinase cascade is
then initiated and mediators aid in phosphorylation. The effectors, which are also
kinase substrates, will further coordinate vital processes such as DNA repair and
replication, aiding in maintaining genomic stability through a controlled cell cycle

(Marechal and Zou, 2013).

DNA damage checkpoints are vital mechanisms that precede the DNA repair
processes and are part of the DDR pathway. Acting as tumour-suppressors, DNA
damage checkpoints postpone the cell cycle progression of the affected cells and allow
said cells to undergo DNA repair. Moreover, apoptosis and senescence can also be
triggered by DNA damage checkpoints when the damaged cells need to be eliminated
(Ermolaeva and Schumacher, 2014). The activation of these DNA damage checkpoints is
best outlined when correcting DNA double-strand breaks (DSBs) through MRE11-

RAD50-NBS1 (MRN) protein complex activation.
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MRE11/RAD50/NBS1 proteins from the MRN are recruited at the DSB sites,
activating the checkpoint ataxia-telangiectasia mutated (ATM), which is a protein
member of the PIKK (phosphoinositide-3-kinase-related kinase) family (Hakem, 2008).
Other important kinases involved in this process are ATR (ATM and Rad3-related) and
DNA-dependent protein kinase (DNA-PK), which phosphorylate multiple proteins
necessary for DDR. Within the DDR pathway, ATM is the main kinase activated by DSBs,
while ATR is triggered as a response to multiple types of DNA damage, including
damage that affects the replication processes (Marechal and Zou, 2013). In comparison
to ATM and ATR, DNA-PK is known to regulate fewer proteins, and it is mainly involved

in nonhomologous end joining (NHE]) (Beli et al., 2012).

Histone H2AX, for instance, becomes YH2AX after being phosphorylated by ATM,
ATR and DNA-PK at the DSB site and allows chromatin remodelling through
the recruitment of other proteins (Hakem, 2008). BRCA1, 53BP1, and MDC1, which are
also ATM substrates, are other proteins responsible for DNA repair at DSB sites. YH2AX
is detected by MDC1, which amplifies the activation of yH2AX and ATM across large
chromatin areas. A ubiquitination process is then triggered at the site of the DSB, in
which the E3 ligases RNF168 and RNF8 ubiquitinate histones H2AX and H2A (Berger et

al, 2017).

When ubiquitin chains are extended due to HERC2, a complex is formed with
BRCA1, the main protein involved in homologous recombination (HR) (Marechal and
Zou, 2013). The further coating of single-stranded DNA which is left after DSBs is done
by replication protein A (RPA), coordinated by the MRN complex. This mechanism
regulates the activation of ATR and ATR Interacting Protein (ATRIP), triggering ATR-

dependent phosphorylation of various proteins such as Rad17 and claspin (Hakem,
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2008). Both ATM and ATR are vital for the cell's genomic integrity, being the main
moderators of the G1/S, intra-S-phase, and G2/M checkpoints. When DNA damage is
induced in healthy cells, the DDR pathway arrests the cell in the G1 phase of the cell
cycle to trigger the DNA repair processes (Figure 19). In tumour cells, however, G1
checkpoint aberrations are often encountered, mostly in p53-deregulated cells, which

allows the G2 checkpoint to aid in DNA repair (Esposito et al., 2021).

Gophase

"
(resting) G,

CycD/
CDK4/6

S CycE/A
CDK2 . —— AZD1390
CycB
CDK1

’
/\ E @&

“IN
2
G2 @ <—. r
adavosertib W

Chk2 ceralasertlb g
f ) 'J
AZD1390 — olaparib — PARP1/ ‘ damage
T repair

— MBI

A
“IN

Figure 19: DNA Damage Response (DDR) Pathways and Cell Cycle Regulation with
Targeted Inhibitors. The figure illustrates the regulation of the cell cycle and the DNA damage
response (DDR) pathways, highlighting key proteins and their interactions. The cell cycle
phases (G1, S, G2, M) are shown, with checkpoints regulated by cyclins (Cyc) and cyclin-
dependent kinases (CDKs) to ensure proper progression. DNA damage activates ATM and ATR
kinases, which phosphorylate downstream effectors (Chk1, Chk2, p53) to pause the cell cycle
and facilitate DNA repair. Figure prepared by Professor Sarah Allinson using Biorender.
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Another important gatekeeper for both the G2/M checkpoint and S-phase is
Weel. Weel is part of a family of protein kinases that includes two Wee1l kinases (Weel
and WeelB) and PKMYT1 (membrane-associated tyrosine- and threonine-specific cdc2-
inhibitory kinase) (Esposito et al.,, 2021). These kinases share sequence similarity in
their catalytic (kinase) domains but differ in their localization, expression timing, and
regulatory mechanisms. Such differences allow them to carry out distinct functions
while contributing to the overall coordination of cell cycle progression and genome

stability (Esposito et al,, 2021).

Weel is primarily localized in the nucleus, where it plays a crucial role in
coordinating DNA replication and ensuring that mitosis does not occur prematurely
(Esposito et al., 2021). By regulating the timing of the G2/M transition, Weel helps
maintain the integrity of the cell cycle, allowing sufficient time for DNA replication to
complete before the cell enters mitosis. It has recently been identified that Weel plays a
critical role in the S-phase of the cell cycle as well. DNA synthesis during the S-phase
and mitosis are tightly coordinated processes (Esposito et al., 2021). If replication
errors occur during the S-phase, Weel can help activate regulatory mechanisms that
slow down or temporarily halt progression. This pause provides an opportunity for
DNA repair, preventing the inheritance of chromosomal abnormalities or genetic

mutations in daughter cells (Esposito et al., 2021).

Weel exerts its effects by negatively regulating the Cdk1-cyclin B complex (also
known as the mitosis-promoting factor, or MPF), which is essential for the initiation of
mitosis. Weel phosphorylates Cdk1 at the Y15 residue within its ATP-binding site,
preventing its activation during interphase (Esposito et al., 2021). In contrast, the

kinase PKMYT1 also phosphorylates Cdk1, but at both the Y15 and T14 residues, further
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inhibiting its activity. This phosphorylation by Weel and PKMYT1 keeps Cdk1 inactive
until the appropriate time (Esposito et al.,, 2021). The activity of Cdk1 is
counterbalanced by Cdc25 phosphatases, which remove the phosphates from Y15 and
T14, allowing Cdk1 to become active when cyclin B levels rise. This balance between
Weel, PKMYT1, and Cdc25 is crucial for the precise control of the cell cycle, ensuring
that mitosis occurs only after DNA replication is properly completed (Esposito et al.,

2021).

The downregulation of Weel promotes the entry of the cell into mitosis by
reducing the levels of this kinase. This reduction is typically achieved through a
combination of decreased synthesis and targeted proteolytic degradation of Weel. The
key event leading to Weel degradation is its phosphorylation by specific kinases
(Esposito et al.,, 2021). When Weel is phosphorylated by Plk1 (polo-like kinase 1) at the
S53 residue and by Cdk1 (cyclin-dependent kinase 1) at the S123 residue, it becomes
recognized as a target for degradation by specific E3 ubiquitin ligases. These include the
SCFB-TrCP and SCFTome-1 complexes, both of which are F-box protein-containing
ubiquitin ligases (Esposito et al.,, 2021). Upon phosphorylation, Wee1 is tagged for
ubiquitination, marking it for proteasomal degradation. While phosphorylation itself
does not directly inactivate Weel, it triggers the proteasome-dependent degradation
process that ultimately lowers Wee1 levels, facilitating the transition into mitosis. This
ensures that the cell cycle progresses at the correct time, preventing premature mitosis

before DNA replication is complete (Esposito et al., 2021).

