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Abstract

Tahera Sayed Hashem Mohamed Altobalani

Investigation of a Novel Formulation from Umbilical Cord Blood Stem Cell-

Derived Exosomes and Antioxidant (Selenium) in Malignant Melanoma Cells

Keywords: Melanoma, CBSC-derived exosomes, selenium, cancer, malignant
melanoma, cancer immunotherapy, comet assay, CCK-8, RT—-gPCR, Western

blotting.

Introduction: Malignant Melanoma (MM), caused by UV radiation-induced DNA
damage, is the most invasive form of skin cancer and has an increasing incidence
worldwide. The hallmarks of MM include the presence of reactive oxygen species
(ROS) and excessive proliferation of tumour cells. Many treatments are available
or under investigation as anticancer therapeutics such as cell therapy,
immunotherapy, gene therapy and nanotechnology-based strategies but they all

have severe complications and side effects that limit their wider use.

Methods: The present in vitro study has evaluated the genotoxic and cytotoxic
effects of Se and CBSC-derived exosomes, individually and in combination, on
lymphocytes from MM patients and healthy controls, and on the CHL-1 melanoma
cell line. The comet assay and cell counting kit-8 (CCK-8) assay were used to
measure genotoxicity and cytotoxicity, respectively, in all cell types. Molecular
mechanisms underlying the observed effects were explored using transcriptional
and protein expression profiling of key cell cycle and apoptosis genes, by

employing the RT gPCR and Western blotting techniques.

Conclusion: Selenium displays antioxidant and genoprotective effects in human
lymphocytes, especially in MM patients. Both Se (10 uM) and CBSC-derived
exosomes (120 yL) are well tolerated in lymphocytes, but show significant
genotoxicity and cytotoxicity towards the CHL-1 cell line, with combined

administration exhibiting a synergistic effect.
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1) Introduction

1.1 Cancer

Cancer is characterised by the uncontrolled growth and spread of specific cell types throughout
the body, caused by changes to DNA. Cancerous cells can proliferate and multiply due to
unregulated cell division. They have the potential to invade neighbouring tissues and develop
into clusters of aberrant tissue known as tumours, which are usually classified as either benign
or malignant. Benign tumours are not invasive and do not spread to other body regions, and
neither do they return following surgical resection. In contrast, malignant (or cancerous) tumours
can invade surrounding tissues and spread to other organs through a process known as metastasis

(Figure 1), which can lead to significant complications or even death (Boutry et al., 2022).
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Figure 1. Primary cancer and metastasis (NIH, 2022).

Cancer is mainly caused by changes or mutations to the DNA within cells. The underlying
reasons for these changes include smoking, exposure to ultraviolet radiation (UVR), defects in

DNA repair mechanisms including nucleotide excision repair (NER), and defects in cell cycle



checkpoint genes. For example, UVR can induce direct photochemical damage to DNA and is
considered a carcinogen that causes skin cancer (Figure 2) (Khan et al., 2018). It is further
subdivided into UVC (100-280 nm), UVB (280-320 nm) and UVA (320400 nm), based on the
biological effects of these different wavelength bands (Sorenson et al., 2022). Other known
causes of cancer include mutations in the RB/ (retinoblastoma transcriptional corepressor 1)
gene, or in the tumour suppressor genes 7P53 (encoding the protein p53), CDKNIA (p21),
CDKNIB (p27) or CDKNIC (p57), all of which are involved in cell cycle regulation.
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Figure 2. Types of ultraviolet (UV) radiation (UVA, UVB and UVC), and their different
degrees of skin penetration (Watson et al., 2016).

Cancer is a heterogeneous disease which is subdivided into various types, including carcinomas,
which can develop in the skin or internal organs and account for the vast majority of cases. These
tumours usually manifest as solid lumps, and include the most common cancer types such as
prostate, breast, lung and gastrointestinal cancers (Maroni & Bendinelli, 2020). Another class of
cancers, sarcomas, are a heterogeneous group of rare tumours that arise predominantly from the

embryonic mesoderm (Dohnor et al., 2015).



1.2 Skin Cancers

The most prevalent kind of cancer in the US is cutaneous cancer, commonly known as skin
cancer (Linares et al., 2015). It also represents the most common malignancy worldwide, with a
growing incidence that shows no signs of plateauing. The disease spans all ethnicities,
socioeconomic groups and geographical regions, and covers the entire lifespan. Most skin
cancers are caused by a combination of both non-modifiable (e.g., genetic) and modifiable (e.g.,
environmental) risk factors. The most common modifiable risk factor for skin cancer is exposure

to UVR (Gandini et al., 2011).

In general, skin cancers are most common among sun-sensitive populations, with non-Hispanic
whites being approximately 25 times more likely to develop melanoma compared with blacks,
and Hispanics experiencing six-fold higher incidence. Overall, the disease is more common
among males, although incidence is higher for females below the age of 50. In common with
incidence, mortality increases with age and is also higher among males. Whites have the highest
incidence and mortality rates, but black and Hispanic populations are often diagnosed at later

stages and consequently have poorer survival outcomes.

1.2.1 Types of Skin Cancer

The three major types of skin cancer are basal cell carcinoma (BCC), squamous cell carcinoma
(SCC) and malignant melanoma (MM). Among these, BCC and SCC are sometimes grouped

together as non-melanoma skin cancers.

1.2.1.1 Basal Cell Carcinoma

BCC is the sixth most common malignancy in the UK, and its incidence is rising due to the
influence of cumulative sun exposure and an ageing population. The disease develops in the
deepest, or basal, layer of the epidermis (known as the stratum basale, or stratum germinativum),
and is further classified according to its various clinicopathological manifestations (Tanese,
2019). It typically appears as a tiny, bright pink or pearly-white lump with a transparent or waxy
look, and a red, scaly patch that occasionally contains some black or brown pigment. Most of
the time, BCC does not spread to other parts of the body (Kim et al., 2019). It has low mortality
but can cause significant morbidity, primarily through local destruction. Around 147,000 new
cases of non-melanoma skin cancer (i.e., BCC and SCC) are diagnosed each year in the UK

(NIH, 2022), but despite this high incidence, the metastasis and age-adjusted mortality rates are


https://www.webmd.com/melanoma-skin-cancer/basal-cell-carcinoma
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estimated at only 0.0028-0.5% and 0.00012%, respectively. A similarly high prevalence of BCC

is found in other countries (Kocarnik et al., 2022).

The disease is more common in Fitzpatrick skin types I and II (usually white individuals), with
a lifetime risk estimated at 30%. Other risk factors for BCC include light eye colour, freckles,
and blonde or red hair. The most important environmental risk factor is UVR exposure, with
other known examples including childhood sunburn, family history of skin cancer, tanning bed
use, chronic immunosuppression, photosensitising drugs, ionising radiation, and exposure to
carcinogenic chemicals (especially arsenic). In particular, intense and intermittent sun exposure

during childhood strongly correlates with BCC development.

The incidence of BCC is approximately doubled in HIV-positive patients and is 5-10 times
greater in organ transplant recipients, with around half of these patients developing the disease
within 10 years of surgery. These tumours are more likely to be the thinner, more superficial
histological subtype and to occur in younger patients. In individuals with allogeneic organ
transplants and receiving immunosuppressive drugs—such as systemic corticosteroids,
azathioprine and cyclosporine— different pathways may be activated that lead to induction and
promotion of skin malignancies. Furthermore, methotrexate use in patients with rheumatoid or

psoriatic arthritis has been shown to have a dose-response relationship with BCC incidence.

Given its low metastatic potential, BCC treatment is primarily directed towards local control.
Several factors must be considered when comparing the cure rates for treatments based on
different studies, including the duration of follow-up and the percentage of high-risk and
recurrent tumours. For example, recurrences are often diagnosed after five years due to the slow
growth rate of BCCs. In a randomised controlled trial (RCT) of surgical excision, recurrence
rates were 3% and 12% at 2.5 years and 10 years post-treatment, respectively, with 56% of all

recurrences diagnosed after more than five years (Kim et al., 2019).

1.2.1.2 Squamous Cell Carcinoma

SCC is the less common form of non-melanoma skin cancer, and originates from epidermal
keratinocytes or adnexal structures (such as eccrine glands or pilosebaceous units). As with BCC,
the most significant risk factor is exposure to UVR and sunlight, with SCC usually developing

on sun-exposed skin as a firm pink lump with a rough or crusted surface. There is minimal chance



of cutaneous SCC migrating to the lymph nodes or other organs (Kallini et al., 2015). The
average age of onset is during the mid-sixth decade of life, but it can present in individuals as
young as 20-30 years of age in regions such as Australia, Florida, New Zealand and southern
California (Kocarnik et al., 2022). Overall incidence is higher in males, but SCC originating on
the legs is more common in females. In addition to UVR and sunlight exposure, other identifiable
risk factors for cutaneous SCC include Fitzpatrick skin types I and II, outdoor occupations (e.g.,
farming, construction work), and exposure to human papillomavirus (HPV). Other studies have
demonstrated a direct correlation between combined 8-methoxypsoralen therapy and UVA
(PUVA) exposure, used as a treatment for psoriasis, and SCC incidence (Stern et al., 1984). In
patients treated with PUVA, exposure to more than 350 PUVA treatments was found to
significantly increase the risk for SCC.

This disease is generally uncommon in dark-skinned individuals. Sun exposure is a less frequent
aetiology since their more pigmented skin possesses higher amounts of epidermal melanin,
which protects against the carcinogenic effects of UV light. However, SCC does represent the
most common cutaneous cancer in African-Americans (Kocarnik et al., 2022), where it usually

occurs in non-sun-exposed areas. Actinic keratosis (AK) often precedes SCC in darker skin.

Certain chronic conditions increase the likelihood of developing cutaneous SCC, and as with
BCC, its incidence is much higher in transplant patients than in the general population. For
example, 70% of transplant recipients in Australia develop the disease within 20 years of surgery
(Kocarnik, et al., 2022). Multiple reasons have been postulated for this, including specific
polymorphisms in human leukocyte antigen (HLA) and glutathione S-transferase genes (Kallini

et al., 2015).

1.2.1.3 Bowen’s Disease

Bowen’s disease (BD), or SCC in situ, is a slow-growing, precancerous dermatosis and a
precursor to cutaneous SCC. It can develop in any region of the skin or mucosa, but embraces
different clinical presentations depending on the site and aetiology, and may also appear very
similar to other skin lesions. It usually affects older people in their sixties and seventies, and is
regarded as a very early form of skin cancer that can be easily managed through chemotherapy

and surgery (Neagu et al., 2017).



The disease has multifactorial risk factors, including Caucasian race, fair skin, photosensitivity,
and high total occupational and recreational sun exposure. Cumulative exposure to UVR
produces DNA damage and immunosuppression, facilitating clonal expansion of the underlying
p53 driver mutations found in the majority of cases (Kim et al., 2022). Consistent with these
findings, aneuploidy and genomic instability are high in the lesional skin. In immunosuppressed
individuals (including transplant patients), Merkel cell polyomavirus has been associated with
BD, which is also known to arise following ionising radiation exposure, thermal skin injury,
inflammatory dermatoses (e.g., chronic lupus erythematosus or lupus vulgaris), and as an adverse

effect of PUVA therapy.

Morphology differs based on the age of the lesion, the site of origin, and the degree of
keratinisation. In areas with no keratinisation, BD lesions are erythematous and velvety, while
in lesions occurring over keratinised epithelium, the erythema is masked by scaling. The clinical
presentation is also altered in intertriginous, moist or hyperkeratotic surfaces. Lesions are usually

solitary, but 10-20% of affected individuals have multiple lesions.

The treatment modality depends on factors such as the tumour size, location, thickness, and
number of lesions, as well as the patient’s age, immune status, comorbidities, concomitant
medication intake, compliance, desired aesthetic outcome, and equipment availability. The
patient’s preferences and clinician’s expertise are also important aspects of treatment decisions.
Where the disease is multicentric, immunosuppression and arsenicosis should be considered.
Notwithstanding this, each potential therapeutic modality has its place, and the treating physician
should weigh the associated merits and demerits. Because BD occurs mostly in older individuals
and is frequently located in regions with poor wound healing, non-invasive treatments are

generally preferred (Palaniappan, 2022).

1.2.1.4 Actinic Keratoses

Actinic keratoses, also known as solar keratoses, are dry, scaly skin patches caused by sun
exposure damage. The patches can be pink, red or brown, and vary in size from a few millimetres
to a few centimetres. Like BD, actinic keratosis is not classed as a cancerous lesion, but there is

a slight risk of progression to SCC if left untreated (Radu & Pantanowtiz, 2013).


https://www.nhs.uk/conditions/actinic-keratoses/

1.2.2 Malignant Melanoma

MM is the most aggressive type of skin cancer, and also the most lethal. It is a relatively common
form of cancer that originates in melanocytes, the pigment-producing cells located in the
epidermis, and is derived from genetic mutations in these cells. Cancerous changes can be
triggered by damage due to UV light exposure from the sun, along with other sources such as
tanning beds. However, MM can also develop in areas of the body that are not exposed to the
sun (Linares, et al., 2015), and this includes seemingly counterintuitive locations such as the
nasal passages and throat. It is the fifth most prevalent male cancer and the seventh most common
female malignancy, and with an estimated 325,000 new cases in 2020, it accounts for 1.7% of
all cancer diagnoses worldwide. Although it only represents around 5% of skin malignancies,
over 80% of skin cancer deaths are due to MM (Rebecca et al., 2020; Saginala et al., 2021). The
WHO has reported a 50% increase in MM incidence over the past decade, with an associated 32%
increase in deaths. A further 20% rise is predicted by 2025, reaching 74% by the year 2040
(Rogoza-Janiszewska et al., 2021).

Histological features favouring a diagnosis of MM include asymmetry, ulceration, cytological
atypia, pagetoid involvement of the epidermis, lack of maturation, and deep and/or atypical
dermal mitosis (Filosa & Filosa, 2018). Melanomas may develop in or near a previously existing
precursor lesion, with common acquired nevus, dysplastic nevus, congenital nevus, and cellular
blue nevus recognised as MM precursor lesions. Conversely, if MM develops in previously
healthy-looking skin, it is said have arisen de novo (with no evidence of a precursor lesion).
While solar irradiation induces many MMs, as noted above, they may also occur in unexposed
skin areas including the palms, soles and perineum. MMs have two distinct growth phases, radial
and vertical. During radial growth, malignant cells grow radially in the epidermis. With time,
most cases eventually progress to the vertical growth phase in which the malignant cells invade

the dermis (Figure 3) and develop metastatic potential (Hida, 2020).


https://pubmed.ncbi.nlm.nih.gov/26612377/

Figure 3. Histopathology of MM, showing proliferation of atypical melanocytes singly and in
nests within the epidermis, papillary and superficial portion of the reticular dermis, with
smaller nests of atypical melanocytes located within follicular ostia filled with keratin plugs
(H&E stained section, 10x objective) (Pordevi¢ Brlek et al., 2019).

1.2.2.1 Major Subtypes of MM

The four forms of MM—superficial spreading melanoma, nodular melanoma, lentigomaligna
melanoma, and acral lentiginous melanoma—can readily be differentiated by their distinctive
development patterns. The majority of melanomas, around 70%, are of the superficial, spreading
type. These lesions are often flat in the initial stages but can subsequently become uneven and
elevated, averaging 2 cm in diameter and displaying a spectrum of colours, with either notches
or indentations at the periphery. Nodular melanoma is distinguished by tumours that are typically
blue-black but may occasionally be colourless, and accounts for about 15-30% of all MM cases.
Lentigomaligna melanoma is less common, making up around 4—-10% of MM diagnoses. It starts
as tiny, freckle-like lesions that often reach a diameter of more than 3 cm, are brown and flat,
and have prominent border notching (Kallini et al., 2013). Acral lentiginous melanoma, in its
advanced stages, is characterised by flat, tan or brown spots with uneven borders and deep brown
or black subungual lesions with ulcerations. These cases account for 2—8% of MMs in whites,

but a much higher proportion (35-60%) in people of colour.

Even in the early 21% century, MM is still a potentially lethal cancer whose incidence continues
to rise, in contrast to the declining prevalence of many other tumour types. Although most
patients are diagnosed with localised disease and are treated by surgical removal of the
underlying tumour, many people later develop metastases (Huang & Zappasodi, 2022). One
clinical management strategy is to monitor sentinel nodes (the first lymph nodes draining a
cancerous region) for signs of metastatic disease, usually by biopsy. In breast cancer, for example,
these nodes are typically located in the armpit. If the sentinel nodes test negative for cancer, it is
unlikely that the disease will have metastasised more widely. If cancerous cells are detected,

other lymph nodes are removed to ascertain the extent of spread (Rutgers, 2008).



1.2.2.2 Aetiology of MM

Although UVR exposure increases the chance of developing MM, the exact origins of the disease
are largely unknown. Current opinion suggests that various genetic, epigenetic and
environmental factors are associated with malignant transformation of melanocytes and act to
permit their unchecked proliferation and acquisition of invasiveness, thereby contributing to
progressive development of MM (Varamo et al., 2017). Other mechanistic studies have proposed
that reactive oxygen species (ROS) and oxidative stress are central to MM pathophysiology
(Obrador et al., 2019). Accumulating evidence suggests that melanoma is an oxidative stress-
associated disease (Bisevac et al., 2018), and that oxidative stress is involved at all stages of its
development (Emanuelli et al., 2022). A systematic review by Cannavo et al. (2019) concluded
that melanoma cells appear to be adapted to elevated levels of ROS, and genetic variation of the
melanocyte-stimulating hormone receptor (MCIR) leading to higher baseline ROS levels has

been causally associated with the disease (Rebecca et al., 2020).

1.2.2.3 DNA Damage Induced by UVA

DNA directly absorbs UVB and UVC radiation, causing photochemical formation of
cyclobutanepyrimidine dimers (CPDs), pyrimidine (6-4) pyrimidone photoproducts (6-4PPs),
and their Dewar valence isomers. However, UVA does not directly induce any significant
formation of these photoproducts because DNA is unable to readily absorb in this wavelength
range. Rather, UVA promotes photosensitisation of DNA triggered by either singlet oxygen (type
II photosensitisation), electron abstraction (type I photosensitisation), or hydroxyl radicals.
Therefore, oxidative DNA damage is still expected upon UVA exposure. Pioneering early work
by Tyrrell and Webb (1973) reported the induction of CPDs in bacterial DNA by very pure,
narrow-band 365 nm UVA, with increased formation of thymine—thymine (TT) CPDs and
reduced damage excision relative to 254 nm UVC. The same group reported induction of single-

strand breaks (SSBs; i.e., alkali-labile bonds) by UVA in bacterial and phage DNA.

In the 1990s, the availability of new and sensitive methods advanced this field considerably by
permitting efficient characterisation of various DNA lesions for the first time. These innovations
included the comet assay; commercially available specific antibodies for DNA repair enzymes;
HPLC coupled with electrochemical detection (HPLC-ED) to detect 8-oxoguanine (8-0x0G);
and subsequently, HPLC coupled with tandem mass spectrometry (HPLC-MS/MS) to



additionally characterise and quantify the various bipyrimidine photoproducts. Thus, our
understanding of UVA-induced DNA damage was greatly improved. Based on their different
substrate specificities, the Escherichia coli Fpg and Nth enzymes are now used to reveal
oxidation products of purine (mainly 8-0xoG) and pyrimidine bases, respectively, and the Nfo
(Endo IV) nuclease reveals abasic sites. Yousefzadeh et al. (2021) recently showed that UVA
radiation induces SSBs, oxidised pyrimidines and oxidised purines in mammalian cells, with the
most abundant oxidative DNA damage being 8-0xoG. Using sensitive methods, UVA-induced
CPDs have also been detected in mammalian cells, including in human skin. These
photoproducts are produced around 100-fold less efficiently by UVA than by 254 nm UVC, and
in agreement with the original studies in bacteria, the distribution of UVA-induced CPDs differed
drastically from that produced by exposure to UVC, UVB, or simulated sunlight (SSL). In
contrast, 6-4PPs were barely detected using specific antibodies. Furthermore, UVA induces
CPDs predominantly at TT sites with little formation of CC dimers. Analysis using HPLC-
MS/MS supported the prevalence of TT over CT and TC CPDs, whereas CC CPDs and 6-4PPs
were similarly undetected. The relative extent of formation of CPDs, 8-0x0G, oxidised
pyrimidines and SSBs is 10:3:1:1, meaning that interestingly, CPDs are the major lesions induced

by UVA in mammalian and human cells (Girard et al., 2011).