The PARP (poly ADP-ribose polymerase) family, also known as diphtheria-toxin-
like ADP-ribosyltransferases (ARTDs), consists of 17 enzymes. Among these, PARP1 and

PARP?2 are the most extensively studied and are closely related in structure and
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function (Zong et al., 2022). Both play essential roles in the DNA damage response, with
PARP1 being more abundant and providing the majority of the poly(ADP-ribosyl)ation
(PARylation) activity. This modification of chromatin structure and DNA repair factors

facilitates the repair of DNA damage.

When DNA damage occurs, PARP1 is the first responder, catalyzing PARylation
to recruit and modulate DNA repair proteins, thereby maintaining genomic integrity. It
interacts with various repair pathways to address single-strand breaks (SSBs) and other
lesions (Zong et al., 2022). As a nuclear chromatin-related enzyme, PARP1 is involved in
several essential processes, including genomic integrity maintenance, programmed cell
death, transcription regulation, chromatin remodelling, and telomere maintenance. Its
central role in DNA damage repair makes it a significant therapeutic target, particularly

in cancer treatment (Zong et al., 2022).

DNA damage repair involves five key pathways: mismatch repair (MMR), base
excision repair (BER), homologous recombination (HR), nucleotide excision repair
(NER), and nonhomologous end joining (NHE]). BER, MMR, and NER primarily address
single-strand breaks (SSBs), while HR and NHE] repair double-strand breaks (DSBs)
(Zong et al., 2022). PARP1 is active in multiple repair pathways, including BER, NER, HR,
and both classical and alternative NHE]. Its most critical function lies in BER, where it is
essential for stabilizing the replication fork and coordinating repair steps. The complex
nature of DNA repair, involving overlapping and distinct steps, highlights the
multifaceted role of PARP1 in safeguarding genomic stability and ensuring proper cell

function (Zong et al., 2022).

In response to DNA damage caused by intrinsic factors or external genotoxic

agents like alkylating agents or ionizing radiation, the DNA-binding domain (DBD) of
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PARP1 detects and binds to DNA nicks at the damaged site (Zong et al., 2022). This
interaction triggers the recruitment of additional PARP1 domains to the site of damage,
leading to a conformational change in the helical domain (HD) that relieves its self-
inhibitory function. This allosteric activation increases PARP1’s catalytic activity by up

to 500-fold (Rudolph, Roberts and Luger, 2021).

The activated catalytic domain (ART) facilitates the PARylation of substrate
proteins, including histones H1 and H2B, using NAD+ as a donor molecule to generate
negatively charged PAR chains (Hananya et al,, 2021). These PAR chains cause
chromatin fibers to loosen and undergo rapid decondensation. This structural change
dissociates histones from the DNA, providing access for DNA repair factors to the
damaged site. Through this mechanism, PARP1 identifies and binds to DNA damage and
creates the proper environment for efficient repair by recruiting and enabling other

DNA repair processes (Zong et al., 2022).

PARP1 plays a dual role in DNA repair by not only modifying chromatin
structure through PARylation but also recruiting key repair factors to damaged DNA
sites. Among these, PARP1 facilitates the recruitment of X-ray repair cross-
complementing protein 1 (XRCC1), a critical scaffold protein in the BER pathway (Zong
et al.,, 2022). XRCC1 enhances the activity of various repair enzymes and supports the
processing of Okazaki fragments during DNA replication (Azarm and Smith, 2020).
Additionally, PARP1 interacts with other repair proteins such as DNA topoisomerases I
and I and DNA polymerase (3, further driving the BER process to efficiently address
SSBs (Zong et al., 2022). For DSB repair, instead of directly repairing DSBs, PARP1 may
contribute through alternative mechanisms, such as chromatin remodelling or signaling,

to facilitate the recruitment or activity of repair processes (Audebert, Salles and Calsou,
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2004). This versatility highlights PARP1’s importance in maintaining genomic integrity

across various types of DNA damage and repair pathways.

4.2. INHIBITORS OF THE DNA DAMAGE RESPONSE

Pharmacological targeting of the DNA damage response (DDR) is a promising
strategy for cancer treatment due to its therapeutic advantages. Many cancer therapies,
such as chemotherapy and radiation, work by inducing DNA damage to hinder the
proliferation of cancer cells (Drew, Zenke and Curtin, 2024). By co-administering a DDR
inhibitor (DDRI), these therapies can be enhanced, as the inhibition of repair pathways
prevents cancer cells from repairing the induced DNA damage, making them more
susceptible to treatment. This is particularly effective in fast-dividing cancer cells, which

rely heavily on efficient DNA repair mechanisms (Qian et al., 2024).

Genome instability, a hallmark of cancer, often arises from the loss or
dysfunction of key pathways involved in genome maintenance. This creates a reliance
on the remaining functional DDR pathways for survival. Targeting these residual
pathways with DDR inhibitors exploits the concept of synthetic lethality, where the
simultaneous loss of two compensatory pathways leads to cell death (O’Neil, Bailey and
Hieter, 2017). In cancer cells, this disruption can selectively kill tumour cells while
sparing normal cells, as they typically have intact repair mechanisms (Drew, Zenke and
Curtin, 2024). This dual approach makes DDR inhibition a compelling strategy in

precision cancer therapy.
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Poly(ADP-ribose) polymerase inhibitors (PARPis) are a class of small molecule
drugs designed to induce cell death by inhibiting PARP activity during DNA damage
repair. Tumour cells with BRCA1 or BRCA2 mutations (germline or somatic) are
particularly sensitive to PARPis due to the principle of synthetic lethality (Farmer et al,,
2005; Bryant et al., 2005). PARP inhibition prevents the repair of single-strand breaks
(SSBs), which persist and are converted into double-strand breaks (DSBs) during DNA

replication fork progression (Zheng et al., 2020).

In normal cells, these DSBs are repaired through the error-free HR pathway,
which depends on functional BRCA1/2 proteins (Helleday, 2011). However, in tumour
cells with defective BRCA1/2 or similar defects in genes involved in HR, HR repair is
compromised. The failure to restart stalled replication forks leads to their collapse,
resulting in irreparable DSBs (Lomonosov, 2003). This causes chromosomal instability,
cell cycle arrest, and ultimately apoptosis in the tumour cells. By selectively exploiting
these repair deficiencies in cancer cells, PARPis provide a targeted therapeutic
approach that spares normal cells with intact DNA repair mechanisms (Farmer et al.,

2005).

PARPis induce synthetic lethality in cancer cells through multiple mechanisms
that disrupt DNA repair processes, leading to cytotoxicity. These mechanisms include
the cytotoxicity of unrepaired SSBs, DNA trapping, and the toxic effects of the NHE]
pathway (Zong et al., 2022). First, PARPis block the NAD* binding site of PARP1 and
PARP2, preventing PARylation and causing the accumulation of unrepaired SSBs. This
results in the buildup of single-strand break repair (SSBR) and BER intermediates (Zong
et al.,, 2022). When replication forks encounter these unrepaired SSBs, the breaks are

converted into DSBs, which require homologous recombination for repair. Tumour cells
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with HR deficiencies (HRD) cannot repair these DSBs effectively, leading to the
accumulation of markers like RAD51 and YH2AX in the nucleus, severe genomic

instability, and cytotoxicity (Noél et al., 2006; Saleh-Gohari et al., 2005).