1.2.2.4 Epidemiology of MM

The worldwide increase in MM incidence represents a critical socioeconomic problem. While it
was a rare cancer a century ago, the average lifetime risk has reached 1 in 50 in many Western
populations (Grau-Pérez et al., 2022). MM now stands as one of the most common malignancies
in fair-skinned groups due to an ongoing increase in its prevalence in Caucasian populations that
began in the 1960s (Bai et al., 2022). In the United States, the incidence of MM grew by 270%
between 1973 and 2002, making it the fifth most prevalent cancer in males and the sixth in
females, such that the disease will now affect 1 in 63 Americans at some point in their lifetime
(Rastrelli et al., 2014). The Surveillance, Epidemiology, and End Result Program (SEER) of the
United States has estimated that there are 793,283 people currently alive in the country with a
history of invasive melanoma (385,054 men and 408,229 women) (Rigel, 2010).

According to data gathered between 1998 and 2002, MacKie et al. (2009) found that Queensland,
Australia had the highest documented occurrence of melanoma in the world, with an incidence

of 55.8 and 41.1 per 10,000 population per annum for males and females, respectively. A high
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prevalence of the disease was also recorded in New Zealand (34.8/10° per annum for men and
31.4/10° per annum for women). In Europe, the highest reported incidence was in Switzerland,
followed next by the Scandinavian countries (Norway, Sweden and Denmark). Compared with
data from the Baltic states of Latvia, Lithuania, Estonia, Belarus and Serbia, occurrence rates in
Europe were greater in the more developed nations. However, recent data also show an

increasing incidence in several Eastern European nations.

Mediterranean populations are thought to be at minimal risk of developing MM, but Italy has an
incidence of 5-7 per 100,000 population per year (i.e., 50-70/10° per annum). Given that this
information is from a later report than the MacKie et al. (2009) paper referred to above, it
suggests a gradient in disease occurrence across Europe, with the northern countries having the
highest rates of MM and the southern nations having the lowest. One plausible explanation is the
improved UV protection experienced by persons with more highly pigmented skin, such as those
who reside in Southern Europe, but it is also due to the sun’s unusual pattern in the region

(chronic rather than intermittent) (Rastrelli et al., 2014).

1.2.2.5 Diagnostic Criteria for MM

Diagnosis of MM is facilitated by the “ABCD” identification method originally described by
Friedman et al. (1985). Four clinical characteristics were initially assessed for systematic
identification of the disease: Asymmetry, Border irregularity, Colour variegation, and a Diameter
above 6 mm. It was later recognised that morphological change over time can also be considered
in early or in situ melanomas that lack the features of “ABCD” (Hazen et al., 1999), and as a

result, the acronym was later expanded to “ABCDE” to include Evolving (Abbasi et al., 2004).

Proper initial staging of MM is based on clinical assessment and histological confirmation. Once
the suspect lesion has been histologically confirmed, additional characteristics that contribute to
the tumour stage include overall tumour thickness, the presence of ulceration, and the presence
of mitosis in lesions below 1 mm in thickness (Rastrelli et al., 2014). The American Joint
Committee on Cancer’s tumour—node—metastasis (TNM) staging system is used based on the
clinical and pathological features. The earliest stage is stage 0 (melanoma in situ), then the scale
ranges from stages I (1) to IV (4). Some stages are further subdivided, as denoted by suffixed
capital letters (A and B). As a rule, the more advanced the stage (i.e., the higher the number), the

more the cancer has spread.
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Diagnosis mainly relies on biopsy of the suspicious lesion. Recently, novel approaches based on
lymphoscintigraphic imaging have been explored to predict metastatic involvement of the
sentinel lymph node (SLN). The most commonly used radiotracers are *™Tc-labelled colloids,
but newer options such as **™Tc-Tilmanocept may offer superior performance. Alternatively,
single photon emission computed tomography/computerised tomography (SPECT/CT) is now
becoming a routine diagnostic technique in oncology, and substantial evidence supports its
superior diagnostic efficacy over lypmhoscintigraphy to detect metastatic SLN involvement in
MM. Researchers are also looking into new hybrid techniques that combine functional and
anatomical imaging to visualise the SLN, but additional validation is still needed to establish

their utility (Quartuccio et al., 2020).

1.2.2.6 Pathophysiology of MM

As discussed above, MM may develop in or near a previously existing precursor lesion. The
disease may also occur in healthy-looking skin, in which case solar irradiation exposure is often
the cause. Unexposed areas of the skin (e.g., palms, soles and perineum) can also be affected,
and certain types of lesions are considered to be precursor lesions for MM (e.g., common
acquired nevus, dysplastic nevus, congenital nevus, and cellular blue nevus). Initial radial growth
of the malignant cells most often progresses to the vertical growth phase, wherein they invade

the dermis and acquire metastatic capability.

Clinically, MM lesions are classified according to their depth: thin (<1 mm), moderate (1-4 mm),
or thick (>4 mm) (Heistein et al., 2022). As introduced above, the four major types of MM are
categorised according to their growth pattern. Superficial spreading melanoma is the most
common form, constituting around 70% of cases. These lesions are usually flat (but may become
irregular and elevated in later stages), with an average diameter of 2 cm along with variegated
colours and peripheral notches, indentations, or sometimes both of these features (Trindade et
al., 2021). Nodular melanomas (approximately 15-30% of MM diagnoses) are typically blue-
black but may sometimes lack pigment. Lentigomaligna melanomas (4—-10% of cases) are often
larger than 3 cm, flat and tan, with marked notching of the borders. They begin as small, freckle-
like lesions. Acral lentiginous melanoma accounts for only 2—8% of MM in whites but 35-60%
in dark-skinned people. These lesions can appear on the palms and soles as flat, tan or brown

stains with irregular borders. Subungual lesions can be brown or black with ulcerations in later
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stages (Goydos & Shoen, 2016).

1.2.2.7 Current Treatments for MM

Many treatment modalities are available for MM, including surgical excision, chemotherapy,
photodynamic therapy, immunotherapy and targeted therapy. Surgery is the gold standard for
early-stage MM, and pharmaceutical intervention is usually reserved for adjuvant treatment of
highly locally advanced or metastatic disease (Lens & Eisen, 2003). However, it is important to
note that in most cases, none of the available treatments will achieve an absolute cure, and
metastatic disease can develop even if a localised MM is surgically removed. The five-year
survival rate is 98.3% for localised MM, but this drops to 16% for metastatic disease, indicating

that clinical management of advanced MM remains challenging (Villani et al., 2022).

Historically, treatment relied on various chemotherapeutic agents, with little evidence for
efficacy. The only FDA-approved general chemotherapy drug for advanced MM is dacarbazine,
which has been in use since the 1970s, although the response rate is low (20%) and the median
response duration is less than six months (Lacy et al., 2012). Other chemotherapy drugs have
shown poor responses and significant side effects. Newer targeted therapies were developed for
advanced MM, which can benefit patients with mutations in certain genes (BRAF, NRAS and
NF1), although not all cases respond to treatment, and secondary resistance can develop (Davis
et al., 2019; Jenkins & Fisher, 2021). Recently, immune checkpoint blockade (e.g., anti-PD-L1
therapy) has improved the outlook further, but this ultimately only benefits around half of
patients (Huang & Zappasodi, 2022). Some combinations of the aforementioned treatments have
also been investigated clinically, with response rates typically ranging from 50-70%, although
serious side effects are encountered in some cases (Jenkins & Fisher, 2021). Other clinical studies
have shown that hyperthermia, or ‘heat shock’, can enhance the treatment effect on MM (Falk

& Issels, 2001).

Taken together, the current situation illustrates the need for new, more broadly applicable MM
treatments with improved clinical safety. Development of new therapeutic options for MM
therefore remains an active research area, and this is the context of the current study, which is
focused on two potential treatment modalities with promising safety profiles; i.e., selenium (Se)

and cord blood stem cell (CBSC)-derived exosomes.
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Elsewhere, Liu et al. (2018b) designed a novel system combining chemotherapy with
sonodynamic therapy (SDT), which targets tumours using ultrasound. They constructed a
redox/enzyme/ultrasound-responsive, chondroitin sulfate—chlorin e6-lipoic acid self-assembling
nanoplatform loaded with docetaxel, for antiproliferative and antimetastatic treatment of
melanoma. Safety and efficacy were demonstrated in tumour-bearing mice, offering proof-of-
principle that these intelligent, multifunctional nanomaterials might pave the way for more
effective cancer therapies in the future. In a separate study, the same group synthesised
redox/enzyme-responsive chondroitin sulfate—ss—deoxycholic acid (CSCD) nanoparticles, using
cystamine as linker, which were capable of self-assembly in an aqueous environment. When
loaded with docetaxel, these nanoparticles showed antitumour efficacy in mice with a favourable
pharmacokinetic profile and low toxicity, identifying them as a promising drug delivery system

for successful management of melanoma (Liu et al., 2018a).

Recently, monoclonal therapeutic antibodies and cancer vaccines have also shown significant
potential for MM treatment. Furthermore, mesenchymal stem cell (MSC)-derived exosomes—
which have been used in many genetic conditions, albeit with variable responses—have also
been investigated in several studies for their utility in treating melanoma (Karimi et al., 2022).
Alternatively, stem cell-derived exosomes are known to influence the pro-metastatic behaviour
of melanoma cells by modulating intracellular pathways activated by both oncogenes and
noncoding RNAs (ncRNAs). For example, overexpression of miRNA-222 in melanoma cells
drives tumorigenesis by repressing CDKNIB (p27) and FOS (c-Fos) gene expression. This
capability can be efficiently transferred to recipient cells by exosomes, activating the PI3K/AKT
pathway required for enhanced MM cell proliferation (Felicetti et al., 2016).

Cancer-related exosomes are produced by cancer cells, cancer stem cells (CSCs) and tumour
microenvironment associated cells, and their contents span many molecular categories including
proteins, DNA, mRNAs, miRNAs, IncRNAs and circRNAs. These vesicles can promote neo-
angiogenesis and the ability of cancer cells to invade proximal and distant tissues, with such
activities seemingly regulated by immunomodulatory and pro-angiogenic cargo molecules
including interleukin (IL)-6, vascular endothelial growth factor (VEGF), and in particular, matrix
metalloproteinases (MMPs) (Tucci et al., 2018). Remodelling of the extracellular matrix (ECM)
by MMPs is essential for tumour cell invasion and metastasis, because focal degradation of the

ECM is the first step in this process.
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The SLNs are the first lymph nodes to receive drainage from a primary tumour, and are therefore
the most likely to contain cancerous cells if MM has spread. Sentinel lymph node biopsy (SLNB)
is consequently indicated in patients with melanoma (stages T1b—T4) without clinically evident
locoregional or distant metastases, once excision of the primary lesion with a narrow margin has
been performed (Wong et al. 2018). The rationale for identifying (and potentially removing) the
first node in the lymphatic chain draining the primary tumour lies in the low probability of
subsequent metastatic nodes, if histological examination of the SLN is negative. Relatedly, if
required, SLN removal avoids the side effects of complete lymph node dissection (CLND), and
prospective trials have nevertheless failed to demonstrate a survival improvement for MM
patients undergoing CLND. This procedure should, therefore, be preferentially reserved for cases

with positive SLN histopathology (Moncayo et al., 2020).

1.3 The Cell Cycle and its Checkpoints

The cell cycle is a complex process that regulates cellular proliferation and growth, and
concludes with division of a parent cell into two daughter cells. It consists of five different phases:
GO (quiescent or resting phase), G1 (gap 1 or prereplicative phase), S (synthesis or DNA
replication phase), G2 (gap 2 or growth 2 phase) and M (mitosis). The entire process is tightly
controlled, regulated by a variety of factors including the cyclin, cyclin dependent kinase (CDK),
and CDK inhibitor protein families. Importantly, the cell cycle includes a number of checkpoints,
or decision windows, that determine progression to the next phase, with the most important being
the G1/S and G2/M checkpoints (Barnum & O’Connell, 2014; Matthews et al., 2021). These
checkpoints protect against DNA damage or other cellular defects to ensure the integrity of

cellular function and replication.

Disruption of the cell cycle can result in unrestrained cellular growth, potentially leading to
cancer, and many cancer-associated mutations affect cell cycle-related genes. Neoplastic changes
can result from genetic damage, for example due to UVA overexposure, which affects protein
function and causes dysregulation of the cell cycle or its checkpoints. It has long been known
that inactivation of cell cycle checkpoints is a common feature in cancer, particularly for the
GI1/S transition where cells commit to replication (Molinari, 2000). For example, the
retinoblastoma protein (formally, retinoblastoma transcriptional corepressor 1) is a CDK4/6
substrate that plays a role in S phase entry. Mutations in this protein have been found in multiple

cancer types, including most cases of retinoblastoma (Yan et al., 2022). Another important class
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of cell cycle regulatory genes is the tumour suppressor genes, which normally act to restrain
cellular growth, promote DNA damage repair, and activate cell cycle checkpoints (Lee & Muller,
2010). Sometimes referred to as anti-oncogenes, they mainly regulate the proliferation of healthy
cells, and mutations in these genes are often associated with cancer (Wang et al., 2018).
Important examples include BRCAI and BRCA2—where germline mutations are associated with
increased risk of breast or ovarian cancer in women, and breast and prostate cancer in men—and
TP53, which is inactivated in more than 50% of human cancers (Lee et al., 2014). Cancer can
also be caused by other oncogenes, which are mutated forms of proto-oncogenes (i.e., the normal,
fully functional forms), and have the potential to drive malignant transformation. One notable
example is HER2/ERBB2, which is amplified in 25-30% of human breast cancers (Cui et al.,
2019).

1.3.1 Role of the Cell Cycle Proteins p53 and p21 in MM

Tumour suppressor p53 is a 393-amino acid phosphoprotein that functions as a transcription
factor to regulate cell cycle arrest, apoptosis, DNA repair and senescence in response to cellular
stresses, including oncogene activation (Lee et al., 2014). In particular, p53 has a major role in
activating the G1/S cell cycle checkpoint, thereby preventing replication of damaged cells, by
upregulating expression of its downstream target CDKNIA (p21) (Brown et al., 2007).
Functionally, p21 binds directly to CDKs to inhibit their activity and prevent cell cycle
progression. This in turn facilitates DNA repair, which is also co-ordinated by p53 (Williams &
Schumacher, 2016). Later in the cell cycle, p53 is also involved in control of the G2/M
checkpoint (Chung & Bunz, 2010).

Although p53 is not often mutated in MM, its activity is compromised in the vast majority of
cases (Box et al., 2014), which is important given its role in co-ordinating cellular responses to
UVR-induced DNA damage (Loureiro et al., 2020). Thus, treatments that can reactivate p53 have
been proposed as a possible therapeutic approach in MM. While p21 is important in cell cycle
regulation, as mentioned above, it is also known to be overexpressed in some melanomas, where
it acts as tumour-promoting factor through inhibition of apoptosis (Sestakova et al., 2010). This
apparent paradox was explained in terms of the transcription factor activity of p21, which is
distinct from its CDK-inhibitory function, and suggests that therapies capable of downregulating
p21 may benefit at least a subset of MM patients.
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1.3.2 S100 Family Proteins in MM

The S100 family of calcium-binding proteins consists of 24 members with both intracellular and
extracellular functions. Among other roles, these factors are involved in cellular proliferation,
apoptosis and migration (Donato et al., 2013). Overexpression of S100 proteins in melanoma is
well known, and appears to be strongest for SI00A1, S100A13 and S100B (Xiong et al., 2019).
Among these proteins, SI00B is used as a prognostic biomarker of MM in current Swiss and
German guidelines (Revythis et al., 2021), although the evidence in support of this is limited.
Other family members, such as SI00A2, are highly expressed in primary but not metastatic
disease. Interestingly, the S100 proteins SI00A1, SI00A2, SI00A4 and S100B are all known to
interact with p53 to modulate its activity (van Dieck et al., 2010), suggesting one possible
underlying mechanism for the reduced p53 activity that is generally observed in MM

(independent of 7P53 mutations), as noted above.

1.3.3 Mechanism of Apoptosis and Associated Genes

Apoptosis is a form of programmed cell death which is considered fundamental for maintenance
of genome stability and normal cellular turnover. Impaired apoptotic function may promote
dysregulated cell proliferation, tumorigenesis and cancer progression, and in addition, this
pathway may either increase or decrease the sensitivity of malignant cells to chemotherapeutic
drugs, depending on the mode of action (Hall et al., 2009; Gottesman et al., 2016). Thus, it is
important to consider apoptosis when developing potential new treatments. The process is
mediated by the caspase family of effector proteins (including caspase-3) via two distinct

pathways: intrinsic and extrinsic apoptosis (Fulda & Debatin, 2006).

The intrinsic (mitochondrial) pathway is regulated by BH3-only proteins—such as the Bcl-2
family of pro-survival factors and the pro-apoptotic Bax protein—to control mitochondrial
membrane permeability and the release of various apoptosis factors (including caspase-3). The
extrinsic pathway is monitored by two different mechanisms: (i) binding of tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL) to the DR4 and DRS cytoplasmic death
domains; and (ii) binding of Fas ligand (FasL) to DR2; in either case leading to activation of
caspase-8 (Cavalcante et al., 2019). The balance between pro- and anti-apoptotic genes mediated
by p53 ultimately determines the fate of a cell, and the loss-of-function 7P53 mutations
commonly found in cancer are associated with elevated anti-apoptotic and reduced pro-apoptotic

signalling (Lee et al., 2014). Given the low p53 activity in most MM cases, modulation of
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apoptotic signalling may be an important consideration when investigating potential new

treatments for the disease.

1.3.4 Role of the Apoptosis Proteins Caspase-3 and Bcl-2 in MM

Caspase-3 is activated downstream of p53 signalling (Hussein et al., 2003), hinting that impaired
apoptosis may be a molecular feature of MM, although other findings suggest a more complex
picture. Using patient samples, Liu et al. (2013) demonstrated that caspase-3 is expressed in non-
apoptotic melanoma cells and is associated with metastasis. Consistent with this, knockdown or
inhibition of caspase-3 reduced migration and invasion in MM cells. In another study, the
caspase-3 released by irradiated melanoma cells undergoing apoptosis was found to promote the
growth of surrounding live cells via an apparent paracrine signalling mechanism, and these
results were confirmed in vivo (Donato et al., 2014). The observed effect was attenuated on
knockdown of caspase-3. In contrast, early work on Bcl-2 suggested that this protein is
downregulated in MM compared with healthy melanocytes (Hussein et al., 2013). The current
evidence is more mixed. Higher levels have been associated with decreased survival, and cellular
studies have suggested that Bcl-2 overexpression might enhance metastatic potential in MM
(Trisciuoglio & Del Bufalo, 2021). Given the apparent association of both caspase-3 and Bcl-2
with metastatic MM, it seems important to investigate their roles in the disease further, and to

establish the modulating effect of proposed new treatments on apoptosis pathways.

1.4 Umbilical Cord Blood Stem Cell (CBSC)-Derived Exosomes

MSCs are multipotent progenitor cells that can differentiate into multiple cell types depending
on their location. They are found in many tissues, particularly in bone marrow, adipose tissue
and cord blood. In this study, our focus is on exosomes derived from umbilical cord blood (UCB)
MSCs. Stem cells have a diverse secretome containing extracellular vesicles (EVs),
microvesicles, soluble proteins, lipids and nucleic acids. Among these, EVs play crucial roles in
intercellular communication and are now recognised as a cornerstone of stem cell function,
despite the fact that they were initially regarded as merely excretory vesicles. Exosomes are the
smallest (50-100 nm) of the three EV classes, with the others being microvesicles (100—
1,000 nm) and apoptotic bodies (50—4,000 nm). The stem cell populations in bone marrow and
UCB contain both MSCs and hematopoietic stem cells (HSCs) (Dixit & Katare, 2015; Zhao et
al., 2018; Colicchia et al., 2019; D’Arrigo et al., 2019), and recent research has revealed that
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exosomes are essential for the immunomodulatory action of MSCs (Gupta et al., 2020).

Exosomes are constitutively derived from late endosomes, which are formed by inward budding
of the limited multivesicular body (MVB) membrane. Invagination of late endosomal
membranes results in formation of intraluminal vesicles (ILVs) within large MVBs (Colicchia et
al., 2019). Exosome-producing immune cells of the innate and adaptive immune systems have
been discussed at length in the systematic review by Wang et al. (2010). Through this form of
intracellular communication, immune cells such T lymphocytes, B lymphocytes, natural killer
(NK) cells, dendritic cells and macrophages can be activated, differentiated and propagated.
While these processes are usually beneficial, dysregulation may result in tumorigenesis,
autoimmune diseases, or graft versus host disease. For example, the role of exosomes in multiple
myeloma, a currently incurable type of blood cancer, has recently been reviewed by Zhou et al.
(2018). Certain chemokines and cytokines can promote tumorigenicity by suppressing apoptosis
(Moloudizargari et al., 2019). Similarly, some microRNAs play a role in the spread of multiple
myeloma, and differential expression of certain microRNAs has also been explored as a potential

predictive, diagnostic or prognostic approach in melanoma (Varamo et al., 2017).

1.4.1 Structure of CBSC-Derived Exosomes

The main constituents of exosomes are proteins and lipids (Figure 4), with the exact nature of
these components depending on the originating cell type. Exosomes can contain complex
proteomes, as illustrated by a representative recent study that identified nearly 10,000 individual
proteins in exosomes using mass spectrometry (Muthu et al., 2021). Most of these are cargo

proteins, which are the basis for intercellular communication.

19



Macrophage

Human umbilical cord ' cytomembrane
Mesenchymal Stem Cell) T

NFxB
,‘xl i 4 pes Y |
3 -
Exosomes *_ ®# :
L3 e{’ ]-
. ® 8
LPS * § :
e @ b IKKB [KKa
\g“-’@ TLR4 . “g LS r“'s IKKy
LW J ” A { ;
8 4 VL, 2@ mragc®E S § g
X Yy P =
TEMN T2 Ny L EmE
y / —— —-gi-lIRAKTE‘,.
y o 4 D it 4 | i
Macrophage Macrophage

Figure 4. Exosomes derived from human umbilical cord MSCs and their function. Toll-like
receptor 4 (TLR4) is a type I transmembrane glycoprotein that recognises pathogen- and
damage-associated molecular patterns. TLR4 is part of the receptor complex that binds
lipopolysaccharide (LPS) from the Gram-negative bacterial cell wall, and endogenous ligands.
Upon stimulation, TLR4 activates the IKK complex, where IKK-a and IKK-f3 are the two
catalytic subunits, and two additional molecules, IKK-y/NEMO and IKAP, have also been
described as integral members. Macrophages are a class of phagocytic white blood cells that
kill microorganisms, remove dead cells, and stimulate other immune system cells (Li et al.,

2016).

The major protein constituents of exosomes are fusion proteins, transport proteins (annexins and
flotillins), heat shock protein (HSP)-70, cluster differentiation proteins (CD9, CDS81),
phospholipases, and various lipid-associated proteins. Exosomal RNAs (usually microRNAs and
mRNAs) also function primarily as cargo molecules, and the same report mentioned above found
approximately 2,800 microRNAs and 3,400 mRNAs in the exosomes studied (Muthu et al.,
2021). Exosomes also contain diverse lipids, which are essential components of their membrane.
It is estimated that over 1,000 different types of lipid can be found in exosomes, and it is also

well known that certain lipids are enriched in exosomes compared with their parent cells.

1.4.2 Mechanism of Action of CBSC-Derived Exosomes

To determine the molecular mechanisms underlying immune modulation by CBSCs, the action
of exosomes released from these cells was recently explored by Hu et al. (2020). The authors
isolated exosomes from CBSC cultures using ultracentrifugation, and confirmed their identity
using different markers. Activated T cells and purified monocytes from peripheral blood

mononuclear cells (PBMCs) were treated with CBSCs in the presence or absence of the purified

20



exosomes, followed by functional and flow cytometric analysis of phenotypic changes using
various immune cell markers. The results showed that CBSC-derived exosomes exert multiple
immunomodulatory effects, primarily on monocytes, and could be useful for treating
autoimmune diseases (Hu et al., 2020). The CBSC-derived exosomes were quickly bound by
monocytes, within 2—3 h. Thus, treating the patient’s immune cells with CBSC-derived exosomes
allows transport of the latter into the body for cancer treatment, promoting additional type 2

macrophage (M2) differentiation and tolerance induction.

These observations have other implications. Conversion of isolated monocytes into M2
macrophages using CBSC-derived exosomes offers new insights into the molecular pathways
that underlie the immunological education and induction of immune tolerance seen in cancer
immunotherapy. Furthermore, the multiple immunomodulatory effects of CBSC-derived
exosomes on monocytes may enable them to contribute to immune education in clinical
treatment of autoimmune diseases. Through their immunoregulatory properties, CBSC-derived
exosomes also have the potential to completely transform the way that cancer is treated (Hu et

al., 2020).

Exosomes are known to be important in the clinical pathology of MM, particularly in metastatic
disease. Among other mechanisms, melanosomes activate cancer-associated fibroblasts (CAFs)
through aberrant production and transfer of microRNAs (miRNA-149, -211, -23, -let7a and -
let7b) that activate the ErtbB/EGFR receptors upstream of MAPK signalling (e.g., Garcia-Silva
& Peinado, 2016), in contrast to exosomes, which uniquely stimulate the Wnt pathway.
Exosomes enriched in miRNA-let7a, miRNA-let7i, miRNA-191 and miRNA-222 promote
tumour growth and invasiveness while also being able to impair immune system activity, leading
to defective maturation of dendritic cells, impaired cytotoxicity of T cells, and the expansion of
suppressive populations including regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs). Through overproduction of various microRNAs (miRNA-149, -211, -23, -let7a
and -let7b), MM cells similarly stimulate collagen-associated fibroblasts of the dermis to

promote increased proliferation of cancerous cells.

In addition, exosome-induced upregulation of the endocytic receptor CD169/SIGLECI is a key
step in the recruitment of MM cells to lymph nodes (Tucci et al., 2018), whose colonisation by
metastatic cells is also favoured by a5-integrins, hypoxia-inducible factor (HIF)-1a, and tumour

necrosis factor (TNF). Furthermore, MET-expressing exosomes drive specific organotropism
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that results in mobilisation of bone marrow-derived progenitor cells (BMDCs), which have been
implicated in neo-vasculogenesis and pre-metastatic niche formation. Finally, in another
potential application of exosomes, the combination of Se and CBSC-derived exosomes might
prove beneficial to promote cell growth and migration of human dermal fibroblasts for wound
regeneration. These properties were more enhanced with Se-stimulated, CBSC-derived
exosomes than with Se or CBSC-derived exosomes, thereby further promoting wound healing

in vivo (Heo, 2022).

1.5 Selenium and its Roles in Biology and Cancer

The biological trace element selenium was discovered by Swedish chemist Jons Jakob Berzelius
in 1817, although its importance in biology and human health did not come into view until the
latter part of the 20" century. Its functional roles are now well-studied in many systems of the
body, including the endocrine, reproductive and immune systems. Mechanistically, Se is
involved in cellular proliferation, apoptosis, and control of cell signalling cascades and
transcriptional regulation. The most important bioactive metabolites are hydrogen selenide (H2Se)
and selenic acid (H2SeOs4). Selenium is directly incorporated into proteins as selenocysteine—
the “21% amino acid”—at defined sites through co-translational UGA recoding mediated by a
selenocysteine insertion sequence (SECIS) in the 3-UTR of mRNAs. There are around 30
selenium-containing proteins, usually referred to as selenoproteins, which have variable function
and tissue distribution (Avery & Hoffmann, 2018). For example, during thyroid hormone
synthesis, the selenoproteins GPX1, GPX3 and TR1 are upregulated and confer thyroid cells
with significant protection from peroxidative damage (Beckett & Arthur, 2005). In the
reproductive system, Se is essential for spermatogenesis, mammalian fertility, and reproduction

(Qazi et al., 2019).

Of the most relevance to cancer, Se has an essential role in human immunity (Cassidy et al.,
2013). Most of the known selenoproteins are involved in immunological function in humans,
and this especially includes the immune response against malignancies. As mentioned above, Se
influences cellular proliferation and programmed cell death, and this applies in both health and
disease. In addition to immune responses, it is also involved in multiple other cellular processes
such as DNA damage reduction, oxidative stress, inflammation, detoxification of carcinogens,

changes in DNA methylation, cell cycle regulation, and inhibition of angiogenesis.
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Conversely, Se deficiency adversely affects immune cell activation, differentiation, and
proliferation (Huang et al., 2012). The role of Se in the immune system therefore has broad
implications for human disease treatment and prevention. There are many existing animal studies
on Se deficiency, supplementation and toxicity. In humans, preclinical and clinical studies of Se
deficiency and supplementation have demonstrated similar effects. The most common dietary
source of Se for humans is selenomethionine, which is a popular and widely available nutritional

supplement.

In the immune system, individual selenoproteins are involved in immunity and inflammation,
and Se supplementation produces immunostimulatory effects. In immune cells, Se and
selenoproteins are related to redox signalling, oxidative burst behaviour, calcium flux, and
subsequent effector functions (Huang et al., 2012). Other relevant mechanisms following Se
supplementation include T cell proliferation, exaggerated NK cell activity, increased innate
immune cell function and augmented cytokine production. In the case of Se inadequacy,
supplementation will improve T cell proliferation and exert other effects on immune function,
with some inflammatory and immune aspects being particularly affected. In some cases, sexually
dimorphic trends can be seen for different Se levels. It has additionally been observed that Se
supplementation increases poliovirus vaccine response, and is also able to restore the antioxidant

capacity of the lungs in patients with respiratory distress syndrome (Cassidy et al., 2013).

Selenium affects the adaptive immune system through its role in activating T cells and B cells,
and promoting their proliferation. Animal studies have investigated low, medium and high Se
diets and their relationship to immune function, and have helped establish the importance of
adequate Se levels for initiating immunity, and mitigating excessive immune responses and
chronic inflammation. On the contrary, Se deficiency adversely impacts immune cell activation,
differentiation and proliferation. This is partly due to increased oxidative stress, but other
processes may also be impaired in immune cells under Se-deficient conditions, such as protein

folding and calcium flux.

The role of Se in cancer risk is currently unclear, however. The proposed anticancer effects of Se
are both direct and indirect, given its antioxidant properties as well as its incorporation into
selenoproteins. Beginning in the late 1960s, many studies suggested that the higher the level of
dietary Se intake, the lower the risk of cancer; and some laboratory studies also found that Se

can inhibit cancer cell growth (Miura & Green, 2015). Many epidemiological studies have
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therefore asked whether higher levels of Se can protect against cancer. Some research has found
that greater Se intake correlates with a higher incidence of malignancy, whereas a number of
other reports, including meta-analyses, have indicated no such relationship. Recent work has
shown that lower levels of Se are associated with a shorter survival duration in melanoma
patients (Ravindranathan et al., 2021). Furthermore, Se supplementation was shown to mitigate
the neutropenia caused by some cancer treatments, and Se can also shift macrophage polarisation

towards antitumour M1 macrophages (Da Silva et al., 2014).

A recent Cochrane review analysed 10 RCTs that investigated the prevention of cancer, or of
cancer progression, with Se (Vinceti et al., 2018). Most of the included studies employed Se
supplementation in the form of selenomethionine, but selenite (SeO3>") was occasionally used.
Either way, all 10 trials showed negative results. However, Se did demonstrate a beneficial effect
across approximately 70 observational cohort studies with over 60,000 total participants. Here,
higher Se exposure was associated with lower cancer incidence and mortality, and these
observations held for cancers of the stomach, colon, breast, bladder and prostate. The main
disadvantage of cohort studies is that there is no uniformity in study design and interpretation,
or the dosage of Se, or other nutritional or lifestyle factors. Furthermore, the dose-response
relationship between Se and cancer risk has not yet been studied (Rogoza-Janiszewska et al.,

2021).

1.6 Experimental Approaches
1.6.1 Cell Counting Kit-8 (CCK-8)

Currently, the real-time cellular analysis (RTCA) and CCK-8 assays are two of the most sensitive
techniques for quantitatively evaluating cell viability. Unlike the RTCA, which monitors
electrochemical changes around cultured cells and requires specialised equipment, the
colourimetric nature of the CCK-8 assay makes it a convenient choice for cell viability
experiments. There is no way to directly compare these two approaches since the detection
principles are fundamentally different. Nevertheless, it is known that the physicochemical
properties of drug formulations (e.g., optical and electrochemical properties) have a close
relationship with the quantitative outcome of methodologies used to assess cancer cell
cytotoxicity. Such assays are, however, a critical source of quantitative data of therapeutic

relevance; namely, in identifying and comparing the efficacy of anticancer drugs (Li et al., 2022).
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Cytotoxicity specifically refers to agents that induce cell death (e.g., through apoptosis or
necrosis), and is sometimes taken to also include cytostatic agents (i.e., those which arrest mitosis)
(Istifli et al., 2019). Either mechanism would result in reduced cell viability of proliferating

cancer cells.

As rapid development brought high-throughput technologies to the pharmaceutical industry, an
urgent need arose for compatible drug screening and toxicity assays. Although in vivo data is
necessary for comprehensive preclinical evaluation, in vitro cell-based assays are preferred in
the early stages of drug discovery. These screening systems utilise various signal types as
readouts, and include colourimetric assays, luminogenic assays, electrochemical processes, and
cell counting methods. Because of their high sensitivity and ease of use, colourimetric methods
such as the CCK-8 assay have been widely used for many years to assess drug cytotoxicity. The
CCK-8 assay uses a highly water-soluble tetrazolium salt, allowing for higher detection
sensitivity than other tetrazolium salt-based assays. The WST-8 dye [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium, monosodium salt] is
reduced by the dehydrogenase activity of live cells to an orange, water-soluble compound
(formazan) that is then detected colourimetrically. The amount of formazan dye generated is
directly proportional to the number of live cells, and is measured using a microplate reader by
recording the optical density (OD) of each test well at 450 nm, allowing for quick evaluation of
cell viability. Thus, the CCK-8 assay is a representative endpoint approach with a simple
colourimetric readout, although it is only suitable for measurement at a single time point. Care
must also be taken to avoid the presence of substances that might interfere with colourimetric

detection.

The high sensitivity of the CCK-8 assay relies on a co-reagent, 1-methoxyphenazine
methosulfate (1-methoxy-PMS), which acts as an “electron mediator” to couple intracellular
dehydrogenase activity to extracellular reduction of the WST-8 dye (in contrast to other
formazan-based assays, which require intracellular localisation of the tetrazolium dye). The
CCK-8 assay is commercially available as a cell counting kit, and its reliability is well-
established. The components are stable at room temperature for up to six months, making it a
convenient choice for long-term projects such as this study. The assay is straightforward, quick

to perform, and easily amenable to detection of drug cytotoxicity (Huang et al., 2022).
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1.6.2 The Comet Assay

In 1984, Ostling and Johanson developed the first method using microgel electrophoresis to
identify DNA damage in living cells (Figure 5), now known as single-cell gel electrophoresis
(SCGE), or more commonly the ‘comet assay’ due to the appearance of electrophoresed samples
(Figure 6). The underlying principle is that damaged DNA fragments in the gel, when exposed
to an electric current, will be more prone to migrate from the nucleus towards the anode, creating
the characteristic comet shape. Several researchers have adapted the original protocol to develop

new variations of the comet assay.

Due to its low cost, rapid turnaround time and high sensitivity, the method has become widely
used to assess the extent of DNA damage caused by drugs and other chemical, biological or
environmental factors. Therefore, the comet assay is useful for assessing genotoxicity, which is
a distinct concept from cytotoxicity, and can be defined as a destructive effect on a cell’s genetic
material that affects its integrity (Shah, 2012), but does not necessarily cause cell death. This
effect is sometimes further delineated as either primary genotoxicity (i.e., direct DNA damage,
such as that from UVR exposure) or secondary genotoxicity (e.g., from ROS generated during

an inflammatory response) (Schins & Knappen, 2006).

The comet assay only requires a small sample input (10,000 cells) for sensitive detection, making
it economically attractive and widely applicable across many different research settings (Cordelli
et al., 2021). At alkaline pH (>13), anodic electrophoresis produces comet-like features for cells
with DNA damage (Lewis & Aitken, 2005; Cordelli et al., 2021). Once the alkalinity has been
eliminated, ethidium bromide staining can be used to visualise the DNA. According to Azqueta
et al. (2022), DNA structures with longer tails were shown to be more severely deteriorated when
viewed by fluorescence microscopy. The comet assay is the most popular technique for
evaluating the in vitro and in vivo genotoxicity of herbal remedies. It has also been applied to
assess the degree of genetic harm brought on by various environmental and lifestyle factors, or
potentially genotoxic substances, in humans. For example, it was used by Chatterjee & Walker
(2017) in their investigation of DNA repair and environmental biomonitoring, including genomic

sensitivity to carcinogens (Bajpayee M et al., 2013).
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Figure 5. Schematic of the comet assay procedure (Meller et al., 2020).