Second, some PARPis have the ability to block PARP1 and PARP2 at the site of
SSBs, forming stable and toxic PARP-DNA complexes (Zandarashvili et al., 2020). These
complexes are more damaging than unrepaired SSBs because they obstruct the
progression of replication forks and exacerbate DNA damage. Overactivation of NHE], a
non-conservative DNA repair pathway, occurs in HRD cells treated with PARPis. NHE]
often introduces errors, such as deletions, insertions, and translocations (Patel, Sarkaria
and Kaufmann, 2011). In HRD cells lacking accurate repair mechanisms, this
overactivation leads to further genomic instability and cell death. These combined
effects make PARPis particularly effective in targeting cancer cells with HRD or similar

repair defects (Patel, Sarkaria and Kaufmann, 2011).

Olaparib, the first PARPi approved for clinical use, leverages the principle of
synthetic lethality to target cancers with defects in DNA damage repair pathways,
particularly BRCA1/2 mutations. Initially developed for treating ovarian and breast
cancers, where BRCA1/2 mutations occur in approximately 20% of cases, olaparib has

since expanded its therapeutic scope (Koboldt et al., 2012).

Currently, olaparib is prescribed for a range of cancers characterized by
BRCA1/2 mutations or related DDR deficiencies. These include recurrent, platinum-
sensitive high-grade serous or poorly differentiated ovarian carcinoma (Pujade-
Lauraine et al,, 2017), triple-negative breast cancer (TNBC) (Gelmon et al,, 2011), and

refractory prostate cancer with DDR defects (Mateo et al,, 2015). It is also used to treat
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metastatic pancreatic cancer associated with BRCA mutations (Golan et al., 2019). Its
ability to selectively target cancer cells with impaired HR repair has made olaparib a
critical treatment option in precision oncology, particularly for tumours reliant on

alternative, error-prone DNA repair pathways (Zong et al., 2022).

WEE1 inhibitors (WEE1i) have gained significant attention in recent years as
promising cancer therapies targeting the cell cycle checkpoints, specifically the S-G2
checkpoint (Zhang et al,, 2024). WEE1 plays a key role in preventing premature entry
into mitosis by inhibiting cyclin-dependent kinases (CDK1/2), thereby ensuring that
cells have properly completed DNA replication and are ready for mitosis. Inhibition of
WEET1 disrupts this checkpoint, leading to uncontrolled activation of CDK1/2 and
initiating two intertwined effects: induction of replication stress and premature entry
into mitosis (Zhang et al., 2024). Given this mechanism, WEE1 inhibition has shown
promise as an anti-tumour strategy, particularly in ovarian cancers, and has been

validated clinically for its potential to enhance the effectiveness of cancer therapies.

However, the first-in-human WEE1 inhibitor, adavosertib (AZD1775), has faced
challenges in clinical trials due to dose-limiting adverse events. These side effects have
prompted efforts to identify predictive biomarkers and optimize combination therapy
schedules to minimize toxicity while maintaining efficacy (Zhang et al., 2024). Recent
studies suggest that the best use of WEE1 inhibitors might involve dose-reducing
combinations with traditional anticancer drugs, tailored to specific patient populations
based on biomarkers (Zhang et al., 2024). By refining treatment strategies, researchers
aim to enhance the therapeutic benefits of WEE1 inhibitors while reducing harmful side

effects, thereby improving their overall clinical application.
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Clinical trials with adavosertib have revealed significant cytotoxicity to healthy
cells, particularly in terms of myelosuppression, a condition where bone marrow
activity is reduced, leading to low blood cell counts. While some of the reported toxicity
might be due to off-target effects on PLK1 (polo-like kinase 1), studies suggest that the
inhibition of WEE1 kinase itself is also responsible for these adverse effects (Wright et
al., 2017). In a recent preclinical study, researchers developed an inhibitor similar to
adavosertib that was designed to avoid PLK1 inhibition, yet still observed a positive
correlation between anti-tumour efficacy and thrombocytopenia (a reduction in platelet
count) in vitro (Guler et al., 2023). This finding indicates that thrombocytopenia, along
with other aspects of myelosuppression, is likely an on-target effect of WEE1 inhibition
rather than a result of off-target effects. These findings underscore the inherent toxicity
of WEE1 inhibition, especially in terms of its impact on blood cell production (Zhang et

al, 2024).

Another inhibitor still in preclinical testing, AZD1390 is a highly potent inhibitor
of ATM kinase, which is a critical regulator of the DDR. Its brain-penetrant nature allows
it to effectively target ATM-dependent signaling pathways and block the repair of DNA
DSBs (Dong et al,, 2022). By inhibiting ATM, AZD1390 disrupts key mechanisms cells
use to maintain genomic stability following DSB-inducing treatments such as irradiation
or chemotherapy. As a result, this compound enhances the cytotoxic effects of these

agents, making it a powerful candidate for combination therapies (Dong et al., 2022).

Additionally, ATM inhibition with AZD1390 has the potential to exploit synthetic
lethality in tumour cells with defects in other DDR pathways, such as HR. Tumour cells
with compromised DDR rely heavily on ATM signaling to survive DNA damage. By

inhibiting ATM, AZD1390 may selectively target these cells, further reducing their
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capacity for DNA repair and driving them toward apoptosis (Dong et al., 2022). This
dual role, augmenting the efficacy of DNA-damaging agents and targeting DDR-defective

tumours, positions AZD1390 as a promising therapeutic strategy in cancer treatment.

AZD6738, also known as ceralasertib, is a potent and selective oral inhibitor of
ATR kinase, a key regulator of the DDR activated during replication stress. ATR plays a
crucial role in stabilizing stalled DNA replication forks, facilitating their restart, and
promoting the G2-M checkpoint to prevent premature mitosis (Wilson et al., 2022).
AZD6738 disrupts these processes, modulating DDR signaling pathways, including
phosphorylation of CHK1 (pCHK1), activation of ATM-dependent signaling (pRAD50),
and the induction of the DNA damage marker yH2AX. By impairing break-induced
replication and homologous recombination repair, AZD6738 enhances DNA damage and

genomic instability in cancer cells (Wilson et al., 2022).

Preclinical studies revealed that AZD6738 is particularly effective in tumour cells
with ATM pathway defects or elevated replication stress, such as those with CCNE1
amplification. The drug demonstrated significant in vivo antitumor activity, with
continuous dosing required to maintain its effects, as indicated by persistent induction

of DDR markers (pCHK1, pRAD50, YH2AX) (Wilson et al., 2022).

AZD6738 also showed strong synergistic efficacy in combination with agents
that induce replication fork stalling and collapse, such as carboplatin, irinotecan, and
olaparib. Optimized dosing schedules were critical for maximizing efficacy while
minimizing toxicity, with combination treatments achieving superior antitumor activity

at lower doses compared to monotherapy (Wilson et al., 2022).
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Combining DDR inhibitors with plasma-based therapies could improve cancer
treatment outcomes by exploiting complementary mechanisms. Attributable to the fact
that CAP generates RONS that induce DNA damage, including strand breaks and
oxidative lesions, when combined with DDR inhibitors, such as Weel, PARP, ATR, or
ATM inhibitors, the cancer cell’s ability to repair this damage is further compromised,
leading to enhanced genomic instability and apoptosis. The following experiments aim
to assess the potency of CAP co-treatment with various DDRI, such as adavosertib,

olaparib, ceralasertib and AZD1390.