Since the comet assay is compatible with blood samples and only needs a minimal number of
cells, it was chosen for use in this study. Although the technique is versatile, quantitative, easy
to perform, and sensitive, appropriate care must be taken to maintain consistent experimental
conditions to ensure assay reproducibility. The comet assay can also distinguish between single-
and double-stranded DNA breaks at the single-cell level. Electrophoresis can be performed under
standard (alkaline) conditions to detect both single-stranded and double-stranded DNA breaks,

or under neutral conditions to detect double-stranded breaks only (Dunkenberger et al., 2022).
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Figure 6. Lymphocytes were analysed using a comet assay, and the cellular DNA was
visualised by ethidium bromide staining (Speit et al., 2015).
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1.6.3 Reverse Transcription—Quantitative PCR (RT-qPCR)

In biomedical research, changes in gene expression are frequently measured using reverse
transcription (RT) coupled with quantitative polymerase chain reaction (QPCR). Total RNA is
extracted from cells, then reverse transcribed to complementary DNA (cDNA) to provide a
template for PCR. The PCR technique exploits thermostable DNA polymerases to achieve
exponential cyclical amplification of double-stranded DNA (dsDNA). It was originally
developed by Kary Mullis, who was awarded the Nobel Prize in 1993 for the discovery (Mullis,
1990). DNA polymerases require a primer with a 3'-OH group to initiate replication, which then
proceeds via sequential synthesis of a complementary DNA strand to the template, in the 5’ to 3’
direction. In PCR, two primers are designed with opposite directionality, one for each strand of
the template DNA, allowing for repeated copying of the intervening region. Thermal cycling is
used to achieve the desired amplification of the target region. Each cycle includes a number of
steps: denaturation (causing dissociation of dsDNA into its separate strands and releasing any
bound primers), annealing (hybridisation of each primer with its target sequence), and primer
extension (new DNA synthesis). These steps are typically carried out at 95 °C (denaturation),
45-72 °C (annealing, where the choice of temperature depends on the Tm of the primers), and
68 °C or 72 °C (extension). The qPCR method for measuring gene expression levels (Figure 7)
was developed shortly after the original discovery of PCR. It was first reported in 1992, meaning
that it has now been used for over 30 years (VanGuilder et al., 2008). In this technique, gene-
specific primers are designed for the target gene(s) of interest, then PCR is carried out in the
presence of SYBR Green, a dye that fluoresces upon binding to DNA. Measurement of
fluorescence intensity therefore enables the progress of the reaction (i.e., the quantity of newly
synthesised DNA) to be monitored in real time. Various PCR methods based on this principle

are widely used for both research and diagnostic purposes.
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Figure 7. Principle of gene expression quantification using the 274A¢T qPCR method.
Expression levels between samples are compared based on the crossing threshold (Cr), the
number of PCR cycles required for the SYBR Green fluorescence to exceed an assay-
dependent cutoff value (adapted from VanGuilder et al., 2008).

1.6.4 Western Blotting

Western blotting, sometimes referred to as protein immunoblotting, is a standard technique in
cell and molecular biology. It has diagnostic and therapeutic applications, in addition to its
widespread use in academic research (Pillai-Kastoori et al., 2020). Under optimised conditions,
it allows for quantitative analysis of the levels of target protein(s) present in a sample of interest,
such as a cell lysate (Mahmood & Yang, 2012). The target proteins are detected and measured
from the initial mixture using three key stages (Figure 8). First, the proteins in the sample are
separated by size and molecular weight using denaturing polyacrylamide gel electrophoresis
(SDS-PAGE). Secondly, the proteins are transferred from the gel to a thin membrane in a process
known as blotting. In the third and final stage, the membrane is first blocked with a protein
solution (e.g., BSA) to cover any nonspecific protein-binding areas. Then, detection and imaging
are carried out using a primary antibody that recognises a protein of interest, followed by a
secondary antibody modified to permit visualisation of the target protein bands (e.g., through
conjugation to an enzyme such as horseradish peroxidase or alkaline phosphatase). In each step,
unbound antibody is removed by washing the membrane. Western blotting is a highly sensitive

technique, and as little as 1 ng of the target protein can be detected with high specificity.
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Figure 8. Basic steps in the Western blotting workflow (adapted from Kurien & Scofield,
2006).

1.7 Aims and Objectives
1.7.1 Aims

e Investigate the genotoxicity, and protective effect against oxidative stress, of Se on

lymphocytes from MM patients, compared with healthy controls.
e Investigate the same effects for treatment with CBSC-derived exosomes.

e Similarly, assess the genotoxic and protective effects of combined Se and CBSC-

derived exosome treatment on lymphocytes from MM patients and healthy controls.

e Measure the genotoxic, cytotoxic and protective effects of Se and CBSC-derived

exosomes, separately and in combination, on the CHL-1 melanoma cell line.

e Determine the influence of Se and CBSC-derived exosomes, separately and in
combination, on expression levels of cell cycle and apoptosis genes in oxidatively

stressed CHL-1 cells.

1.7.2 Objectives

e Use the CCK-8 assay to determine cell viability and cytotoxicity upon Se treatment

of oxidatively stressed MM lymphocytes, control lymphocytes and CHL-1 cells.

30



Measure the effect of CBSC-derived exosomes, either alone or in combination with
Se treatment, in parallel CCK-8 assays using the same cell types.

In oxidatively stressed CHL-1 cells, use RT-qPCR to determine the expression
changes for cell cycle (TP53/p53, CDKN1A/p21), apoptosis (BCL2/Bcl-2,
CASP3/caspase-3) and S100B genes upon treatment with Se, CBSC-derived
exosomes, or both.

Under the same conditions, use Western blotting to assess the effect on expression
of these genes at the protein level.

Based on the results, evaluate the potential of Se and CBSC-derived exosomes for

treatment of MM.
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2) Materials and Methods
2.1 Materials
2.1.1 Reagents

The list of reagents used in this study is presented in Table 1 below along with the supplier’s

name and catalogue (or CAS) number.

Table 1. List of chemicals and reagents used in the study along with their CAS/CAT numbers.

Chemical or Reagent Company or Distributor Catalogue/CAS Number

Black box

Sigma-Aldrich, UK

2742411

Bradford Protein Assay Kit1  Bio-Rad 5000201
Bovine serum albumin Sigma-Aldrich, UK 9048-46-8
Caspase-3 (CASP3) human Origene HP207674
gPCR primer pair

CHL-1 cells ATCC CRL-9446
Cell counting kit-8 (CCK-8) Sigma-Aldrich, UK 96992
Cover glass VWR No. 631
Distilled water (dH20) n/a n/a

Dimethyl sulfoxide (DMSO) Sigma —Aldrich, UK 67-68-5
Donkey anti-rabbit IgG H&L Abcam, UK ab6802
Dulbecco’s Modified Eagle’s  Sigma—Aldrich, UK 56436C
Medium

Eppendorf tubes (1 mL) Sigma-Aldrich, UK n/a

EDTA (Na.EDTA.2H20) Sigma—Aldrich, UK 10378-23-1
Ethidium bromide Sigma-Aldrich, UK 1239-45-8
Exosomes (CBSC) Cure Stem, Korea 141942
Ethanol Sigma-Aldrich, UK 64-17-5
Foetal bovine serum Sigma-Aldrich, UK F7524
Falcon tubes BD, Swindon, UK N/a

FAST SYBR Green Sigma-Aldrich, UK 163795-75-3
Anti-GAPDH antibody Abcam ab181602
[EPR16891] — loading control

Hs_ACTB_1_SG QuantiTect Qiagen QT00095431
Hs_BCL-2_1_SG QuantiTect Qiagen QT00025011
Hs_CDKN1A-va.1 Qiagen QT00062090
Lithium heparin tube 9 mL Greiner Bio-One, Austria 455084/A1803
(LH) 3vs

iScript cDNA Synthesis Kit Bio-Rad, UK 1708890
Lymphoprep Axis-Shield, Norway 66720-17-0
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Chemical or Reagent

Company or Distributor

Catalogue/CAS Number

Low melting point agarose

Invitrogen, UK

39346-81-1

2-Mercaptoethanol Sigma-Aldrich, UK 60-24-2
Mini gel tank ThermoFisher Scientific A25977
Normal melting point agarose Invitrogen, UK 9012-36-6
Pipette tips VWR n/a
Phosphate buffered saline Sigma-Aldrich, UK n/a
Protease inhibitor Sigma-Aldrich, UK 66701-25-5
p53 primer Qiagen QTO00050785
Recombinant anti-p53 Abcam, UK ab32049
Recombinant anti-p21 Abcam, UK ab109520
Recombinant anti-Bcl-2 Abcam, UK ab32124
Recombinant anti-caspase-3  Abcam, UK ab32351
S-100 Antibody Abcam, UK ab34686
S-100 beta (S700B) human Origene HP209246
gPCR primer pair

Selenium Sigma-Aldrich, UK PHR1359
Sodium chloride (NaCl) Sigma-Aldrich, UK 7647-14-5
Sodium hydroxide (NaOH) Sigma-Aldrich, UK 1310-73-2
Superfrost microscope slides  ThermoFisher Scientific 10504182
Triton X-100 Sigma-Aldrich, UK 9002-93-1
Trizma base Sigma-Aldrich, UK 77-86-1
Tween-20 Sigma-Aldrich, UK 9005-64-5
RPMI-1640 medium Sigma—Aldrich, UK R8758
RIPA lysis & extraction ThermoFisher Scientific 88900
Penicillin—streptomycin Sigma—Aldrich, UK P4333
QlAamp RNA Blood Mini Qiagen 52304
Western ECL substrate, 200 Bio-Rad 1705060
20x Bolt MES SDS ThermoFisher Scientific B0002

4x Bolt LDS sample ThermoFisher Scientific B0O0O7
10x Bolt sample ThermoFisher Scientific B0009
96-well plates VWR 10861-666

2.1.2 Equipment

The list of equipment items and materials used in this study are listed below in Table 2.

Table 2. Equipment used in this project.
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Equipment Company/Distributor

Nitrocellulose blotting membrane GE Healthcare Life Sciences, Germany
BioDrop Touch Duo BioDrop Ltd, Cambridge, UK
Spectrophotometer

Bolt welcome pack + iBlot 2 system ThermoFisher Scientific

BRAND filter flask with lateral socket / Sigma-Aldrich, UK
vacuum glass bottle

BRAND staining trough / Sigma—Aldrich, UK

incubation box with tray

Centrifuge Mistral 3000 MSE, Albertville, USA

Centrifuge (Biofuge 28 RS) Heraeus, Sepatech, Germany
CCD camera Hitachi KPMI/EK Monochrome
Coplin jar VWR, Lutterworth, UK

Corning 15 mL centrifuge tubes Sigma-Aldrich, UK

Corning cell culture flasks (25 cm?) Sigma-Aldrich, UK

Culture flasks (25 & 75 cm?) Corning Incorporated Costar, NY, USA
Dry incubator (37 °C) Leech Ltd, Nottingham, UK

LKB BIOCHROM

Electrophoresis power supply Consort (E861), Belgium
Electrophoresis tank (HU20) Scie-Plas, Renfrewshire, UK
Falcon tubes BD, Swindon, UK

Freezer -20 °C Sanyo, Japan

Freezer -80 °C Sanyo, Japan

Fluorescence microscope Leica, Weztler, Germany

Fume cupboard Milton, UK

Fume hood Ray Air Maiche Aire, Bolton, UK

Ice maker (Scotsman AF 100) Namur, Belgium

Incubator 37 °C with 5% CO- Andor Technology Ltd, Belfast
Light microscope Nikon, Japan

Komet 6 software Kinetic Imaging, Nottingham, UK
Microcentrifuge MSE GMI, Alberville, USA

Microplate reader Dynex Technology, Sussex, UK
StepOnePlus real-time PCR detector Applied Biosystems, Warrington UK
Waldmann F15/T8-PUVA tubes Villingen-Schwennigen, Germany
Water bath Grant Instruments, Cambridge, UK

2.2 Human Participants and Blood Samples
2.2.1 Ethical Approval

Peripheral blood was collected after informed consent from all patients and healthy individuals.
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Whole blood was collected by venepuncture from 20 healthy individuals and 20 patients.
Samples were diluted with a 1:1 ratio of RPMI-1640 medium (Sigma—Aldrich) supplemented
with 10% DMSO, aliquotted into Eppendorf tubes, then immediately stored at —80 °C until use
in the experiments. This study received approval from Leeds East Research Ethics Committee
(REC number: 12/YH/0464), the University of Bradford Research Ethics Sub-Committee on
Research in Human Subjects (Ref: 0405/8), and the Research Support and Governance Office,
Bradford Teaching Hospitals, NHS Foundation (Ref: RE DA 1202).

2.2.2 Volunteer Recruitment

Each volunteer was given a participant information sheet relating to the research, which included
two parts. Part 1 showed the participant the purpose of the invitation, the reason for the study,
and the consent to give the blood on a voluntary basis. Part 2 provided information about what
would happen to participants if they took part in the research, and explained that the study results
would not be prognostic for the participants. Details of the patient group are provided in Table

3. Blood samples were not taken from patients who had received chemotherapy or radiotherapy.

Table 3. Details of the MM patients who provided blood samples.

Number Sample Age Ethnicity Gender Smoking
Code History
1 162-F 53 Caucasian F N
2 157-F 68 Caucasian M N
3 156-M 42 Caucasian M Y
4 144-F 69 Caucasian M Y
5 145-F 49 Caucasian M Y
6 156-M 58 Caucasian M Y
7 190-F 77 Caucasian M Y
8 204-F 40 Caucasian F N
9 203-F 57 Caucasian M Y
10 181-F 52 Caucasian F Y
11 182-F 68 Asian F Y
12 190-F 66 Asian M Y
13 188-M 65 Asian F N
14 180-M 63 Asian M N
15 189-M 41 Asian F N
16 185-M 73 Asian F N
17 10624 91 Asian F N
18 10622 52 Asian F N
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Number Sample Age Ethnicity Gender Smoking

Code History
19 143-F 73 Asian F N
20 158-F 58 Asian M Y

The healthy student and staff volunteers, over 18 years of age and of various ethnicities, were
recruited from within the University of Bradford to take part in this study. Further details on
these healthy volunteers are given below in Table 4. The inclusion criteria for these individuals

included:

e The willingness to complete the consent form.
e The agreement to store blood samples at the University of Bradford.
e No family history of cancer.

e Preferably non-smokers.

Table 4. Details of the healthy individuals who provided blood samples.

Number Sample Age Ethnicity Gender Smoking
Code History
1 11958 33 Caucasian F N
2 11962 34 Caucasian M N
3 11973 20 Caucasian F N
4 11974 39 Caucasian F N
5 11977 21 Caucasian M N
6 11980 20 Caucasian M N
7 11981 21 Caucasian M N
8 11986 22 Caucasian M N
9 11988 21 Caucasian F N
10 11983 22 Caucasian F N
11 11988 24 Asian F N
12 11989 35 Asian F N
13 11979 37 Asian M N
14 11975 40 Asian M N
15 11960 45 Asian F N
16 11898 35 Asian M N
17 11987 40 Asian F N
18 11988 35 Asian F N
19 11982 37 Asian M N
20 11968 39 Asian M N
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2.3 Methods

2.3.1 Determination of H>O; Concentration

This step aimed to find the dosage of H20: that produced the highest level of DNA damage so
that it could be used as a positive control (PC) for the comet assays in this study. Four H202
concentrations were tried: 25 uM, 50 uM, 75 uM and 100 uM. Comet assays were carried out
as described below in Section 2.3.6 Comet Assay Protocol, using whole blood samples from
healthy subjects. The olive tail moment (OTM) and % tail DNA were assessed to quantify the
DNA damage. The experiment was repeated five times and the results were averaged. After
statistical analysis, the optimal dose of H202 (for triggering the maximum amount of DNA

damage) was determined to be 75 uM. This dose served as a PC for subsequent comet assays.

2.3.2 Preparation of Selenium Solutions

Stock solutions with different concentrations of Se (10, 25, 50, 75, 100 uM) were prepared. They
were combined with 1,000 uL. of DMSO and stored in the refrigerator overnight. After 5 min on

a heater, the solutions were mixed by vortexing until the Se was completely dissolved.

2.3.3 Cell Viability

Cell viability was determined after incubation with a range of doses of Se (10, 50, 75, 100 uM)
for 30 min. Cells were collected by centrifugation at 160 x g for 3 min, then 10 pL of cell
suspension was combined with an equal volume of 0.4% trypan blue stain and the mixture was
allowed to settle for 30 sec. Samples were transferred to the Neubauer haemocytometer for
analysis. If the cell membrane is compromised, trypan blue will permeate the membrane to
produce a blue colour, which indicates cell death (Phillips, 1973). Therefore, the
haemocytometer was used to determine the proportion of cells that rejected the dye. Trypan blue
exclusion of this cell demonstrated that the viability of freshly separated lymphocytes from both
groups was usually over 75%, and therefore, a cell viability of at least 75% was used in all

lymphocyte assays (Henderson et al., 1998).

2.3.4 Cell Counting Kit-8 (CCK-8) Cytotoxicity Assay

Cell viability and cytotoxicity were determined using a colourimetric technique. As appropriate,
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isolated human lymphocytes from healthy individuals or melanoma patients, or CHL-1
melanoma cells, line distributed into 96-well plates at 5,000 cells/well. The cells were treated
with various doses of Se (10, 50, 75, 100 uM) for 24 and 48 h at 37 °C, in a humidified incubator
with 5% COz. Then, 10 pL of CCK-8 solution was added to each well and the cells were
incubated at 37 °C for a further 4 h. Absorbance was measured at a wavelength of 450 nm, using

a microplate reader.

2.3.5 Lymphocyte Isolation from Whole Blood

Blood was mixed in a 1:1 ratio with 0.9% normal saline and mixed gently. In a Falcon tube,
diluted blood (6 mL) was carefully overlaid onto 3 mL of Lymphoprep, and the sample was
transferred to the centrifuge. After centrifugation at room temperature (RT) and 600 x g for 20
min, the white layer of lymphocytes was obtained from the top of the Lymphoprep, within the
plasma interface of the sample, and washed with saline in a universal tube. Then, the suspension
was centrifuged at 375 x g for 15 min at RT, and the supernatant was treated with 2% Virkon
before being discarded. The pellet was resuspended in 900 pL of foetal bovine serum (FBS),
transferred to an Eppendorf tube containing 100 pL. of DMSO. The tubes were tightly closed,
mixed, then stored overnight at —20 °C before being transferred to a —80 °C freezer for prolonged

storage.

2.3.6 Comet Assay Protocol

2.3.6.1 Cell Treatment for the Comet Assay

The frozen whole blood samples were allowed to defrost at ambient temperature. Then, 1,000 puL
of RPMI-1640 medium (with NaHCOs3, without L-glutamine, sterile-filtered, suitable for cell
culture) was added to 100 puL samples of whole blood that had been incubated at 37 °C for 30 min
with various test agents. The test agents comprised: 75 uM H20:2 (PC), Se (10, 25 and 75 uM),
and a combined treatment with 10 uM Se and 75 pM H202. An untreated sample served as the
negative control. Immediately after incubation and adding RPMI-1640 medium, the tubes were
centrifuged at 160 x g for 3 min, then 900 uL of the supernatant was discarded to leave 100 pL.
of particulate material in the tube. Next, 100 puL of 0.5% low melting point (LMP) agarose was
added and the mixture was resuspended, then 100 pL aliquots of this solution were applied in
duplicate to individually labelled slides that had been coated with 1% normal melting point

(NMP) agarose. The samples were covered with cover slips and moved to a cold surface for
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5 min, ensuring that they remained cool.

2.3.6.2 Cell Lysis

At this stage, the cover slips were removed and the slides were immersed in a black box
containing 200 mL of fresh cold lysis solution and kept at 4 °C overnight. The lysis solution was
composed of 178 mL lysis stock solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO,
1% Triton X-100, pH 10). This solution has a high salt concentration to break down protein—
DNA interactions without damaging the DNA, a detergent (Triton X-100) to disrupt the cell
membrane, and a free radical scavenger (DMSO) to neutralise the radicals generated from

haemoglobin, to prevent DNA damage (Olive, 2002).

2.3.6.3 DNA Unwinding and Electrophoresis

After cell lysis, the slides were placed into a horizontal electrophoresis tank and incubated in
2,000 mL of freshly prepared alkaline electrophoresis buffer. This solution consisted of 70 mL
of buffer concentrate (10 M NaOH, 200 mM EDTA, pH >13) mixed with 1,930 mL of cold
distilled water. The samples were incubated for 30 min at 4 °C to facilitate DNA unwinding, then
electrophoresis was performed at 25 V, 300 mA (0.78 V/cm for the electrophoresis tank used)

for 30 min using a compact power supply. All procedures were conducted at 4 °C.