4.3. RESULTS AND DISCUSSION

4.3.1. SINGLE AGENT DDRI: CELL PROLIFERATION ASSAY

A cell proliferation assay was conducted on FaDu and A253 cell lines in order to
assess the metabolic activity of cancer cells after being treated with various DDR
inhibitors at different concentrations. After adding the treatment, cells were incubated
for 72 hours. The proliferation inhibition was detected using resazurin, after 3 hours of
further incubation, at 570nm wavelength (reference 595 nm). The 1Cso value was
determined to find the appropriate drug concentration used in the next experiments
(Figure 20). This experiment was conducted in both technical and biological triplicates
for both cell lines to assess the reproducibility and reliability of the results. All further

calculations were done using the average of the biological triplicates.
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Using the untreated cells as a control for 100% survival, the top concentration of
20 pM Weeli inhibited proliferation by 66.8% for A253 cells and 82.53% for FaDu cells.
The treatment with 300 nM concentration of Weeli inhibited proliferation by 40.38%
for A253 and 53.13% for FaDu. Therefore, for future experiments, we have considered

an [Cso value of 300 nM to be the optimal dose of Weeli for both cell lines.

For ATMi and ATRI, the top concentration of 100 nM ATMi and ATRi inhibited
proliferation by 68.82% and 62.1%, respectively, for the A253 cell line and by 79.59%
and 72.59%, respectively, for the FaDu cell line. The treatment with 5 nM concentration
of ATMi and ATRi inhibited proliferation by 49.66% and 48.32%, respectively, for the
A253 cell line and by 56.24% and 50.25%, respectively, for the FaDu cell line. An ICso
value of 5 nM ATMi and ATRi was therefore considered the optimal dose of DDRi for

future experiments.

The top concentration of 500 uM PARPi inhibited proliferation by 58.2% for
A253 cells and by 63.15% for FaDu cells. The treatment with 250 uM olaparib inhibited
proliferation by 48.79% for A253 cells and by 55.13% for FaDu cells. However, this
value showed significant variation from the ICso values reported in well-established
studies (Norris et al., 2013), which showed an approximate ICso value of 3.6 uM (range:
1-33.8 uM). Discrepancies in ICso values can arise due to differences in experimental
conditions, such as cell lines used, assay design, drug preparation, or incubation times.
Since the experimental conditions in this setup might differ from those in other studies,

the observed ICso may not fully align with the broader body of evidence in the literature.

To ensure the reproducibility and relevance of future results, the standard ICso
value of olaparib was used in future work, as reported in widely accepted scientific

literature. This decision provides consistency with prior studies and facilitates
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meaningful comparisons of findings with existing data, minimizing the influence of

variability due to experimental conditions. Therefore, a concentration of 1 uM PARPi

has been used in further CAP testing.
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Figure 20: Cell proliferation inhibition rate and ICso for A253 (A) and FaDu (B) cell lines.
A253 cells were treated with different concentrations of Weeli (20uM to OuM), PARPi (500uM
to OuM), ATMi, and ATRi (100nM to OnM) for 72 h. Cell proliferation inhibition rate was
detected by resazurin assay, and the 1Cso value was calculated for further experiments.
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4.3.2. DDRIS IN COMBINATION WITH DIRECT PLASMA TREATMENT

To further investigate the effect of combining CAP treatment with anti-cancer
drugs, A253 and FaDu cell lines were treated with a combination of DDR inhibitors at
different concentrations (300nM for Weeli, 1uM for PARPi, 5nM for ATMi and ATR;,
respectively) and CAP treatment for 60 seconds, following the same protocol previously
presented (see 3.3.2.). The results displayed in Figure 21 suggest a possible synergistic

effect between CAP and some of the DDRIi tested.

For the A253 cell line, the analysis of the results indicates a significant difference
when comparing the 60s CAP-treated condition with the equivalent DDRi-only
condition for all DDRi besides ATMi. There is also a significant difference when
comparing the survivability rate of the DDRi-only treatment and the DDRi and CAP
combination in all DDRIi tested but ATMi. Following the Response Additivity approach, a
synergistic effect can be seen in the co-treatment of CAP with Wee1li, PARPi and ATRI.
The CAP-only treatment inhibited proliferation by 13.73%, while the Wee1li, PARPi and
ATRi-only treatments inhibited proliferation by 38.85%, 15.83% and 22.04%
respectively. The co-treatment for each DDRi in combination with CAP inhibited
proliferation as follows: by 64.97% for Wee1li, by 32.39% for PARPi and by 48.74% for
ATRI. For ATMj, the co-treatment inhibited proliferation by 24.65%, while ATMi

treatment on its own inhibited proliferation by 27.73%.
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Figure 21: Post-treatment of A253 (A) and FaDu (B) cell lines with CAP after DDR
inhibitors treatment. Cells were treated with different concentrations of the DDR inhibitors
for 1 hour before treatment with CAP for the indicated times, followed by 72h incubation. Error
bars are SD RM one-way ANOVA * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Asterisks on the
inhibitor’s bars are for comparisons with the relevant condition without an inhibitor.
Experiments were performed in triplicate and repeated three times with similar results.

In comparison, for the FaDu cell line, the analysis of the results indicates a

significant difference when comparing the 60s CAP-treated condition with the
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equivalent DDRi-only condition for all DDRi besides Weeli and ATRI. There is also a
significant difference when comparing viability following DDRi-only treatment with the
DDRi and CAP combination for both PARPi and ATMi, but not for Weeli and ATRI. The
possible synergistic effect can be seen only in the co-treatment of CAP with PARPi. The
CAP-only treatment inhibited proliferation by 22.47%, while the PARPi-only treatment
inhibited proliferation by 21.29%. Their co-treatment inhibits proliferation by 46.97%.
For Weeli, ATMi and ATRi, the DDRi-only treatments inhibited proliferation by 50.09%,
35.95% and 35.14% respectively, while the co-treatments with CAP inhibited

proliferation by 61.7%, 57.68% and 43.5% respectively.

The difference in response between the two cell lines might have been triggered
by the different p53 profiles of the cell lines used in the experiments. Although they are
both p53-negative cell lines, they provide different p53 characteristics. A study by
Cuneo etal. (2016) highlighted that Weeli sensitizes cells to radiation in both p53-
mutant and p53 wild-type cells but through different mechanisms. In TP53-null and
TP53-mutant cell lines, inhibition of Weel increased histone H3 phosphorylation, which
is indicative of G2 checkpoint blockage (Cuneo et al., 2016). This disruption forced cells
into early mitosis, leading to cell death. However, in p53 wild-type cells treated with
AZD1775, histone H3 phosphorylation was minimally affected, likely due to the ability
of these cells to arrest at the G1 checkpoint, allowing DNA damage repair before mitotic
entry (Cuneo et al,, 2016). The study also emphasizes that the functionality of the entire

p53 pathway in these contexts remains uncertain.

Other studies have shown that Weel inhibition is effective in p53 wild-type
tumours, suggesting that mechanisms beyond p53 mutations might contribute to this

sensitivity (Kato et al., 2015). One such alternative mechanism is related to aberrations
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in the CDKN2A locus, which are common in many tumour types. These aberrations
disrupt the G1/M checkpoint, leading to reliance on the S/G2 checkpoint regulated by
Weel. This dependence makes tumour cells with CDKN2A loss or dysregulation
vulnerable to synthetic lethality when Wee1 is inhibited, providing a possible
explanation for the sensitivity of p53 wild-type tumours to Weel inhibitors (Kato et al.,

2015).

In our case, A253, which is a p53-negative cell line, are cells typically more
reliant on alternative DNA repair and checkpoint mechanisms (e.g., Weel or ATR
pathways) because they lack p53-mediated stress responses (Arutyunyan et al., 2023).
They might show different sensitivity to DNA-damaging agents and targeted therapies
like Weel or ATR inhibitors. FaDu, however, is a p53-mutant cell line, which are cells
with partial functionality or gain-of-function phenotypes, making their response to
therapies variable. The exact mutation in FaDu p53 affects how these cells handle stress
or repair DNA damage (Arutyunyan et al., 2023). Moreover, studies have shown that,
despite PARP inhibitors being effective regardless of p53 status, in p53-negative and p-
53 mutant cells, reliance on alternative repair mechanisms makes them particularly
sensitive to the synthetic lethality induced by PARPi and DNA-damaging agents (Jiang et

al., 2009a).

Taking all of these into account, the co-treatment of DDRi and CAP has higher
enhanced anti-proliferative effects in A253 when using Weeli, ATRi and PARPi
attributable to the p53-profile of the cell line. For FaDu cells, all DDRi combinations
have an additive effect when paired with CAP, besides PARPi, which provides the same
possibly synergistic effect due to FaDu being a p53-mutant cell line, which might be

more sensitive to synthetic lethality (Ye et al., 2016). Attributable to the fact that the
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loaded composite hydrogels previously used in our experiments are limited to cationic
drugs, using adavosertib and olaparib-loaded hydrogels could be the next step in
assessing the anti-proliferative effects of CAP therapy, due to both adavosertib and

olaparib being cationic drugs.

The results of ATMi testing in A253 and FaDu cell lines did not align with the
expected trend. However, CAP is producing different types of DNA damage, such as
oxidative base damage and single strand breaks, and ATM kinase is activated by double
strand breaks. Other pathways might be involved to repair the DNA damage triggered
by CAP. The effectiveness of these pathways may be attributed to the complex and
variable characteristics of p53-deficient cells. Additionally, genetic aberrations within
p53-negative/mutant cell lines, including variations in mutations or loss of other key
repair genes, such as CDKNZ2A, KDMC5 or SMAD4, could significantly impact their
response to ATM inhibition (Arutyunyan et al., 2023), (Laverty et al., 2024). Further
testing is required to account for these variables and clarify the mechanisms underlying
the observed responses. This will involve optimizing experimental conditions, testing a

range of concentrations of the ATMi and a range of different doses of CAP.

4.3.3. PHOSPHORYLATION OF H2AX AFTER COMBINATION TREATMENT WITH CAP AND
DDRIS

The mechanism of the enhanced cytotoxicity after the co-treatment of direct CAP
treatment and DDRIi is discussed in the context of activation of the DDR, measured
through the detection of yH2AX. This approach could be particularly effective in cancer

cells with pre-existing DDR defects (for example, BRCA mutations), as they rely heavily
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on the remaining repair pathways. The combination can selectively target tumour cells
by using CAP to amplify DNA damage and DDR inhibitors to block repair, minimizing

harm to normal cells and improving therapeutic efficacy.

This phenomenon can be seen in IF staining of A253 and FaDu cell lines after co-
treatment of DDRi and 60s CAP. Cells were fixed and stained after 24h incubation.
Following a qualitative analysis of the results, higher levels of DNA damage are
triggered in the presence of CAP. Increased levels of yYH2AX were expected in cells
treated with Weeli, PARPi, ATRi and ATMi, because these inhibitors impair critical DNA
damage response pathways, leading to an accumulation of DNA damage. ATMi and ATRIi
block the repair of DSBs and stalled replication forks, respectively. However, when
these inhibitors are combined with direct CAP treatment, which generates ROS and
RNS, we hypothesise that the resulting DNA damage could be amplified. CAP-induced
ROS can cause additional DNA damage, including strand breaks and oxidative
modifications. This synergistic effect results in even higher levels of YH2AX compared to
treatment with the inhibitors alone, as the combined treatment causes a greater burden

of DNA damage that the cells are unable to repair efficiently.

The IF results for each inhibitor will be analysed and discussed individually in
order to provide a detailed evaluation of their effects based on cell lines and in

comparison with the proliferation assay data.
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4.3.3.1. DIRECT CAP TREATMENT AND ADAVOSERTIB (WEE1I)

As previously mentioned, the cell lines used in these experiments have different
p53 status. A253 is p53-deficient (null) with no p53 expression at all, while FaDu has a
missense mutation in the TP53 gene, which leads to a mutant, non-functional or
partially functional p53 (Cai et al., 2022). Adavosertib (AZD1775) shows promise in the
targeted therapy of p53-deficient HNSCC, inducing replication stress and disruptions in
the G2/M checkpoint of cancer cells while also having selective cytotoxicity in p53-
mutant cells (Kao et al., 2017). Both p53-mutated and wild-type cells are affected by
Weel inhibition. Adavosertib, which is a Wee1 inhibitor, prevents the proper activation
of the G2/M checkpoint (Ku et al., 2017). This leads to mitotic catastrophe and
apoptosis, justifying the greater effect it has in p53-deficient (null) lines, where the G1

checkpoint is already defective due to the non-functional p53 (Ku et al., 2017).

Based on the qualitative analysis of yH2AX as presented in Figure 22 and Figure
23, an increase in the DNA damage response can be seen in the co-treatment of CAP and
Weeli for A253. In comparison, the yH2AX signal in the co-treatment of Weeli and CAP
compared to the Weeli-only treatment in the FaDu cell line is similar. The p53 profile
of the cells might play a role in the different results, attributable to the fact that FaDu
cells may handle replication stress and CAP-induced DNA damage better, showing
minimal changes in the yH2AX signal (Diab et al., 2019). In p53-deficient A253 cells, this
oxidative stress cannot be efficiently countered due to impaired DNA repair pathways,

leading to cumulative DNA damage and higher yH2AX staining. In contrast, p53-mutant
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FaDu cells may activate alternative DNA repair pathways, resulting in reduced YH2AX

intensity under the same treatment conditions (Diab et al., 2019).
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Figure 22: DNA damage after treatment with CAP in the presence or absence of Weeli in
the A253 cell line. A253 cells were incubated with 300 nM Weeli (adavosertib) for 1 hour
before treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained

with DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a total depth of
20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pum.

118



Control

CAP + Weeli

yH2AX

DAPI

yH2AX
DAPI

Figure 23: DNA damage after treatment with CAP in the presence or absence of Weeli in
the FaDu cell line. FaDu cells were incubated with 300 nM Weeli (adavosertib) for 1 hour
before treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained
with DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a total depth of
20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pum.
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The combination of CAP and Weel inhibitor generates greater yH2AX intensity
in A253 cells due to their p53 deficiency, which makes them highly dependent on the
G2/M checkpoint and more susceptible to DNA damage accumulation when this
checkpoint is disrupted. Meanwhile, FaDu cells may retain enough residual repair
capacity through their mutant p53, showing no significant increase in yH2AX signal

(Diab et al., 2019).

The similar IF results for yH2AX staining in both A253 and FaDu cells, despite
their different responses to DDR inhibitors and CAP when assessing proliferation, likely
indicate that both cell lines accumulate similar levels of DNA damage following
treatment. However, the p53 profile influences how each cell line responds to damage
(i.e., repair, cell cycle progression, or cell death), which results in differences in
proliferation, even if the DNA damage (reflected by YH2AX foci) is similar. The IF assay
primarily reports on the extent of DNA damage, while proliferation assays or cell cycle
analysis better capture the cellular consequences of that damage. Moreover, YH2AX foci
in IF assays may reflect a threshold of detectable DNA damage, beyond which the cells
may still show similar results in terms of staining intensity treatment (Stenvall et al,,
2020; Sykora et al., 2018; Nikitaki et al., 2020). While A253 cells may proliferate more
despite DNA damage, and FaDu may show a more regulated response with additive
effects from the treatments, both could still exhibit similar levels of yH2AX because the
damage threshold (i.e.,, amount of DNA breaks) needed for yH2AX detection may be
reached in both cell lines after treatment (Stenvall et al., 2020; Sykora et al., 2018;

Nikitaki et al., 2020).