2.3.6.4 Neutralisation

Sample slides were removed from the electrophoresis buffer and placed horizontally on a flat
surface. They were covered with neutralising buffer (0.4 M Tris pH 7.5) for 5 min. This process

was repeated three times, to prevent further action of the alkaline buffer.

2.3.6.5 Slide Staining and Comet Scoring

The samples were stained by adding 60 pL of 20 pg/mL ethidium bromide (EtBr) to each slide.
The slides were covered with cover slips, in a dark room with dim light, then individually coded
and kept in a closed and damp box at 4 °C until scoring. For each slide, 100 nuclei were scored
with a fluorescent microscope at 20x magnification in conjunction with a CCD camera, using
the Komet 6 software and Kinetic Imaging (Andor Technology Ltd, Belfast). The OTM
and % tail DNA were used together to decrease variability in the results (Najafzadeh et al., 2016).
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2.3.7 CCK-8 Assay on the CHL-1 Melanoma Cell Line

The same technique was used for the melanoma cells as for the lymphocytes (Section 2.3.4 Cell
Counting Kit-8 (CCK-8) Cytotoxicity Assay), with the same dosage of Se. Cytotoxicity readings
were taken at 24 and 48 h.

2.3.7.1 Melanoma Cell Line Culture

First, the frozen cells were thawed at 37 °C in a water bath, inside a laminar flow hood to avoid
contamination. After thawing, the 1 mL cell suspension was added to 9 mL of complete growth
medium: RPMI-1640 supplemented with 1% penicillin—streptomycin and 10% FBS. The
suspension was centrifuged for 5 min at 1,000 rpm. The supernatant was discarded and the pellet
was resuspended in 2 mL of complete medium. For routine subculture, the cells were seeded into
T75 flasks with 15-17 mL of complete medium, and the flasks were maintained in an incubator
at 37 °C with 5% COz until the cells reached 80% confluence. At this point, the medium was
discarded and the cells were washed twice with 6-7 mL of PBS to remove residual medium and
dead cells. Next, 1-2 mL of trypsin solution was added for 3—5 min to detach the cells from the
surface the flask. To deactivate the trypsin, 69 mL of complete medium was then added. The
resultant cell suspension was transferred to a 15 mL Falcon tube and centrifuged at 1,000 rpm
for 5 min. After centrifugation, the supernatant was discarded and the pellet was again
resuspended in 1 mL of complete medium. For storage of cell aliquots, the supernatant was
discarded, then complete growth medium (1 mL) combined with DMSO (200 puL) was added to
the cell pellet before freezing.

2.3.8 Comet Assay with Primary Lymphocytes and CHL-1 Cells

After establishing cultures of primary cell lines and CHL-1 cells, test treatments were applied to
cells as relevant, and the comet assay was performed to evaluate the effects of the treatment. The
procedure was as follows: Cells were distributed into six-well plates at 2.5 x 10° cells/well in 2—
3 mL of complete growth medium (as specified above). Plates were incubated at 37 °C with 5%
COz until the cells reached confluence. After achieving maximum cell growth, the medium in
each well was discarded and replaced with 1 mL of fresh medium, then the treatments were
added. If necessary, part of the growth medium was removed according to the volume of the
treatments added to each well. Negative and positive controls were used, along with different

concentrations of Se.
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2.3.9 Cord Blood Stem Cell (CBSC)-Derived Exosome Assays

First, the exosomes were diluted by adding 5 mL of PBS, then 10 uM of the diluted solution was
added to 990 uM of DH:O0.

2.3.9.1 CCK-8 Cytotoxicity Assay with Exosome Treatment

Using the identical method as above (Section 2.3.4 Cell Counting Kit-8 (CCK-8) Cytotoxicity
Assay), the CCK-8 cytotoxicity assay was performed. The stated exosome concentrations were
based on protein concentration, as measured by UV absorbance (Azs0). Different dosages of
exosome therapy (10, 30, 60, 90 and 120 puL) were used initially, to determine the optimal
treatment dosage that maintained sufficient viability. The results indicated that the three optimal

dosages were 10, 90 and 120 pL.

2.3.9.2 Comet Assay with Exosome Treatment

The comet assay was performed on 20 lymphocyte samples from healthy individuals, 20
lymphocyte samples from melanoma patients, and three melanoma cell lines, using the three
most effective dosages of exosome therapy. The test agents comprised a PC (75 uM H203), and
exosomes (10, 90 120 pL) with all dosages co-administered with 75 pM H20:. The comet assay

was carried out using the same method described above (Section 2.3.6 Comet Assay Protocol).

2.3.10 Statistical Analysis

The final reported data are expressed as mean values with standard errors, based on 100 cells
scored on each slide. In total, 48 comet assays were included in this project: five assays for H202
at different concentrations, to determine the PC conditions; three assays for the different
melanoma cell lines; and 40 patient samples (20 from healthy individuals and 20 from melanoma
patients). The results were analysed using one-way analysis of variance (ANOVA) with
Dunnett’s post hoc multiple comparison test, using GraphPad Prism 9.4.0, which was also used
to generate the graphs included in the figures below. Where comparisons between experimental
groups were statistically significant (p <0.05), this is indicated on the graphs as follows: * = p

<0.05; ** =p <0.01; *** =p <0.001, with ‘ns’ used to denote ‘not significant’.

2.3.11 Combined Treatment Using Selenium and Exosomes
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2.3.11.1 CCK-8 Cytotoxicity Assay for Combined Treatment of CHL-1 Cells

The CHL-1 melanoma cell line was tested using combined treatment with exosomes and
selenium, done at four different concentrations (90 uM exosomes + 5 uM Se, 120 pL exosomes
+ 10 uM Se, 90 pL exosomes + 15 uM Se, and 120 pL exosomes + 20 uM Se). Cytotoxicity was
determined using the CCK-8 assay using the same method as before (Section 2.3.4 Cell Counting
Kit-8 (CCK-8) Cytotoxicity Assay). The PC was 75 uM H20:. Readings were taken at 3 h, 12 h,
24 h and 48 h time points. The results indicated that the optimal dosage for combined treatment

was 10 uM Se together with 120 pL exosomes.

2.3.11.2 Comet Assay for Combined Treatment of CHL-1 Cells

Three melanoma cell line samples were treated with 10 uM of Se and 120 pL of exosomes, co-
administered with 75 uM H20z. The same method as described above (Sections 2.3.6 Comet
Assay Protocol and 2.3.8 Comet Assay with Primary Lymphocytes and CHL-1 Cells) was used

to perform comet assays.

2.3.11 Gene Expression Analysis by RT—-qPCR

2.3.11.1 Cell Culture and Treatments

The CHL-1 cell line was used for these experiments. Cultures were established from frozen
stocks that were in a suspension of 2 x 10 cells/mL, prior to being cryopreserved. In this case,
the treatment groups were PC (75 uM H202), 10 uM Se, 120 pL exosomes, and10 uM Se in
combination with 120 pL exosome (with 75 uM H20:2 co-administered in all cases). The

negative control group was left untreated.

2.3.11.1 RNA Isolation from CHL-1 cells

The RNeasy Mini Kit (QIAGEN) was used following the manufacturer’s protocol. Cells were
transferred to a sterile flow cabinet and centrifuged at 400 x g for 3 min. The supernatant was
removed and 350 uL of lysis buffer (RLT, supplemented with 10 uL/mL of 2-mercaptoethanol)
was added to the pellet, followed by centrifugation for 2 min at high speed. The lysate was then
added to a QIAshredder spin column that was already placed in a 2 mL collection tube, and the
sample was centrifuged at full speed for another 2 min. The lysate was recovered and the

QIAshredder assembly was discarded. Then, 70% ethanol (600 uL) was added to the lysate and
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mixed well by careful pipetting. The samples, including any precipitate formed, were then
transferred into a new QIAamp spin column placed in a 2 mL collection tube, and centrifuged
for 15 s at 8,000 x g. The column was rinsed by adding 700 pL of RW1 buffer (guanidine salt
and ethanol) and centrifuging for 15 s at 8,000 x g. The column was placed in a new 2 mL
collection tube, then 500 pL of RPE buffer RPE was pipetted into the column. Samples were
centrifuged at 8,000 x g for 3 min to remove any residual ethanol. Finally, the column was
transferred into a 1.5 mL microcentrifuge tube and 50 L of RNase-free water was added directly
onto the QIAamp membrane, followed by centrifugation at 8,000 x g for 1 min to elute the RNA.
The concentration and purity of the isolated RNA were measured using a NanoDrop 1000
spectrophotometer, with purity judged using the Az60/280 ratio. The RNA samples were ultimately

stored at —80 °C.

2.3.11.2 Complementary DNA Synthesis

The iScript cDNA synthesis kit was used to synthesise complementary DNA (cDNA) from total
RNA. This was done by mixing 4 pL of 5 x iScript Reaction Mix with 1 uL of iScript Reverse
Transcriptase, 20 puL of nuclease-free water and 1 pL of thawed extracted RNA, in PCR tubes.
The reaction mixtures were then transferred to a Bio-Rad PTC-200 Peltier Thermal Cycler (Bio-
Rad Laboratories, Inc., USA) and incubated for 5 min at 25 °C, then 20 min at 46 °C, and finally
for 1 min at 95 °C, with the samples being additionally held for 10 min at 4 °C. The cDNA

samples were then stored at —20 °C until use.

2.3.11.3 Quantitative Real-Time PCR and Analysis

Following cDNA synthesis, the genes of interest were quantified by performing real-time PCR
reactions in a 96-well plate (MicroAmp). The assay was conducted in triplicate to minimise
variation in the results. Each well contained 10 pL of Fast SYBR Green Master Mix, 2 pL of
target gene primers (7P53, CDKNI1A4, BCL2, CASP3 or S100B), 4 pL of diluted cDNA, and 4 uL
of RNA-free water, with care taken to ensure that all components were properly mixed. The plate
was sealed using MicroAmp Optical 8-Cap Strips and briefly spun using a plate spinner to
remove any bubbles, before being transferred to a StepOnePlus Real-Time PCR Detection
System (Applied Biosystems, Warrington, UK). The following settings were used: denaturation
at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, then annealing and

extension at 60 °C for 1 min. The internal housekeeping gene was p-actin (ACTB).
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The data was analysed using the CFX Manager software to evaluate the expression levels of
target genes. The 2722°T method (Figure 7) was used to represent differences in gene expression
in terms of fold change between cells treated with PC (75 uM H202), 10 uM Se, 120 pL
exosomes, and 10 pM Se in combination with 120 uL exosomes. The negative control was left

untreated.

2.3.11.4 Statistical Analysis

Each experiment was conducted three times in triplicate, using the same experimental groups, to
compare between PC, 10 uM Se, 120 pL exosomes, and 10 uM Se in combination with 120 pL.
exosomes. Untreated cells were used as a negative control. The results are presented as mean =+
SEM. Data analysis was done using GraphPad Prism 9, with two-way ANOVA and multiple
comparison tests. Statistically significant p values are indicated as p <0.01 (**), p <0.001 (**%*),

or p <0.0001 (****), respectively.

2.3.12 Western Blot Assay

2.3.12.1 Cell Culture

Three biological replicates of CHL-1 cells, with 1 x 10° cells/well, were cultured in six-well
plates in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 1%
penicillin—streptomycin, under aseptic conditions. Plates were incubated at 37 °C and 5% CO2
until the cells were fully confluent. The cells were then treated and labelled. The treatment groups
comprised a PC (75 uM H202), 10 uM Se, 120 pL exosomes, and 10 uM Se in combination with

120 pL exosomes. The negative control group was left untreated.

2.3.12.3 Protein Extraction

The cultured cells were recovered by scraping, transferred into Eppendorf tubes, and centrifuged
at 400 x g for 3 min. The supernatant was removed and the cell pellets were rinsed twice with
cold PBS, then resuspended in 100 puL of RIPA buffer with 2 pL of protease inhibitor cocktail.
The samples were incubated on ice for 30 min, after which they were sonicated briefly (~5 s),
then centrifuged at 16,000 x g for 20 min at 4 °C. Next, the supernatant was collected, and 10

pL of the extracted protein solution was taken for protein quantification. The remaining lysate
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was stored at —80 °C.

2.3.12.4 Protein Quantification

Quantification of total protein was carried out using the Bradford Assay Kit (Bio-Rad). This
assay relies on the absorbance shift (colour change) of Coomassie dye, from red to blue, upon
protein binding. The blue colour has a maximum absorbance at 595 nm, and the absorbance of
the solution at this wavelength is directly proportional to the amount of bound dye, and therefore
to the concentration of protein present. A standard curve was constructed using bovine serum
albumin (BSA) at various concentrations (0.125, 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0 mg/mL). For
all standards and test samples, 10 puL aliquots were added in triplicate into 96-well plates, then
200 pL/well of diluted Bio-Rad dye reagent was added. The absorbance of the BSA standards

and test samples was then read at 595 nm using a microplate reader.

2.3.12.5 Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

For resolving and stacking gels, Tris buffer was prepared (with pH 6.8 and pH 8.8, respectively).
Catalyst (ammonium persulfate) and tetramethylethylenediamine were also added, along with a
calculated amount of acrylamide to ensure a final concentration of 10.4% in the polyacrylamide
gel. A resolving gel (pH 8.8) was poured at the bottom of the tank, to a level of 1 cm below the
teeth of the comb, then 0.1% (w/v) SDS solution was poured on top of it. After the resolving gel
had solidified, a 4% (w/v) stacking gel solution (pH 6.8) was poured on top of it. The protein
samples were prepared by mixing each sample (1:1) with 2x Laemmli sample buffer containing
2-mercaptoethanol, followed by heating in boiling water for 5 min. The sample buffer contained

bromophenol blue dye to make the samples distinguishable.

Gels were then submerged in electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% [w/v]
SDS). The samples were briefly centrifuged and carefully loaded into separate gel lanes, with 30
ng/well of total protein. A pre-stained protein ladder (10 pL of Precision Plus Protein Dual
Colour Standards) was loaded into the first lane for reference purposes. The gels were run using
a Power Pack Basic (Bio-Rad, UK) operating in constant voltage mode, at 50 V initially (to help
give sharp bands), which was then increased to 100 V for the remainder of the run. By visualising

the pre-stained ladder and the position of the bromophenol blue within the gel, the end of the
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electrophoresis run could be determined (approximately 2 h). The SDS-PAGE gel was used to
separate the proteins based on their size. Due to the presence of the SDS detergent, which
neutralises charge differences between the proteins, the proteins in the sample were separated
depending on their size and not their charge. Lower percentage gels are used to resolve larger

proteins, and higher percentage gels are used to separate smaller protein molecules.

2.3.12.6 Membrane Transfer

Following electrophoresis, proteins were transferred to a blotting nitrocellulose membrane using

the iBlot Gel Transfer Device (Invitrogen) at a constant voltage of 25 V for 7 min.

2.3.12.7 Blocking

After transfer, nitrocellulose membranes were incubated in 5% (w/v) BSA in Tris-buffered saline
(150 mM NaCl, 20 mM Tris, pH 7.4) containing 0.1% (v/v) Tween-20 (TBST) for 1 h at room
temperature on a gentle shaker. The membranes were then washed three times with TBST for 10

min.

2.3.12.8 Primary Antibody Incubation

A solution of the appropriate primary antibody, in blocking solution (TBST containing 5% [w/Vv]
BSA), was then added. The dilutions of the primary antibodies were as follows: anti-p53
(1:1,000); anti-p21 (1:1,000); anti-Bcl-2 (1:1,000); anti-caspase-3 (1:1,000); anti-S-100
(1:1,000), and anti-GAPDH (1:10,000). An anti-GAPDH monoclonal antibody was used as a
housekeeping (loading) control, and a monoclonal antibody was selected due to its higher
specificity and better signal. In every case, for antibody binding, membranes were incubated
overnight at 4 °C with the primary antibody solution using a gentle shaker. After this, membranes

were washed three times with TBST for 10 min.

2.3.12.9 Secondary Antibody Incubation

A secondary antibody was added to determine where the primary antibody was bound. A donkey
anti-rabbit IgG H&L (HRP) was used as secondary antibody, at 1:3,000 dilution in blocking
buffer (TBST containing 5% [w/v] BSA), as before. Membranes were incubated for 1 h on a

gentle shaker at room temperature, then washed with TBST three times for 10 min each.

46



2.3.12.10 Detection

Each membrane was stained with a chemiluminescence (ECL) kit, by incubation with an equal
(1:1) mixture of the ECL solutions for a few minutes at room temperature. Then, membranes
were individually placed in a G-Box instrument (Geneflow, UK). Excess detergent was removed,

then images were finally captured.

2.3.12.11 Data Analysis

Expression of the proteins of interest was assessed by band densitometry using the ImagelJ
software, with GAPDH serving as a loading control. Results are presented as the mean + SEM
derived from three biological samples. Comparisons between experimental groups were made
using one-way ANOVA, followed by Dunnett’s post hoc test, to determine the significance of

differences between treatments, using GraphPad Prism 9.
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3) Cytotoxicity and Genotoxicity Assessment

3.1 Introduction

Exposure to UVR can directly induce DNA damage, as outlined above (Section 1.2.2.3 DNA
Damage Induced by UVA), but it can also stimulate generation of ROS that may cause additional
genotoxicity (Wu et al., 2021). This offers one potential reason why MM has increasingly been
characterised as an oxidative stress-associated disease, as was also discussed earlier (Section
1.2.2.2 Aetiology of MM). In this study, induction of oxidative stress was therefore used as an in
vitro model for MM, to assess the potential for new treatments based on an antioxidant

(selenium), and CBSC-derived exosomes.

Exosomes are able to induce reprogramming of cancer cells through horizontal transfer of their
biomolecular cargo. This has been reported for both MM and breast cancer cells, with
morphological changes noted in the latter (Zhou et al., 2017; Li et al., 2014); and exosome-
mediated reprogramming has also been suggested to suppress malignancy through induction of
pluripotency (Kim & Zaret, 2015). Furthermore, MSC-derived exosomes were previously found
to promote wound healing in a rat skin burn model (Zhang et al., 2015), and they have also been
demonstrated to aid recovery in cellular and mouse models of liver injury through attenuation of
oxidative stress (Yan et al., 2017). The latter example is particularly relevant to the current study,
since the observed antioxidant effect relied on exosome-delivered glutathione peroxidase 1
(GPX1)—an enzyme which detoxifies peroxides and is also a selenoprotein (Jerome-Morais et

al., 2013)—for protection against oxidative stress, both in vitro and in vivo (Yan et al., 2017).

In this work, hydrogen peroxide (H202) was used as a chemical stressor to mimic the heightened
oxidative stress in MM. It has often been used to induce oxidative stress and ROS production in
cellular studies (e.g., Coyle et al., 2006; Lin et al., 2015; Nowak et al., 2017), and is also a well-
established genotoxic agent, including in human lymphocytes, where it was previously shown to

generate both oxidised pyrimidines and DNA strand breaks (Duthie et al., 1999).