Other markers of DNA damage response were observed in the A253 cell line.

Mitosis is a fundamental process in eukaryotic cell division, where a parent cell divides
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to form two genetically identical daughter cells. This process ensures that the genetic
material is accurately replicated and distributed to the daughter cells, facilitated by the
spindle microtubules that organize and separate the chromosomes, and cytokinesis,
which divides the cell’s cytoplasm (Chandra, 2002). Errors during mitosis, such as
improper chromosome segregation or failure to complete cell division, can lead to
aneuploidy (an abnormal number of chromosomes) or mitotic arrest (a halt in cell
division), both of which can disrupt normal cellular function and contribute to disease

(Kops, Weaver and Cleveland, 2005).

CAP-generated ROS can cause mitotic arrest by disrupting the normal
progression of cell division, damaging various cellular components, including DNA and
proteins, and leading to delays or halts in mitosis (Wang et al., 2017). Specifically, ROS
interfere with the formation and function of the mitotic spindle, a structure that is
crucial for accurate chromosome segregation. The dysfunction of the spindle caused by
ROS can result in improper chromosome alignment and separation, which may

contribute to errors in cell division and genetic instability (Wang et al., 2017).

One key protein affected by oxidative stress during mitosis is Aurora A, a kinase
that regulates spindle formation and centrosome function (Wang et al,, 2017). Under
oxidative stress, Aurora A becomes hyperphosphorylated, meaning it accumulates
excessive phosphate groups, which can alter its activity. Despite this
hyperphosphorylation, Aurora A maintains its normal localization at the centrosomes,
where it is involved in organizing the mitotic spindle (Wang et al.,, 2017). While the
phosphorylation status of Aurora A is affected by ROS, its centrosomal positioning does
not change, suggesting that oxidative stress primarily impacts its function rather than

its cellular location (Wang et al., 2017).
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This disruption of Aurora A activity can further contribute to the mitotic delays
and abnormalities observed under oxidative stress, such as abnormalities in
chromosome alignment and spindle formation (Wang et al,, 2017). When a cell has
more than two spindle poles instead of the usual two, the proper alignment and
separation of chromosomes are disrupted, leading to misalignment and unequal
distribution of genetic material. These abnormalities were also noticed in the IF
stainings of the co-treatment of CAP and Wee1li in the A253 cell line (Figure 24). This
result supports our hypothesis that co-treatment with CAP enhances the anti-

proliferative effects of Weeli.

Figure 24: Abnormalities in chromosome alignment and spindle formation in the co-
treatment of CAP and Weeli in the A253 cell line. Expanded images of the DAPI channel.
Multipolar spindle indicated by the red arrow.
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4.3.3.2. DIRECT CAP TREATMENT AND OLAPARIB (PARPI)

Olaparib inhibits PARP (Poly(ADP-ribose) polymerase), which is crucial for
repairing single-strand DNA breaks through the base excision repair (BER) pathway.
When PARP is inhibited, single-strand breaks are triggered. Unrepaired SSBs could be
converted into double-strand breaks during DNA replication, overwhelming the cell’s
repair capacity, particularly in p53-deficient or mutant p53 cells (Lafontaine et al,,

2020).

Differential yH2AX staining was observed after co-treatment of PARPi and CAP in
A253 and FaDu cells, reflecting their distinct p53 profiles, similar to the Weeli data.
When using the co-treatment of PARPi and CAP on A253 cells, which lack p53, higher
YH2AX intensity was exhibited, indicating the accumulation of impaired DNA repair in
response to PARP inhibition, as displayed in Figure 25 and Figure 26. The same

combination in FaDu cells has similar yH2AX intensity as the PARPi-only treatment.

The observed higher yH2AX intensity in A253 cells supports the idea that p53-
deficient tumors may be more sensitive to PARP inhibition, as the lack of functional p53
elevates the levels of DNA damage induced by PARPi. FaDu cells, despite being p53-
mutant, may still have some DNA repair capacity, suggesting that PARPi's effectiveness
could be reduced in mutant p53 cancers, but may still provide therapeutic benefit
depending on the degree of DNA repair deficiency. This difference highlights the role of
p53 status in modulating the efficacy of olaparib and its potential in targeting p53-
deficient cancers with PARP inhibitors to exploit their compromised DNA repair

mechanisms. Caspase-3/7 or cleaved PARP staining could be used to correlate the
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YH2AX signal with cell death, providing a broader picture of how DNA damage

translates into cytotoxicity in these cell lines (Bajrami et al.,, 2012).

Control CAP PARPI CAP + PARPI

yH2AX

DAPI

yH2AX
DAPI

Figure 25: DNA damage after treatment with CAP in the presence or absence of PARPi in
the A253 cell line. A253 cells were incubated with 1 uM PARPi (olaparib) for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a total depth of
20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pum.
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Figure 26: DNA damage after treatment with CAP in the presence or absence of PARPi in
the FaDu cell line. FaDu cells were incubated with 1 uM PARPi (olaparib) for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a total depth of
20 pm. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pm.

The combination of PARPi and CAP may also be facilitated by the induced
oxidative stress, which leads to DNA breaks. CAP generates ROS and RNS when applied

to biological cells, mimicking oxidative stress. These reactive molecules can cause DNA
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damage, which in turn activates PARP-1. When combining CAP with a PARP-1 inhibitor
like olaparib, the PARP-1 activity is blocked, preventing the repair of DNA damage,
especially in cells with defective DNA repair mechanisms (Csaba Hegediis and Laszl6

Virag, 2014).

Additionally, p53 presents antioxidant activity able to inhibit oxidative DNA
damage triggered by ROS generation (Liu et al.,, 2020). A study by Sablina et al. (2005)
suggests that the lack of p53 in mice leads to higher levels of reactive oxygen species
(ROS) inside cells. These ROS can cause damage to the cells' DNA, which increases the
likelihood of cancer developing. This may justify the higher amount of DDR in the co-
treatment of A253 cells with the PARPi and CAP, due to A253 cell line being p53
defective (null). Therefore, these data highlight the potential CAP has in combination
with PARP when using it against cells with defective DNA repair mechanisms, such as

p53-null HNSCC.

4.3.3.3. DIRECT CAP TREATMENT AND CERALASERTIB (ATRI)

Ceralasertib, also known as AZD6738, is a potent and selective ATR kinase
inhibitor. ATR, which responds to stalled DNA replication forks, is involved in cell-cycle
checkpoints and fork restart. A study by Wilson et al. (2022) suggests that combining
ATR inhibition with other therapies enhances antitumor efficacy, especially in tumors
with DNA damage or replication stress. Additionally, ATR is a kinase responsible for

phosphorylating yH2AX.
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When treating A253 and FaDu cell lines with co-treatment of ATRi and CAP, low
levels of yH2AX signal would have been expected. However, because the cells were
incubated for 24 hours with the DDRi treatment, the YH2AX signal displayed in Figure
27 and Figure 28 might be impaired DNA repair of endogenous damage in the DDRi only
treatment and impaired DNA repair of CAP damage in the treatment combination.
Therefore, yH2AX is being phosphorylated by the PIKK kinases that are not being
inhibited.