As introduced in Section 1.6.2 The Comet Assay, the comet assay is widely used to assess
genotoxicity due to its simplicity, rapidity and cost-effectiveness. In human monitoring studies,
it is most commonly used with white blood cells, particularly lymphocytes (Cortés-Gutiérrez et
al., 2011); as is the case here, where lymphocytes isolated from either MM patients or healthy
controls were used. As well as the proportion of DNA in the ‘tail” (% tail DNA), the Olive tail
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moment (OTM) was also measured, which represents the product of the % tail DNA and the tail
length; i.e., the distance between the intensity centroids (or ‘centres of gravity’) of the head and
tail areas, along the x-axis of the comet (Intranuovo et al., 2018). The higher the OTM, the greater
the extent of DNA damage (Fernandes et al., 2021). In parallel experiments to the lymphocyte
assays, the treatment effects on CHL-1 melanoma cells were also investigated. This cell line
contains mutated 7P53 (Wu et al., 2017), potentially allowing for the effect of CBSC-derived
exosomes and/or Se on p53-dependent apoptosis pathways to be evaluated. Finally, in addition
to assessing genotoxicity, the CCK-8 assay (also introduced above, in Section 1.6.1 Cell
Counting Kit-8 (CCK-8)) was also used to monitor cytotoxicity, in the same cell types and for
the same treatment groups as above. As a convenient and straightforward readout of cellular
viability, these results were expected to allow for direct comparison of the cytotoxic and

genotoxic effects of the proposed MM treatments.

3.2 Materials and Methods

For both assays (comet assay and CCK-8 assay), the reagents and equipment used are listed in
Table 1 and Table 2, respectively. Human lymphocytes were isolated from whole blood as
described in Section 2.3.5 Lymphocyte Isolation from Whole Blood. The comet assay procedure
was performed as detailed in Sections 2.3.6 Comet Assay Protocol and 2.3.8 Comet Assay with
Primary Lymphocytes and CHL-1 Cells, while the protocol for the CCK-8 assay is given in
Section 2.3.4 Cell Counting Kit-8 (CCK-8) Cytotoxicity Assay.

3.3 Results

3.3.1 Antioxidant Effects of Selenium Treatment in MM

3.3.1.1 Optimal Dosage of H,0

An initial dose-response step was performed to establish the optimal H2O2 concentration for
subsequent experiments; i.e., to find the concentration that caused the most DNA damage without
a significant reduction in cell viability. Four concentrations of H202 (25, 50, 75 and 100 uM)
were used with whole blood samples from healthy individuals, alongside untreated samples that
were used as a negative control (NC). The % tail DNA and OTM were both measured. As
outlined in Section 2.3.10 Statistical Analysis (Statistical Analysis), GraphPad Prism 9.4.0 was

used to graph the results, and asterisks are shown to denote the level of statistical significance
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(where relevant) between treatment and control samples.

As can be seen in Figure 9, increased DNA damage was observed when the whole blood samples
from healthy individuals were incubated with H2O2. The comet assay was performed five times,
and the optimal dosage was identified as 75 pM H202, which significantly damaged the DNA
based on both the % tail DNA and OTM results (*** p <0.001). Therefore, 75 uM H202 was

selected as a positive control (PC) for assays to evaluate the treatment effects of Se and exosomes.
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Figure 9. Effect of H202 at different concentrations on lymphocyte DNA, from healthy
individuals, measured using % tail DNA and OTM. Error bars show mean = SEM, n=5
(* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). All results for treated groups were
compared against the NC (untreated) group, and analysed using one-way ANOVA with
Dunnett’s multiple comparison test, in GraphPad Prism 9.4.0. Data analysis was performed
similarly for subsequent figures, as described above (Section 2.3.10 Statistical Analysis).

3.3.1.2 Cytotoxicity of Se in Stressed Healthy Lymphocytes

Lymphocytes from healthy individuals were stressed with 75 uM H202 (PC) and treated with
various concentrations of Se, then the cell viability was determined using the CCK-8 assay after

24 hand 48 h (

Figure 10). After 24 h, it can be clearly seen that the percentage (%) of surviving lymphocytes
was reduced following treatment with 50, 75 or 100 uM Se (*** p <0.001), but the cells were
less affected at 25 uM, and there was no significant effect at 10 uM. Therefore, the two doses of
10 uM and 25 uM were regarded as suitable for the comet assay at this time point. For a 48 h
treatment, 10 uM was deemed as the optimal concentration. Overall, 10 uM Se is the most

appropriate dose for healthy lymphocytes.
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Figure 10. Survival (%) of 10 x 10* lymphocytes, from healthy individuals, exposed to 75 uM
H202 (PC) and treated with the Se concentrations indicated. Viability was determined using the
CCK-8 assay at 24 h and 48 h. Error bars show mean + SEM, n =3 (* p <0.05; ** p <0.01;
*#% p <0.001; ns = not significant). Pairwise comparisons are against untreated cells (NC).

3.3.1.3 Cytotoxicity of Se in Stressed CHL-1 MM Cells

Similarly, to the above experiment, CHL-1 melanoma cells were stressed with 75 uM H20: (PC)
and treated with different concentrations of Se (10, 25, 50, 75 and 100 uM), then incubated for
24 h or 48 h. The treatment significantly induced growth inhibition of melanoma cells at low
doses (*** p <0.001), as revealed by cell viability measurements using the CCK-8 assay. The

ICso of Se on melanoma cells was estimated as 10 uM at both time points (

Figure 11). Therefore, 10 pM Se was selected to study melanoma cells using the comet assay, in

comparison with untreated cells.
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Figure 11. Selenium reduces the viability of CHL-1 melanoma cells. Cytotoxicity was assessed
by CCK-8 assay at 24 h and 48 h, after treatment with the concentrations shown. There is a
clear dose-response relationship, with the ICso estimated as 10 pM. All values are presented as
mean £ SEM, n> 3 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant).

3.3.1.4 Effect of Se on Genotoxicity in Healthy Lymphocytes

To determine the genotoxicity of Se towards lymphocytes from healthy individuals, the comet
assay was performed with dosing at three different concentrations (10, 25 and 75 uM), as well
as using 10 uM Se in combination with 75 pM H20z, for 20 healthy volunteers. As seen in Figure
12, there was no significant change in OTM with 10 uM or 25 uM Se, but significant DNA
damage was seen at 75 uM. Similar results were observed in terms of % tail DNA, except there
was no significant effect of 75 uM Se (Figure 13). The genotoxic effect of 75 uM H202 (PC)
was fully rescued by 10 uM Se (i.e., for PC + 10 uM Se; *** p <0.001). Consequently, for
subsequent comet assays, 10 uM and 25 pM Se were considered suitable since they do not induce
any significant genotoxicity, and 10 pM seemed ideal since it can fully protect against oxidative

stress. Numerical data for these experiments are presented in Table 5.
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Figure 12. Effect of Se at the concentrations shown, with/without the presence of 75 uM H20:2
(as indicated), on the DNA of lymphocytes from healthy individuals, as judged by OTM. All
outcomes for the treatment groups were compared to the relevant negative control group. Error
bars show mean + SEM, n =20 (* p<0.05; ** p <0.01; *** p <0.001; ns = not significant).
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Figure 13. Companion results to Figure 12. Effect of Se at the concentrations shown,
with/without the presence of 75 pM H20x2 (as indicated), on the DNA of lymphocytes from
healthy individuals, as judged by % tail DNA. All outcomes for the treatment groups were

compared to the relevant negative control group. Error bars show mean + SEM, n = 20

(* p<0.05; ** p <0.01; *** p <0.001; ns = not significant).
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Table 5. Mean results of comet assays on blood samples (lymphocytes) from 20 healthy
individuals, expressed as OTM and % tail DNA, including SEM and statistical significance.

Treatment OTM (mean * SEM) % Tail DNA (mean * SEM)
Untreated 4.09 £ 0.07 17.07 £ 0.36

75 M H20: (PC) 9.84 + 0.18 (***) 25.89 £ 0.68 (***)

10 uM Se 2.93 £0.08 (ns) 14.36 £ 0.38 (ns)

25 uM Se 3.82 £0.08 (ns) 15.73 £ 0.33 (ns)

75 uM Se 6.13 £0.15 (***) 18.90 + 0.32 (ns)

75 yM H202 + 10 uM Se 5.22 £ 0.09 (***) 17.85 £ 0.38 (ns)

3.3.1.5 Effect of Se on Genotoxicity in MM Patient Lymphocytes

Lymphocytes from 20 individuals with MM were subjected to the comet assay under the same
treatment conditions as used for the lymphocytes from healthy volunteers (i.e., NC; PC; 10, 25
and 75 uM Se; PC + 10 pM Se). In terms of both OTM and % tail DNA, 10 uM Se reduced the
DNA damage in comparison to NC (*** p <0.001;

Figure 14, Figure 15). When stressed melanoma lymphocytes were treated with 10 uM of Se
(i.e., 10 pM Se + 75 uM H202), the DNA damage was significantly reduced in comparison to
the PC, according to both parameters. The rescue effect was statistically significant (***
p <0.001) for lymphocytes from both healthy individuals and MM patients (see below; Section
3.3.1.6 Comparing Se Treatment of Healthy versus MM Lymphocytes). The results are also
presented numerically in Table 6. Mean results of comet assays on blood samples (lymphocytes)
from 20 melanoma patients, expressed as OTM and % tail DNA, including SEM and statistical

significance..
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Figure 14. Effect of Se at the concentrations shown, with/without the presence of 75 pM H202
(as indicated), on the DNA of lymphocytes from MM patients, as judged by OTM. All
outcomes for the treatment groups were compared to the relevant negative control group. Error
bars show mean = SEM, n =20 (* p<0.05; ** p <0.01; *** p <0.001; ns = not significant).
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Figure 15. Effect of Se at the concentrations shown, with/without the presence of 75 uM H20:2
(as indicated), on the DNA of lymphocytes from MM patients, as judged by % tail DNA. All
outcomes for the treatment groups were compared to the relevant negative control group. Error
bars show mean = SEM, n =20 (* p<0.05; ** p <0.01; *** p <0.001; ns = not significant).
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Table 6. Mean results of comet assays on blood samples (lymphocytes) from 20 melanoma
patients, expressed as OTM and % tail DNA, including SEM and statistical significance.

Treatment OTM (mean * SEM) % Tail DNA (mean * SEM)
Untreated 6.20 +0.12 21.25 £ 047

75 M H20: (PC) 11.91 £ 0.19 (**) 31.09 + 0.58 (***)

10 uM Se 4.65 = 0.08 (***) 16.49 £ 0.41 (**)

25 uM Se 5.56 £ 0.10 (ns) 20.07 £ 0.42 (ns)

75 uM Se 9.45 £ 0.08 (***) 26.71 £ 0.39 (**)

75 uyM H202 + 10 uM Se 8.2+0.12 (***) 26.69 £ 0.47 (**)

3.3.1.6 Comparing Se Treatment of Healthy versus MM Lymphocytes

The comet assay was done for healthy lymphocytes and melanoma lymphocytes (20 patients per
group) at three different Se concentrations (10 uM, 25 uM and 75 uM), also comparing PC (75
uM H202), either alone or in combination with 10 uM Se, as before. For both parameters (OTM
and % tail DNA), 10 uM Se was well tolerated, and significantly attenuated the genotoxic effect
of H202 (i.e., relative to PC; *** p <0.001), with a full rescue effect in the lymphocytes from
healthy individuals (Figure 16 and Figure 17). In other words, cells co-treated with 75 uM H202
and 10 uM Se showed a significant decrease in OTM and % tail DNA compared with the PC
(75 uM H202 only; *** p <0.001). In MM lymphocytes, there was a significant decrease in % tail
DNA and OTM upon 10 uM Se treatment, from 21.3% and 6.2, respectively, in the NC, to 16.4%
and 4.65, respectively, in the treatment group. This suggests that 10 uM Se protects against DNA
damage and genotoxicity in MM lymphocytes (more than in healthy lymphocytes, where the
effect was not statistically significant), presumably due to its antioxidant properties. However,
higher doses were genotoxic. With 75 uM Se, the % tail DNA (26.7%) and OTM (9.45) were
both significantly higher than control values (Table 6).
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Figure 16. Comparison of DNA damage between healthy individuals and MM patients, after
lymphocytes were treated with Se at various concentrations, with/without 75 pM H202 (as
indicated), according to comet assay OTM measurements. Error bars show mean £ SEM,

n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant).
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Figure 17. Comparison of DNA damage between healthy individuals and MM patients, after
lymphocytes were treated with Se at various concentrations, with/without 75 pM H202 (as
indicated), according to comet assay % tail DNA measurements. Error bars show mean + SEM,
n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant).
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3.3.1.7 Effect of Se on Genotoxicity in CHL-1 MM Cells

The comet assay was performed on the CHL-1 cell line (n = 3) comparing PC, 10 uM Se and
combined treatment (75 uM H202 + 10 uM Se) versus NC (untreated cells). As shown in Figure
18 (OTM) and Figure 19 (% tail DNA), treatment with 10 uM Se induced significant DNA
damage in this cell line (** p <0.01), albeit to a lesser extent than PC. Rather than exerting a
rescue effect, as seen in lymphocytes, 10 uM Se exacerbated the genotoxicity of 75 uM H202
(PC) in CHL-1 cells (*** p <0.001).
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Figure 18. Effect of 10 uM Se on DNA damage in stressed/unstressed CHL-1 cells
(with/without 75 uM H202, respectively), based on OTM measured in comet assays, relative to
untreated cells. Error bars show mean = SEM, n =3 (* p <0.05; ** p <0.01; *** p <0.001; ns =

not significant).
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Figure 19. Effect of 10 uM Se on DNA damage in stressed/unstressed CHL-1 cells
(with/without 75 pM H20z, respectively), based on % tail DNA measured in comet assays,
relative to untreated cells. Error bars show mean = SEM, n =3 (* p <0.05; ** p <0.01; ***

p <0.001; ns = not significant).

3.3.2 CBSC-Derived Exosomes for MM Treatment

3.3.2.1 Cytotoxicity of Exosomes in Stressed Healthy Lymphocytes

Lymphocytes from healthy individuals were stressed (PC; 75 uM H20:) and treated with CBSC-
derived exosomes at five different concentrations (10, 30, 60, 90 and 120 pL). Cell viability was
measured using the CCK-8 assay at six different time points (30 min, 3 h, 12 h, 16 h, 24 h and
48 h). Most concentrations (except 60 puL) were able to protect the cells against H2O2-induced
cytotoxicity (

Figure 20). The three most effective exosome concentrations at 48 h were regarded as 10 uL, 90
nL and 120 pL, since their protective effect was stable and did not change significantly over the
full course of the experiment. These concentrations were therefore selected for further study in

comet assays.
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Figure 20. Cell survival (%) for lymphocytes from healthy individuals (10 x 10* cells) stressed
(PC) and treated with the indicated exosome concentrations. Cell viability was measured using
the CCK-8 assay at 30 min, then 3, 12, 16, 24 and 48 h (with data for the four indicated time
points shown). Error bars show mean + SEM, n =20 (* p <0.05; ** p <0.01; *** p <0.001;
ns = not significant). Pairwise comparisons were made between the different exosome
concentrations and the NC.

3.3.2.2 Cytotoxicity of Exosomes in Stressed MM Patient Lymphocytes

Analogous experiments to those above (Section 3.3.2.1 Cytotoxicity of Exosomes in Stressed
Healthy Lymphocytes) were carried out using lymphocytes from MM patients, assessing the same
five concentrations of CBSC-derived exosomes in oxidatively stressed cells (PC; 75 uM H20»),
at the same time points. Similar results were obtained (Figure 21), and at 48 h, the best three

concentrations to take forward to comet assays were again identified as 10 pL, 90 pL and 120

pL.
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Figure 21. Cell survival (%) for lymphocytes from MM patients (10 x 10* cells) stressed (PC)
and treated with the indicated exosome concentrations. Cell viability was measured using the
CCK-8 assay at 30 min, then 3, 12, 16, 24 and 48 h (with data for the four indicated time points
shown). Error bars show mean £ SEM, n =3 (* p <0.05; ** p <0.01; *** p <0.001; ns = not

significant). Pairwise comparisons were made between the different exosome concentrations
and the NC.

3.3.2.3 Cytotoxicity of Exosomes in CHL-1 MM Cells

The initial screen of various exosome concentrations (10, 30, 60, 90 and 120 pL) was also carried
out using the CHL-1 MM cell line, with cytotoxicity again assessed using the CCK-8 assay. In
this case, measurements were made at four time points (30 min, 12 h, 24 h and 48 h). The
exosomes reduced the viability of the melanoma cells with an apparent ICso of 120 pL after 24 h

and 48 h (Figure 22). A concentration of 120 pL exosomes was chosen to study their effect in

the comet assay.
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Figure 22. Exosomes reduce the viability of melanoma cells. Cytotoxicity of CBSC-derived
exosomes towards stressed (75 uM H202; PC) CHL-1 cells was assessed by CCK-8 assay at
the time points shown. A clear dose-response relationship is seen with an estimated 1Cso of
120 pL. All results are expressed as mean = SEM, n > 3. (* p <0.05; ** p <0.01; *** p <0.001;
ns = not significant). All treated groups were compared (according to exosome concentration)
against the NC (untreated) group, as in previous examples.

3.3.2.4 Effect of Exosomes on Genotoxicity in Healthy Lymphocytes

The comet assay was done on lymphocytes from 20 healthy individuals, treated with the three
exosome concentrations determined above (10, 90 and 120 pL), under either stressed or
unstressed conditions (i.e, with/without 75 pM H203). In terms of OTM (Figure 23), all three
concentrations appeared to induce a positive response in unstressed cells, although the effect did
not reach statistical significance. However, 120 pL. exosomes generated the best response and
also reduced the DNA damage caused by H202 (* p <0.05). Similar results were observed for
% tail DNA (Figure 24). Thus, for lymphocytes from healthy individuals, the optimum exosome

concentration is 120 pL, according to the comet assay.
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Figure 23. Effect of 10, 90 and 120 pL exosomes, with/without the presence of 75 uM H20:2
(as indicated), on DNA damage in lymphocytes from heathy individuals, based on OTM. Error
bars show mean + SEM, n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). All

results for treatment groups were compared against the respective NC group.
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Figure 24. Effect of 10, 90 and 120 pL exosomes, with/without the presence of 75 uM H20:2
(as indicated), on DNA damage in lymphocytes from heathy individuals, based on % tail DNA.
Error bars show mean £ SEM, n = 20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not
significant). All results for treatment groups were compared against the respective NC group.
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3.3.2.5 Effect of Exosomes on Genotoxicity in MM Lymphocytes

Comet assays were similarly performed on lymphocytes from 20 MM patients, using the same
three optimal exosome concentrations (10, 90 and 120 pL), with or without 75 pM H202. The
results for OTM (Figure 25) showed that all three concentrations of exosomes reduced the DNA
damage, but the observed effect was only statistically significant at 120 pL (** p <0.01). The
addition of 120 uL exosomes also attenuated the DNA damage caused by H2O2 (* p <0.05
relative to PC). As before, similar results were seen for % tail DNA (Figure 26). Therefore,

according to the comet assay observations, the optimal concentration of exosomes for MM

patient lymphocytes is also 120 pL.

15—
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Figure 25. Effect of 10, 90 and 120 pL exosomes, with/without the presence of 75 uM H20:2
(as indicated), on DNA damage in lymphocytes from MM patients, based on OTM. Error bars
show mean + SEM, n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). All
results for treatment groups were compared against the respective NC group.
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Figure 26. Effect of 10, 90 and 120 pL exosomes, with/without the presence of 75 uM H20:2
(as indicated), on DNA damage in lymphocytes from MM patients, based on % tail DNA.
Error bars show mean + SEM, n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not
significant). All results for treatment groups were compared against the respective NC group.