A study by Mordes and Cortez (2008) suggests that PIKK kinases (including ATM
and DNA-PKcs) can compensate for ATR inhibition by still phosphorylating yH2AX in
response to DNA damage. This supports the idea that when ATR is inhibited, other
kinases, such as those in the PIKK family, can still trigger yH2AX activation, ensuring a

continued DNA damage response despite the absence of ATR's usual role in initiating it.
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Figure 27: DNA damage after treatment with CAP in the presence or absence of ATRi in
the A253 cell line. A253 cells were incubated with 5 nM ATRi (ceralasertib, AZD6738) for 1
hour before treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and
stained with DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal
microscope equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were
captured with a GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358
nm, emission: 461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used
to stain nuclei and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a
total depth of 20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200
pm.
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Figure 28: DNA damage after treatment with CAP in the presence or absence of ATRi in
the FaDu cell line. FaDu cells were incubated with 5 nM ATRi (ceralasertib, AZD6738) for 1
hour before treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and
stained with DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal
microscope equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were
captured with a GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358
nm, emission: 461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used
to stain nuclei and cytoplasm, respectively. Z-stacks were acquired with a 1 pm step size over a
total depth of 20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200
pm.

Additionally, there is a link between p53 and ATR inhibition. A study by
Middleton, Pollard and Curtin (2018) discusses how ATR inhibitors, such as VE-821,

may be more effective in p53-deficient or mutant cells, enhancing their radiosensitivity
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and chemosensitivity, particularly at higher doses. While p53-deficient cells have
increased replication stress and rely on ATR signaling, ATR inhibition targets this
dependency, especially in tumors with p53 defects. The findings of this Middleton,
Pollard and Curtin (2018) study suggests that ATR inhibitors could offer tumor-specific
treatments, but their effectiveness depends on the p53 status of the cells. These results
may highlight the increased amount of yH2AX signal in the co-treatment of A253 and
FaDu cell lines with ATRi and CAP, justifying how prone these cells are to DNA damage

when ATR protein kinase is inhibited.

4.3.3.4. DIRECT CAP TREATMENT AND AZD1390 (ATMiI)

AZD1390 is a brain-penetrant ATM inhibitor that has the potential to improve
clinical outcomes by targeting another key kinase involved in the DNA damage
response, which is ATM kinase. While ceralasertib inhibits ATR and AZD1390 targets
ATM, both kinases play central roles in maintaining genome stability and responding to
DNA damage. Both drugs are being tested for their potential to sensitize tumors to DNA-

damaging therapies, such as chemotherapy and radiotherapy (Durant et al., 2018).

Following a similar trend previously displayed by the co-treatment of A253 and
FaDu cells with ATRi, the ATMi and CAP co-treatments exhibited higher amounts of
YH2AX signal than expected, as presented in Figure 29 and Figure 30. Even though ATM
phosphorylates H2AX to form yH2AX, inhibiting ATM can lead to increased yH2AX
levels due to the compensatory activation of other kinases like DNA-PKcs, very similar

to the mechanism of ATRi and CAP co-treatment. This compensatory mechanism results
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in the accumulation of DNA damage markers, including yH2AX, despite the inhibition of
ATM (Chiu et al.,, 2023). Additionally, ATR and DNA-PKcs can phosphorylate H2AX in
response to DNA damage, contributing to yYH2AX formation when ATM is inhibited

(Watanya Trakarnphornsombat and Kimura, 2023).

Control CAP ATMi CAP + ATMi
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Figure 29: DNA damage after treatment with CAP in the presence or absence of ATMi in
the A253 cell line. A253 cells were incubated with 5 nM ATMi (AZD1390) for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 um step size over a total depth of
20 pm. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pum.
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Figure 30: DNA damage after treatment with CAP in the presence or absence of ATMi in
the FaDu cell line. FaDu cells were incubated with 5 nM ATMi (AZD1390) for 1 hour before
treatment with CAP for 60s. After 24 hours of incubation, the cells were fixed and stained with
DAPI and anti-yH2AX antibody, before imaging on a Zeiss LSM880 confocal microscope
equipped with a Plan-Apochromat 20x/0.8 M27 objective (n=1). Images were captured with a
GaAsP detector and processed using ZEN Black software. DAPI (excitation: 358 nm, emission:
461 nm) and Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) were used to stain nuclei
and cytoplasm, respectively. Z-stacks were acquired with a 1 um step size over a total depth of
20 um. Image analysis was performed using Fiji (Image]) software. Scale bar: 200 pum.

Similar to the other DDRI tested, there is a significant link between p53 and ATM

inhibition. Attributable to the fact that ATM is a key regulator of the DNA damage

response, it also plays a crucial role in activating p53 following DNA damage. When
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normal conditions are met, ATM phosphorylates p53 in response to DNA damage,
leading to p53 stabilization and activation. This process will result in cell cycle arrest,
allowing the start of DNA repair or triggering apoptosis if the damage is irreparable
(Abuetabh et al., 2022). ATM also interacts with the mRNA of the p53 protein,
influencing the protein’s levels post-transcriptionally. This interaction highlights the
multifaceted role of ATM in regulating p53 activity beyond direct phosphorylation

(Konstantinos Karakostis et al., 2024).

A study by Biddlestone-Thorpe et al. (2013) shows that ATM inhibition can
sensitize p53-mutant glioma cells to radiation therapy. In p53-mutant cells, the absence
of functional p53 makes rely on ATM more when DNA damage repair is needed.
Therefore, inhibiting ATM in these cells can lead to increased DNA damage and reduced
survival, enhancing the effectiveness of treatments like radiation. Taking this into
account, in A253 cells, the lack of p53 may lead to persistent yH2AX signals without
repair progression, showing higher DNA damage accumulation. In FaDu cells, however,
because partial p53 activity could enable slower repair, could show a more dynamic
YH2AX response initially but still end up indicating elevated damage compared to
untreated cells. Additionally, the oxidative stress induced by CAP enhances the DNA
damage, previously seen in all DDRi tested besides Weeli in FaDu cell line when

comparing the co-treatment of DDRi and CAP to the CAP-only or DDRi-only condition.
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5. CONCLUSIONS AND FUTURE RESEARCH

Plasma medicine is an emerging field that holds promise for addressing a wide range
of conditions because it can target harmful bacteria, viruses, and damaged cells while
promoting healing in healthy tissue. This emerging field could provide new treatment
options for diseases that are currently difficult to manage, offering a safer, more
effective alternative to traditional therapies. Co-treatment of CAP and
chemotherapeutics or DNA damage response inhibitors could be the next step in
treating head and neck squamous cell carcinoma and other types of cancer. Moreover,
using CAP-activated hydrogels to deliver this combined therapy to target tissue allows
for gradual and localized delivery of drugs, minimizing the need for high doses and
reducing systemic side effects. By releasing the drug directly to the target area over
time, hydrogels enhance drug efficacy while lowering the risk of adverse effects

commonly associated with conventional methods.

Multiple studies on 2D cultures prove the potential CAP has in adjunctive therapy in
cancer treatment, particularly when combined with traditional chemotherapeutics. A
study by Gjika et al. (2020) investigated the effects of CAP combined with temozolomide
(TMZ) in treating glioblastoma cells (U87MG). Their results prove that CAP induces cell
death in glioblastoma cells and enhances the cytotoxicity of TMZ when used in
combination. CAP treatment increases DNA damage, oxidative stress, and apoptosis in

the cells, suggesting a synergistic effect with TMZ.