3.3.2.6 Comparing Exosome Treatment of Healthy versus MM Lymphocytes

The comet assay was used to assess exosome treatment at three different concentrations (30, 90
and 120 pL) on H202-induced genotoxicity in lymphocytes from 20 healthy individuals and 20
MM patients. For both OTM (Figure 27) and % tail DNA (Figure 28), the DNA damage was
decreased in lymphocytes from all study subjects after treatment with 120 pL. of exosomes.
However, this effect was not statistically significant in the healthy samples, but only for the MM
patient samples (*** p <0.001, for tail DNA), compared with untreated cells. Although treatment
with 120 pL exosomes was able to significantly reduce DNA damage in all cases, the results also
showed that MM lymphocytes exhibited more DNA damage than those from healthy individuals.
The horizontal lines in Figure 27 and Figure 28 (on top of the histograms) show the statistical
comparisons between the PC and the three concentrations of exosomes (10, 90 and 120 pL),

highlighting a significant protective effect only at the highest concentration.
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Figure 27. Comparison of lymphocyte DNA damage between healthy individuals and MM
patients, after treatment with exosomes (at the concentrations shown), in the presence/absence
of 75 uM H20: (as indicated), based on OTM measurements. Error bars show mean + SEM,
n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). Pairwise comparisons are
indicated by horizontal lines, or were otherwise made against the NC group.
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Figure 28. Comparison of lymphocyte DNA damage between healthy individuals and MM
patients, after treatment with exosomes (at the concentrations shown), in the presence/absence
of 75 uM H20: (as indicated), based on % tail DNA measurements. Error bars show mean
+ SEM, n =20 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). Pairwise
comparisons are indicated by horizontal lines, or were otherwise made against the NC group.

3.3.2.7 Effect of Exosomes on Genotoxicity in CHL-1 MM Cells

For the CHL-1 melanoma cell line, the effect of exosome treatment at the best concentration
(120 pL) on genotoxicity induced by 75 uM H20:2 (PC) was investigated by comet assay. The
experiment was repeated three times. Figure 29 (OTM) and Figure 30 (% tail DNA) demonstrate
that exosome treatment significantly increased DNA damage relative to both NC and PC
conditions, in terms of both parameters (*** p <0.001 in both cases, for OTM). In other words,
the DNA damage induced by H202 was exacerbated by the addition of 120 uL exosomes, in

contrast to the beneficial effects seen in human lymphocytes.
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Figure 29. The effect of 120 pL exosomes, with/without 75 uM H20: treatment (as indicated),
on DNA damage in CHL-1 MM cells, based on OTM measurements. Error bars show
mean = SEM, n =3 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). Pairwise
comparisons were made against the NC group, unless indicated otherwise (horizontal line).
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Figure 30. The effect of 120 pL exosomes, with/without 75 uM H20z treatment (as indicated),
on DNA damage in CHL-1 MM cells, based on % tail DNA measurements. Error bars show
mean + SEM, n =3 (* p <0.05; ** p <0.01; *** p <0.001; ns = not significant). Pairwise
comparisons were made against the NC group, unless indicated otherwise (horizontal line).

3.3.3 Combined Treatment with Se and CBSC-Derived Exosomes

3.3.3.1 Cytotoxicity of Combined Treatment in CHL-1 MM Cells

Four different combination treatments (90 pL exosomes + 5 uM Se, 120 puL exosomes + 10 uM
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Se, 90 puL exosomes + 15 uM Se, and 120 uL exosomes + 20 uM Se) were tested against the
CHL-1 cell line, using the CCK-8 assay to evaluate their effect on viability in cells exposed to
oxidative stress (PC, 75 uM H202). Measurements were done at four different time points
(30 min, 12 h, 24 h and 48 h). All treatments reduced the viability of cells, with the strongest
effect seen for 120 pL. CBSC-derived exosomes combined with 10 uM Se (Figure 31). These
treatment conditions were therefore chosen for further study using the comet assay, compared

with untreated CHL-1 melanoma cells.
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Figure 31. Combined exosome and Se treatments reduce the viability of melanoma cells.
Cytotoxicity of the specified treatments in CHL-1 cells was assessed by CCK-8 assay at four
time points (up to 48 h, as indicated). Values are expressed as mean = SEM, n >3 (* p <0.05;

**p <0.01; *** p <0.001; ns = not significant). The different treatment combinations were
compared against the NC, as shown.

3.3.3.2 Effect of Combined Treatment on Genotoxicity in CHL-1 MM Cells

The genotoxic effects of exosomes, Se, and both together, on the CHL-1 MM cell line were
analysed using the comet assay (for three biological replicates). The treatment effects on DNA

damage were investigated both in isolation, and in conjunction with oxidative stress conditions
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(i.e., 75 uM H202). Compared with untreated controls, exposure to 120 puL exosomes produced
a significant increase in both OTM (12.5 versus 6.9) and % tail DNA (28.2% versus 21.8%) in
these cells (*** p <0.001; Figure 32 and Figure 33). Moreover, cells treated with 120 pL.
exosomes and 10 pM Se showed a greater increase in DNA damage relative to controls, with an
OTM of 15 and 40.1% tail DNA (*** p <0.001). Highly significant genotoxicity (*** p <0.001)
was also observed with co-treatment (120 pL exosomes and 10 uM Se) in cells stressed with

75 uM H20z, relative to the PC conditions alone.

25_ * Kk

*k %k

N
o
1

Olive tail moment

Treatment groups

Figure 32. Effect of 120 uL exosomes and 10 pM Se, either individually or in combination, on
DNA damage in CHL-1 MM cells stressed (or not) with 75 uM H202, as indicated, based on
measurements of OTM. Error bars show mean + SEM, n =3 (* p <0.05; ** p <0.01;

**% p <0.001; ns = not significant). Pairwise comparisons were made against the NC group,
unless indicated otherwise (horizontal line).
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Figure 33. Effect of 120 uL exosomes and 10 uM Se, either individually or in combination, on
DNA damage in CHL-1 MM cells stressed (or not) with 75 uM H20z, as indicated, based on
measurements of % tail DNA. Error bars show mean £ SEM, n =3 (* p <0.05; ** p <0.01;
*#% p <0.001; ns = not significant). Pairwise comparisons were made against the NC group,
unless indicated otherwise (horizontal line).

3.4 Discussion

In this chapter, cytotoxicity and genotoxicity assays were employed to investigate the potential
of Se or CBSC-derived exosomes, either separately or in combination, as potential treatments
for MM. In human lymphocytes, 10 pM Se was able to protect against H2O2-induced DNA
damage. The effect was more significant in lymphocytes from healthy controls (full rescue), with
only partial rescue observed in MM patient lymphocytes (Figure 16 and Figure 17). However,
for both sets of lymphocyte samples, treatment with 120 pL exosomes was also able to attenuate
the genotoxicity induced by oxidative stress, with a similar effect in both groups of subjects

(Figure 25 and Figure 26).

In the aforementioned experiments, a higher basal level of DNA damage (i.e., in untreated
lymphocytes) was also observed in the MM patients compared with healthy individuals. This is
important, given the suggestion that increased basal damage levels make cells more susceptible
to the effects of oxidative stress (Vinoth et al., 2015), and especially given that genomic
instability is a recognised feature of MM (Osrodek & Wozniak, 2021). Although it is tempting
to speculate that elevated basal DNA damage in MM lymphocytes is associated with cancer

development, this would have to be confirmed in age-matched cohorts (which does not apply in
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the current study), since oxidative stress and accumulation of DNA damage could also be

consequences of ageing.

In the CHL-1 melanoma cell line, Se treatment caused greater cell death and also exacerbated
genomic damage, under either basal or oxidative stress conditions (

Figure 11, Figure 18 and Figure 19). Similarly, CBSC-derived exosomes (120 uL) reduced the
viability of H202-exposed melanoma cells (Figure 22), but had no such effect on lymphocytes
from either healthy individuals or MM patients (

Figure 20 and Figure 21). In combination, these treatments were also cytotoxic to melanoma
cells—especially for 120 pL exosomes with 10 pM Se (Figure 31)—and co-administration
seemed to have an additive effect on DNA damage, even in unstressed cells (Figure 32 and Figure
33). Thus, the proposed treatments exhibited both cytotoxicity and genotoxicity towards CHL-1
melanoma cells, while generally demonstrating genoprotective effects in human lymphocytes,

as long as optimal concentrations were used.

Given the growing understanding of MM as an oxidative stress-associated disease (Section
1.2.2.2 Aetiology of MM), it may be that CHL-1 cells have higher basal ROS levels than either
group of lymphocytes, and this could be tested in future experiments. Alternatively, mutated
TP53 (found in this cell line, as noted above) has previously been associated with increased
genome instability (Hanel & Moll, 2012; Eischen, 2016), perhaps suggesting why these cells
were adversely impacted by the treatments, whereas lymphocytes were not. It might also be the
case that p53-dependent apoptosis is activated in the melanoma cells, and this possibility will be

explored in the following chapters.
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4) Gene Expression Analysis (RT-qPCR)

4.1 Introduction

Treatment of lymphocytes with Se and/or CBSC-derived exosomes consistently showed
protection against DNA damage and generally did not induce significant cytotoxicity. In contrast,
however, both treatments caused a substantial reduction in viability in CHL-1 melanoma cells.
It was therefore decided to investigate the underlying mechanisms in more detail, with a focus
on the key cell cycle and apoptosis-related proteins introduced earlier (Section 1.3 The Cell

Cycle and its Checkpoints).

The tumour suppressor 7P53 (p53) is a master co-ordinator of multiple cellular processes, but
generally acts as an antiproliferative factor by serving as a negative regulator of the cell cycle
(Lee et al., 2014) to prevent uncontrolled cellular growth. In mediating responses to genotoxic
stress, pS3 can activate apoptosis if the cell has experienced extensive genome damage (Aubrey
et al., 2018). This process is also likely to involve induction of the pS3 downstream target gene

CDKNIA (p21), which induces cell cycle arrest as described above (Brown et al., 2007).

Canonical apoptotic signalling results in activation of caspases, including CASP3 (caspase-3),
which commit the cell to apoptosis. This pathway is negatively regulated by anti-apoptotic genes
including BCL2 (Bcl-2) and related family members, as also outlined above, although BCL?2 is
of particular relevance given the currently mixed evidence regarding its role in MM (Section
1.3.4 Role of the Apoptosis Proteins Caspase-3 and Bel-2 in MM). Expression of all four of the
aforementioned genes was investigated in CHL-1 cells, noting also that p53-mediated apoptosis
has been previously characterised under H202-induced oxidative stress in glioma cells (Datta et
al., 2002). The expression of S7/00B was also measured, given that it is one of the most strongly
expressed S100 proteins in MM (as explained in Section 1.3.2 S100 Family Proteins in MM).
Importantly, S100B is known to interact with p53 (van Dieck et al., 2010), which represents

another regulatory mechanism that might affect apoptosis in MM cells.

Expression of the five aforementioned genes (7P53, CDKNIA, BCL2, CASP3 and S100B) was
measured at the transcriptional (i.e., mRNA) level using RT—-qPCR (Section 1.6.3 Reverse
Transcription—Quantitative PCR (RT-qPCR)) in conjunction with gene-specific primers. As
outlined above, this method first involves reverse transcription of extracted cellular RNA to

cDNA, to provide a template for PCR. By adding a fluorescent DNA-binding dye (SYBR Green)
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to PCR reactions, amplification of the target sequences can be followed in real time (using
successive rounds of thermal cycling), and relative transcript levels can be determined by

reference to a housekeeping gene (Figure 7); in this case, ACTB (B-actin).

4.2 Materials and Methods

The materials and equipment used in the RT-qPCR experiments are listed in Section 2.1
Materials(in Table 1 and Table 2, respectively). All stages of the experimental procedure,
including final data analysis, are described in detail above, in Section 2.3.11 Gene Expression

Analysis by RT—qPCR.

4.3 Results

4.3.1 Treatment Effects on Cell Cycle and Apoptosis Protein Expression

The transcriptional response to 120 pL CBSC-derived exosomes, 10 pM Se, or a combination of
both, was investigated in stressed (PC; 75 uM H202) CHL-1 melanoma cells, for the stated target
genes (TP53, CDKNI1A, BCL2, CASP3 and S100B). This experiment was intended to give insight
into the molecular mechanisms underlying the observed cytotoxicity for all of these treatments.
According to the findings of RT—qPCR, depicted in Figure 34, the PC conditions robustly
induced the cell cycle genes TP53 (p53) and CDNKIA (p21), along with the pro-apoptotic gene
CASP3 (caspase-3) (in all cases, ***p <0.001), while BCL2 and SI100B were slightly
downregulated, although the change was not statistically significant. In the treatment groups,
similar effects were seen: 10 uM Se or 120 pL exosomes both significantly increased the same
three upregulated genes relative to untreated cells (*** p <0.001). However, for 10 uM Se,
induction of all three upregulated genes was not as strong as for the PC, and in fact, CDKNI14
was not significantly changed relative to the untreated cells. For 120 pL exosomes, the
transcriptional response was only slightly attenuated relative to PC conditions, and the
combination treatment (10 uM Se + 120 pL exosomes) showed slightly higher expression of all
three genes. In all groups with H202, there was a substantial elevation in pro-apoptotic CASP3

compared with untreated control cells (*** p <0.001).
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Figure 34. Effect of 10 uL Se, 120 pL exosomes, or both, in stressed (75 uM H202; PC) CHL-
1 MM cells, on gene expression levels of 7P53 (p53), CDKNI1A (p21), BCL2 (Bcl-2), CASP3
(caspase-3) and S700B. Relative expression levels were determined using the 22T method

with ACTB (B-actin) as internal housekeeping gene. All values denote the mean = SEM of three

independent experiments (*** p <0.001; ns = not significant).

4.4 Discussion

Under oxidative stress (75 pM H202), expression of TP53, CDKNIA and CASP3 was strongly
upregulated in CHL-1 MM cells (Figure 34). This suggests induction of canonical responses to
DNA damage; namely, cell cycle arrest (CDKNIA) and apoptosis (CASP3), both mediated by
TP53. In turn, these findings indicate that normal p53-mediated pathways are functional, at least
to some extent, in CHL-1 cells, even though they carry a 7P53 mutation (Wu et al., 2017).
Treatment with 10 uM Se appeared to dampen these responses—especially for CDKNIA, where
the increase in mRNA levels was no longer statistically significant—and 120 pL exosomes had
a similar, but more marginal, impact. Combined treatment, using the same concentrations of Se
and exosomes together, appeared to amplify the transcriptional response slightly, and all three
genes remained strongly significantly upregulated. Although there was some evidence for
variation in S700B and the anti-apoptotic gene BCL?2 in all treatment groups, these expression

changes were not statistically significant at the transcript level.
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The above observations are potentially important, given that both treatments (Se and CBSC-
derived exosomes) induced heightened cytotoxicity and genotoxicity in stressed CHL-1 cells (as
reported earlier, in Section 3.3 Results). If the enhanced cell death with these treatments was
mediated through p53-dependent apoptosis, it might be expected that 7P53, CDKNIA and
CASP3 would be transcriptionally induced more strongly than under the PC conditions (75 uM
H202), and perhaps much more so, but this was not the case. It therefore appears likely that the
Se or exosome treatments, either individually or in combination, are able to induce cell death via
p53-independent mechanisms (even when the p53-dependent pathway is still functional), or at
least, by caspase-3-independent pathways. This is important because of the known mutation
and/or inactivation of p53 commonly found in MM, as noted above (Box et al., 2014), and marks
out the current therapeutic approach as a promising avenue for treatment of melanoma. To
confirm these findings, expression changes at the protein level were also measured for the same

genes, using Western blotting as the experimental approach. This is described in the next chapter.
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S) Protein Expression Analysis (Western Blotting)

5.1 Introduction

The results of gene expression analysis using RT—qPCR showed substantial transcriptional
upregulation for three of the five genes analysed (i.e., at the mRNA level), indicating that p53-
mediated cell cycle arrest and apoptosis are activated in CHL-1 MM cells exposed to H2O2. The
same genes generally remained significantly upregulated in the treatment groups with 10 pM Se,
120 pL exosomes, or both. To further understand the functional impact of the observed changes,
and to validate the RT—qPCR results, it is important to also consider how expression is affected

at the protein level.

This was approached using Western blotting, which is an ideal technique for this kind of analysis
(as explained in Section 1.6.4 Western Blotting). Here, it was used to measure changes in the
protein levels derived from the same five genes of interest (p53, p21, Bcl-2, caspase-3 and
S100B), in the same MM cell line as above (CHL-1 cells), after exposure to 75 uM H202 and
treatment with 10 uM Se, 120 pL exosomes, or both.

5.2 Materials and Methods

The materials and equipment used for Western blotting are listed in Section 2.1 Materials(in
Table 1 and Table 2, respectively). All stages of the experimental procedure, including data

analysis, are described in detail above, in Section 2.3.12 Western Blot Assay.

5.3 Results

5.3.1 Treatment Effects on Cell Cycle and Apoptosis Protein Expression

A series of Western blotting experiments was conducted, as described above, to evaluate the
protein expression of pS3, p21, Bcl-2, caspase-3 and S100B in melanoma cells exposed to 75 uM
H202 and treated with 10 uM Se, 120 unL. CBSC-derived exosomes, or both in combination.
Analysis of the data revealed a significant upregulation in the expression of p53, p21 and
caspase-3 proteins (Figure 35), in good general agreement with the RT—qPCR data. As before,
the extent of upregulation was lowest for 10 uM Se alone, highest for the combination treatment,
and intermediate for 120 uL exosomes only. The extent of upregulation (2—3-fold change) was

slightly less than seen in the RT—qPCR results (3—4-fold change), but nevertheless, the Western
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blotting results support the conclusions drawn from the transcriptional analysis. More
specifically, expression of p53 increased by 1.9-fold in 10 uM Se-treated cells (relative to NC).
Under the same conditions, expression of p21 protein increased 1.6-fold and expression of
caspase-3 by 1.8-fold. Exosome treatment showed stronger upregulation of p53, p21 and

caspase-3, with increases of 2.2-, 2.0- and 1.9-fold, respectively, compared with the control

group.

Interestingly, protein expression of Bcl-2 was significantly reduced, especially in the presence
of exosomes (*** p <0.001). This is also consistent with apoptosis induction, since Bcl-2 is an
anti-apoptotic factor. A reduction in S100B levels was also evident, although this change did not
reach statistical significance in any case. As also depicted in Figure 35, the combination of Se
and exosome treatment produced the strongest response, with significant (*** p <0.001)
upregulation of the p53 (2.7-fold), p21 (2.4-fold) and caspase-3 (2.4-fold) proteins in oxidatively
stressed (75 uM H202) CHL-1 melanoma cells. As already noted, these conditions resulted in
downregulation of Bcl-2 and S100B at the protein level, although this was only significant for

the former.
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Figure 35. Effect of 10 uM Se, 120 pL exosomes, or both, on the protein expression levels of
p53, p21, Bel-2, caspase-3 and S100B in CHL-1 melanoma cells stressed with 75 pM H20:.
Relative quantification used GAPDH as an internal loading control. For all treatments, there

was significant upregulation of the p53, p21 and caspase-3 proteins (with combination
treatment producing the strongest effect), and there was also significant downregulation of
Bcl-2 in all treatment groups. Data shows mean + SEM values, n = 3
(* p <0.05, ** p <0.01, *** p <0.001, ns = not significant).
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5.4 Discussion

In general, the Western blotting results support the conclusions from the RT—-qPCR experiments,
although the extent of upregulation of p53, p21 and caspase-3 was slightly less than at the mRNA
level. Nevertheless, significant activation of apoptosis is clear in all treatment groups, especially
for the combined Se and exosome treatment. Thus, induction of p53-mediated apoptosis is
significant in CHL-1 MM cells. An important additional finding from the Western blotting
experiments is downregulation of Bel-2 in all treatment groups, but especially where the CBSC-
derived exosomes were used (*** p <0.001, Figure 35). This was apparent at the transcript level,
but importantly, it reached statistical significance at the protein (i.e., functional) level. This is
noteworthy for two reasons. First, it indicates repression of anti-apoptotic signalling, which may
contribute to the cytotoxicity of these treatments towards melanoma cells, and is seemingly a
desirable characteristic of a potential new cancer therapy. Second, it is important in the specific
context of MM, since recent evidence suggests that high levels of Bcl-2 are found in at least a
subset of melanoma patients, and may correlate with decreased survival (Trisciuoglio & Del
Bufalo, 2021). Taken together, the RT—qPCR and Western blotting analysis, which has focused
on key genes of interest, has identified relevant molecular mechanisms for the action of Se and
CBSC-derived exosomes (especially when used in combination), on a melanoma cell line. This

approach therefore appears to offer promise as a therapeutic strategy for MM.