Similar results were displayed in a study by Brunner et al., 2022, in which CAP

treatment was combined with low-dose cisplatin to treat HNSCC cells. This study’s
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results demonstrates that CAP enhances the cytotoxic effects of cisplatin, suggesting a
potentially synergistic therapeutic approach. Although the opimization between the two
studies is slightly different (120s CAP treatment compared to 60s CAP treatment and 1
UM cisplatin compared to 1.5 uM cisplatin), this data corroborates the results of our
study, even more so when comparing the anti-proliferative effects their co-treatment
had when treating FaDu cells. In the Brunner et al., 2022 study, the combination of 120s
CAP treatment and 1 uM cisplatin inhibited FaDu cell proliferation by approximately 40-
50%, very similar to how much proliferation was inhibited in our study (76.41%).
However, in the Brunner et al., 2022 study, CAP treatment was applied before cisplatin.
The cells were first exposed to CAP for 120 seconds, followed by the addition of 1 uM

cisplatin shortly after.

The enhanced proliferation effect displayed in our experiment could be the cause of
CAP treatment being applied after cisplatin treatment, linked to the possible
electroporation process triggered by CAP in the cell membrane, which facilitates the
entrance of cisplatin inside the cell. In order to assess this theory and have more
conclusive results, testing the possible electroporation triggered by CAP using a
fluorescent dye uptake assay such as propidium iodide or calcein-AM could aid in
assessing whether or not there are any membrane permeability changes through flow
cytometry to quantify dye uptake, confirming electroporation effects (Crowley et al.,
2016). Other methods that could be used in future work to have a better understanding
of this subject is measuring the electrical impedance to detect changes in membrane

resistance after CAP treatment (Moghtaderi et al., 2024).

Additional to preclinical in vitro studies, clinical trials undergo CAP testing in cancer

therapy. According to Canady et al. (2023), this Phase I clinical trial examined the use of
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CAP as a treatment for advanced solid tumors, focusing on its safety and efficacy. CAP
was applied intraoperatively, targeting tumor cells with minimal damage to
surrounding healthy tissue. The study showed that CAP treatment was well-tolerated by
patients and did not cause significant adverse effects, providing a basis for its potential
as an adjunctive therapy in cancer treatment. Moreover, the trial demonstrated that CAP
could assist in controlling residual cancer after surgery, suggesting a promising new

therapeutic strategy for advanced cancers.

Additionally to 2D culture studies, 3D culture studies coraborate our study findings.
A study by Shaw et al. (2021) explores how CAP enhances the sensitivity of
glioblastoma spheroids to temozolomide (TMZ) by inhibiting the glutathione
(GSH)/glutathione peroxidase 4 (GPX4) antioxidant pathway, leading to increased DNA
damage and cell death. Another very similar study was conducted by Murillo et al.
(2023), investigating how CAP can be used to overcome drug resistance in glioblastoma,
including its combination with chemotherapeutic agents like TMZ in spheroid models.
Although the experiment presented in our study used a longer CAP exposure of 240
seconds and different cell lines compared to the studies referenced, the overall findings

are consistent, particularly regarding the use of spheroids.

All studies demonstrate that CAP treatment enhances the efficacy of
chemotherapeutic agents in spheroid models. Despite variations in CAP exposure time
and cell lines, the core mechanism remains the same: CAP induces oxidative stress, DNA
damage, and apoptosis, which in turn sensitizes spheroid cells to chemotherapy. The
longer CAP exposure in our experiment may result in more extensive oxidative damage,
potentially explaining the stronger cytotoxic effect observed in the spheroids, aligning

with the synergistic effects noted in the literature. Additionally, even though our study
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used different cell lines in spheroid models, the underlying biology, such as increased
ROS production and impaired cellular repair mechanisms, appears to be consistent with
what has been observed in glioblastoma spheroids, where CAP enhances drug

sensitivity.

Along with the studies conducted on direct CAP treatment in cancer therapy, further
literature investigates how CAP can trigger the release of chemotherapeutic agents from
hydrogels, enhancing their therapeutic efficacy through PAHT. Studies by Gaur et al.
(2023) and Li et al. (2023) present the synergistic potential of CAP and drug-loaded
hydrogels in cancer therapy. One of the key findings of Gaur et al. (2023) is that CAP
exposure significantly enhanced the release rate of the encapsulated drug, doxorubicin,
from the hydrogel matrix. This suggests that CAP can act as an external stimulus to
enhance the release of drugs, making the hydrogel drug delivery system more
responsive and effective in cancer treatment. Additionally, the study demonstrated the
cytotoxicity of the released doxorubicin in HeLa and MCF-7 cancer cell lines, confirming
that the combination of CAP and drug-loaded hydrogels can lead to increased cell death

and reduced proliferation.

In the Li et al. (2023) study, the combination of CAP with hydrogels leads to a dual
approach to cancer treatment: the hydrogel ensures targeted and sustained drug
release, while CAP enhances the efficacy of this release by acting as a trigger. This study
suggests that this combination could be highly effective in solid tumors, where
controlled drug release is critical for penetration and longer therapeutic action within

tumor tissues.

The drug’s passive release displayed by the cisplatin-loaded hydrogels in our

experiments have been mentioned in other literature as well. In both studies previously
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discussed, passive release is mentioned as being part of the natural drug release process
in hydrogel systems. The introduction of CAP as an external trigger is shown to improve
the release rate and drug bioavailability, aiding in overcoming the limitations of passive
drug release, such as slow-release rates and low efficiency. The release kinetics and
targeting of the therapeutic agents are more effective toward cancer cells when the

hydrogel is activated by CAP.

Although the co-treatment of CAP and DDRI is not extensively studied, our results
show that DDR inhibitors enhance the effectiveness of CAP, similar to the effects
observed with cisplatin in combination with direct and indirect CAP treatment. This
may suggest that these findings could serve as a pioneering step towards developing
combination therapies involving CAP and DDR inhibitors, offering insights into how CAP
can be integrated into cancer treatment regimens, paving the way for future research to
explore this synergistic approach further and contribute to improved therapeutic

outcomes for cancer patients.

Future research should focus on expanding upon the intricate DDR pathways
affected by CAP and how these pathways can be further targeted with DDR inhibitors
(DDRIi). While this research has demonstrated that DDRi can sensitize cancer cells to
CAP-induced DNA damage, the underlying molecular mechanisms are still not fully
understood. Future experiments could focus on specific DDR parthways such as base
excision repair (BER) or homologous recombination (HR) to try and etermine how CAP
interacts with these repair processes and how DDR inhibitors can be optimized to
disrupt these pathways. This could involve using gene knockdown or CRISPR-Cas9
technologies to selectively inhibit key DDR proteins and observe their effect on CAP-

induced DNA damage and cellular responses (Feng et al., 2024). Future studies could
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also assess the combination of CAP and DDRi with other therapeutic modalities, such as
immunotherapies or chemotherapies, to explore multimodal treatment strategies that

may further improve treatment efficacy (Zhang and Zhang, 2016).

Overall, the research presented in this study aligns with the existing literature by
demonstrating how CAP treatment, in direct combination with a chemotherapeutic like
cisplatin or DDRi and indirectly applied through cisplatin-loaded hydrogels, can
enhance chemotherapeutic efficacy in both 2D and 3D models. These results may
contribute to the growing body of evidence supporting the synergistic potential of
combining physical therapies like CAP with drug treatments in cancer therapy,
emphasizing the need for multi-modal approaches to overcome drug resistance and

improve patient outcomes.
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