79



6) General Discussion

6.1 Overview

The current study has investigated the impact of external Se and CBSC-derived exosomes on a
melanoma cell line, in addition to lymphocytes from healthy individuals and MM patient donors.
The aim has been to study the potential of using these agents as a safe and effective antioxidant
and antitumour therapy in MM. As well as functional evidence, mechanistic understanding of
potential new cancer therapies is also crucial, to help establish which patients will most benefit
from them, but also to ensure a good therapeutic window (i.e., no harm to healthy cells). Here,
we present both of these aspects of the present results in relation to current knowledge. As far as
we are aware, no previous studies have focused on the combined effects of Se and CBSC-derived

exosomes on DNA damage in human lymphocytes from MM patients, or in melanoma cells.

Here, peripheral lymphocytes were used to identify genotoxicity, since they are the most suitable
option due to the ease of collection. Lymphocytes circulate throughout the body’s organs and are
present in the bloodstream, meaning that a significant proportion of them are exposed to both
exogenous and endogenous substances that might cause genotoxic damage (Li, et al., 2010).
Additionally, because subpopulations of lymphocytes survive for a long period and may have
been exposed to mutagenic stresses and accumulating genomic damage for more than 40 years,

they are an ideal model for studying genome sensitivity (Neel et al., 1989).

In this work, genotoxicity was assessed using the comet assay due to its sensitivity, simplicity,
time-efficiency and cost-effectiveness for assessing the integrity of cellular DNA (Azqueta et al.,
2022). It is a very economical, reliable and sensitive assay, and can also quickly and accurately
identify the apoptotic effects of various therapies or medications in cells, thereby explaining its
choice in this study. The alkaline comet assay is frequently applied to quantify DNA damage in
peripheral human lymphocytes, which can be brought on by a variety of agents including
mutagenic chemicals, oxidative stress and radiation. The information it provides is used to help
protect people against potentially genotoxic exposures, for example, to harmful chemicals and
pollutants (Dusinska & Collins, 2008). By measuring the ratio between two components—
namely, the comet head (undamaged, non-migrating DNA) and comet tail (damaged, migrating
DNA)—the assay allows for quantification of DNA damage. In this research, the OTM and % tail
DNA parameters were used to express the extent of DNA damage, since they were previously

found to be the most accurate indicators of this (Dusinska & Collins, 2008). Here, the comet
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assay was initially employed to identify the ideal H2O2 concentration that caused the most DNA
damage. In cells from MM patients and lymphocytes from healthy individuals, 75 uM H202 was

found to be optimal in this regard, and was therefore used for the remainder of the study.

In vitro investigations have often employed H2O: to induce cellular oxidative stress, with earlier
investigations identifying it as a contributing factor to DNA damage. Here, it was used as a model
of MM -associated oxidative stress, which is increasingly emerging as a characteristic feature of
the disease, as noted above (e.g., Emanuelli et al., 2022). The Fenton reaction [Fe*" + H202 —
Fe** + HO: + HO™] produces hydroxyl free radicals from H202 in the presence of ferrous iron
(Fe?"). The hydroxyl radical (HO-) is one of the main ROS that can damage DNA by accessing
the nucleus through aquaporins, also called water channels, which can be expressed on the
nuclear membrane. These radicals can damage DNA via multiple mechanisms; for example, by

attacking the sugar component to cause single-stranded DNA breaks (Das et al., 2015).

We determined cell survival/viability, and the cytotoxicity of treatments, using the trypan blue
dye exclusion method and CCK-8 assay, with lymphocytes from both healthy individuals and
MM patients. Groups were included with Se treatment at different concentrations and for various
time periods. Analysis of the trypan blue exclusion results demonstrated that cell viability
remained within the range of 75-85% after 48 h of treatment with 10 uM Se. The CCK-8 assay
gave similar results: cell survival did not drop below 80% in lymphocytes from healthy
individuals and MM patients in any considered treatment group (

Figure 10). However, the ICso for Se in the CHL-1 melanoma cell line was estimated as 10 uM
(

Figure 11).

Selenium has been under intense investigation for the last few years because of its potential use
in MM treatment. Selenoproteins are now known as key mediators of redox homeostasis,
including in MM, suggesting that melanoma sensitivity to free radical-inducing therapies,
including ascorbate, may depend on Se (Jankowski & Rabinowitz, 2022). The effectiveness of
Se is dependent on both the dosage and the chemical form. For example, methylselenol (MeSeH),
a small-molecule metabolite that can be generated in vivo from various forms of Se (Zeng et al.,
2009), triggers cell cycle arrest, induction of apoptosis, and induction of the unfolded protein

response, in cell cultures. Prodrugs of MeSeH have also been found to be effective in melanoma
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prevention, and as treatment agents in both transgenic and xenograft models of human MM

(Cassidy et al., 2013).

To explore the relationship between Se and cancer, The Nutritional Prevention of Cancer Trial
(Karp et al., 2013), conducted three RCTs using Se as a cancer treatment in 2002. High levels of
Se were used in each of these trials. The study authors concluded that high amounts were safe
and well-tolerated, but offered no benefits over placebo (Algotar et al., 2013; Karp et al., 2013;
Vinceti et al., 2018). However, recent observational and cohort studies have demonstrated
efficacy for low-dose Se in cancer treatment; and as is evident from the results presented above,
the current investigation does support this finding. Major cellular responses have been reported
in pancreatic ductal adenocarcinoma (PDAC) cell lines, at sodium selenite (Na2SeOs3)
concentrations between 15-30 uM (Moro et al., 2022), and we were able to determine the ideal
Se dosage for treating melanoma in the present study. According to our data, 10 uM Se is non-

toxic for healthy cells but toxic to CHL-1 melanoma cells.

Having established low off-target cytotoxicity for Se, we then investigated its genotoxic effects
on lymphocytes and melanoma cells. Lymphocytes from 20 healthy volunteers were exposed to
three different dosages of Se (10 uM, 25 uM and 75 uM), with 10 uM Se also being evaluated
for its protective effect against 75 uM H20: (PC). The comet assay revealed the least DNA
damage at 10 uM (Figure 12 and Figure 13), with Se treatment showing a beneficial (albeit not
statistically significant) effect on OTM and % tail DNA at both 10 uM and 25 uM. Importantly,
10 uM Se fully rescued the genotoxic effect of 75 uM H20.. Therefore, the optimal concentration
of Se was 10 pM. Our findings are in agreement with the study of Zuo et al. (2022), which also
demonstrated excellent responses for 10 uM and 25 uM dosages of Se, in terms of both OTM
and % tail DNA. In contrast, in the MM patient lymphocytes, 10 uM Se significantly reduced
the DNA damage in comparison with untreated cells, in terms of both OTM and % tail DNA
(*** p <0.001; Figure 14 and Figure 15). Furthermore, when stressed (75 uM H202) MM

lymphocytes were treated with 10 uM Se, the genotoxic impact was again significantly reduced.

The comet assay was also performed on the CHL-1 melanoma cell line, with Se treatment at the
estimated ICso concentration of 10 uM, either alone or in combination with oxidative stress (PC;
75 uM H202). In either case, Se exposure increased DNA damage in these cells (as judged by
both OTM and % tail DNA), and caused significant DNA damage when combined with the PC

conditions (Figure 18 and Figure 19). Thus, 10 uM Se is more genotoxic and more cytotoxic
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towards melanoma cells than it is towards healthy cells. These results in CHL-1 MM cells

suggested that the observed cytotoxicity might stem from DNA damage-induced apoptosis.

To explore this possibility, expression of cell cycle (7P53, CDKN1A) and apoptosis (TP53, BCL2,
CASP3) associated genes was assessed at the mRNA and protein levels using RT—-qPCR and
Western blotting, respectively. The results from the two techniques were generally in good
agreement, and showed induction of cell cycle arrest and apoptosis in CHL-1 cells stressed with
H202. Upon treatment with 10 uM Se, induction of 7P53 (p53) and caspase-3 (CASP3) was
maintained, although the slight dampening in response (relative to PC conditions) also hinted
that other mechanisms may be involved—e.g., suppression of Bcl-2 anti-apoptotic signalling—
as discussed earlier (in Sections 4.4 Discussion and 5.4 Discussion). Additionally, no significant
change was identified for the putative MM biomarker S700B, which has previously been shown
to inhibit p53-dependent apoptosis in MM (including lower caspase-3 enzyme activity) (Lin et
al., 2010). The fact that our treatment conditions did not induce this potential anti-apoptotic

factor would therefore seem to be an advantage.

As illustrated by the above, it is generally known that Se compounds mainly exert their
anticancer activity through apoptosis (Garbo et al., 2023), which includes activation of caspase-3
(i.e., the intrinsic apoptosis pathway). For example, sodium selenite (Na2SeO3) was able to
induce caspase-3 activity in LNCaP prostate cancer cells, as measured by functional enzyme
assay (Xiang et al., 2009). In another prostate cancer cell line (PC-3), sodium selenite (Na2SeO3)
was found to downregulate Bcl-2 by using Western blotting (Chen et al., 2013). Various studies
have investigated the anticancer effects of another important Se metabolite, methylseleninic acid
(MSA), which has the chemical formula MeSeO:2H. This is an oxidised form of methylselenol
that is derived from Se-containing amino acids (Tan et al., 2018). Qiu et al. (2019) used the CCK-
8 assay to show that MSA reduces the viability of breast cancer cells, and also used combined
Western blotting and RT-qPCR approaches to demonstrate downregulation of Bcl-2 and

upregulation of caspase-3 in response to treatment, similarly to the results reported here.

However, with Se metabolites, other cell death pathways can be involved (Varlamova &
Turovsky, 2021). In one important study, Lobb et al. (2018) investigated the anticancer properties
of MSA. In healthy cells (peripheral blood mononuclear cells), this treatment downregulated
caspase-8 (associated with the extrinsic apoptosis pathway) and increased glutathione levels,

whereas the opposite effects were observed in malignant cells (THP-1 leukaemia cells); i.e.,
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caspase-8 was upregulated and glutathione levels were depleted (Lobb et al., 2018). Thus, MSA
may exert antitumour effects by two mechanisms: by activation of apoptosis, but also through
increased ROS, which is consistent with other reports implicating elevated production of ROS

in the anticancer properties of various Se metabolites (Kim et al., 2021).

In this study, Se may therefore have acted against CHL-1 melanoma cells in two important ways.
First, the additional DNA damage induced by Se might be explained by the increased ROS
production that it seems to promote selectively in cancer cells (Kim et al., 2021), which was not
apparent in lymphocytes, consistent with the findings of Lobb et al. (2018). Second, it may
activate the extrinsic apoptosis pathway (which is associated with caspase-8), as observed by the
same authors in leukaemia cells, and also by Chen et al. (2013). This would be consistent with
the interpretation of the RT—qPCR and Western blotting results suggested above (as mentioned
in Section 4.4 Discussion), and it is quite plausible for both apoptosis pathways to be relevant,
given that p53 can induce both caspase-3 and caspase-8 (Chen, 2016). Overall, these
considerations offer a possible explanation for the observed effects with Se, and it would be

interesting to investigate this further in future work.

In this study, we have also explored the effects of CBSC-derived exosomes on the same cell
types as above. Exosomes carry information from the parent cells to other cells, meaning that
they can exert a paracrine effect on both healthy and malignant cells. Here, we used CBSC-
derived exosomes because numerous reports have documented their immunomodulatory
properties and their value in managing cancer (Zhu et al., 2022). There has previously been some
controversy over whether MSC-derived exosomes can inhibit or promote cancer cell
proliferation, but Karaoz et al. (2019) recently demonstrated that exosomes derived from
Wharton’s jelly (WJ)—part of the umbilical cord—do not promote cancer growth, using multiple
cell lines. Thus, some concerns over CBSC-derived exosomes for cancer treatment seem to have
now been alleviated. However, defining the optimal dosage of these exosomes has not been the
subject of many studies. Through the current experiments, we have determined the best dose for
melanoma. The CBSC-derived exosomes were essentially non-toxic to lymphocytes from either
healthy individuals or MM patients, over a range of doses, but they were cytotoxic towards
CHL-1 MM cells with an estimated ICso of 120 uM, according to the CCK-8 assay results
(Figure 22). Using the comet assay, we found that treatment of lymphocytes from healthy
individuals with 120 uM exosomes did not significantly alter DNA damage levels (Figure 23

and Figure 24), but the same treatment reduced DNA damage compared with untreated cells in
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MM patient lymphocytes (Figure 25 and Figure 26). Furthermore, in the same set of experiments,
treatment with 120 pL CBSC-derived exosomes exhibited a protective effect against H2Oo-
induced DNA damage in lymphocytes from both groups of donors.

In contrast, in the CHL-1 melanoma cell line, comet assay results showed that CBSC-derived
exosome treatment (120 uM) significantly increased DNA damage in both stressed (PC) and
unstressed (NC) cells (Figure 29 and Figure 30). Thus, these exosomes both inhibited the growth
of cancer cells and induced significant genotoxicity, without causing such harmful effects in
healthy lymphocytes. Analysis by RT—-qPCR and Western blotting, focusing on the same five
genes as above, indicated that p53- and p21-mediated cell cycle arrest, and caspase-3-dependent
apoptosis, remained active in CHL-1 cells treated with 120 pL exosomes. At the protein level,
there was also evidence for significant downregulation of Bel-2 (*** p <0.001) (Figure 35),
supporting a pro-apoptotic effect of the CBSC-derived exosome treatment. As in the case of Se,

no significant change in S700B was observed.

The present results for CBSC-derived exosome treatment are similarly in agreement with earlier
research where exosomes derived from WJ stem cells were found to inhibit proliferation of T24
bladder cancer cells (Wu et al., 2013). Using Western blotting, the same authors showed that this
effect was due to cell cycle arrest and apoptosis via upregulation of p53, p21 and caspase-3, as
seen here. The exosomes also strongly inhibited tumour growth in mouse xenografts of the same
cell line, presumably by the same mechanism. Similarly, Bruno et al. (2013) used bone marrow
MSC-derived exosomes to inhibit the growth of three different cancer cell lines in vitro and in
vivo. For example, in Kaposi’s sarcoma cells, exosome treatment was associated with an
approximately fivefold increase in p21 expression (by RT—qPCR) and caspase-3/7 activity (by
functional assay). In another example, camel milk exosomes were shown to be more cytotoxic
towards HepaRG hepatoma cells than normal liver cells (El-Kattawy et al., 2021). Comet assays
revealed that the exosomes caused DNA damage in the cancer cells, and RT—qPCR experiments
showed activation of apoptosis through upregulation of caspase-3 and downregulation of Bcl-2,

in common with the results presented here.

Together, the aforementioned studies illustrate that exosome from diverse sources (generally
originating from stem cells) can arrest tumour cell growth through genotoxicity and apoptosis.
The current findings build on this previous work to establish the utility of CBSC-derived

exosomes in MM, showing how they can similarly induce genotoxicity and apoptosis in
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melanoma cells. It is interesting to note, however, that exosomes derived from tumour cells
appear to have the opposite effect, inducing anti-apoptotic signalling in both normal and
transformed cells through upregulation of Bcl-2 and downregulation of caspase-3, at the protein
level (Huang et al., 2019). This suggests that stem cell-derived exosomes, such as the CBSC-
derived exosomes used here, can inhibit cancer growth by modifying the malignant phenotype
through cellular reprogramming, in line with the evidence discussed earlier (Section 3.1
Introduction), to ‘tip the balance’ back towards apoptosis. The findings of this study, and those
mentioned above, also suggest that this reprogramming may involve reactivation of cell cycle
checkpoints (e.g., p21 induction), which are often inhibited in cancer, as mentioned earlier

(Molinari, 2000).

In other studies, CBSC-derived exosomes have demonstrated immunomodulatory properties, as
noted above, inducing peripheral tolerance and modulation of the immune response (Xin et al.,
2012; Ludwig et al., 2012; Mokarizadeh et al., 2012). Such exosomes promote more proliferation
and differentiation of endothelial cells than any other type of exosomes. Also, human umbilical
cord MSC-derived exosomes have been found to kill liver cancer cells (Zhu et al., 2022) by
preventing cellular growth and causing programmed cell death. Moreover, they prevented
metastasis of the cancer cells. Exosomes therefore have an excellent treatment profile, and Xu et
al. (2020) recently reviewed the preceding 10 years of work on utilisation of human umbilical
cord MSC-derived exosomes in cancer treatment. According to their report, this class of
exosomes will become the preferred method for treating cancers in the future (Xu et al., 2020).
For example, exosomes have been suggested as a possible therapeutic strategy for PDAC, from
various perspectives—namely, cellular reprogramming (to overcome drug resistance),
immunomodulation and drug delivery (Papadakos et al., 2022)—but interestingly, a combination

with antioxidant therapy (such as Se) does not yet seem to have been considered.

The most promising results from this study concern the additive effect of combined Se and
CBSC-derived exosome treatment in CHL-1 MM cells. Both functionally (Figure 31, Figure 32
and Figure 33) and mechanistically (Figure 34 and Figure 35), the present findings suggest
complementary and/or synergistic actions of these treatments in cancer cells. The combination
treatment (10 uM Se + 120 pL CBSC-derived exosomes) caused more DNA damage in
melanoma cells than either agent alone (Figure 32 and Figure 33), and was also associated with
higher levels of cell cycle arrest (TP53, CDKNIA) and pro-apoptotic (7P53, CASP3) gene

expression than the individual treatments (Figure 34 and Figure 35). The previous studies
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outlined above may offer some rationale for these findings. For example, Se (and its metabolites)
can activate multiple mechanisms of cell death in cancer cells, including both the intrinsic and
extrinsic apoptosis pathways, as well as through elevated DNA damage. On the other hand,
CBSC-derived exosomes can induce cellular reprogramming to suppress anti-apoptotic
signalling, attenuate the malignant phenotype, and activate the intrinsic apoptosis pathway.
While there is some overlap in these functions, there are also differences, and these distinct

functional profiles may explain the beneficial effects of the combination therapy seen here.

Building on this, some evidence points to a potential synergistic immunomodulatory effect of Se
and CBSC-exosomes. Although the immune-modulating potential of the latter has already been
mentioned, Se may also have immunomodulatory effects in cancer cells, especially given its
known role in the immune system (as introduced in Section 1.5 Selenium and its Roles in Biology
and Cancer). A study by Lennicke et al. (2017) identified expression changes in cell surface
antigens in melanoma cells exposed to MSA, suggesting that Se might be able to restore normal
T cell responses during immune surveillance; and in the context of this study, to complement the
effects of exosome therapy. Thus, Se and CBSC-derived exosomes might represent a form of
complementary cancer immunotherapy, as well as acting by distinct (but overlapping)
mechanisms to induce greater genotoxicity and cytotoxicity in cancer cells than either treatment
alone. Given these multiple modes of action, together with the current experimental results, this

marks out the combination therapy described herein as a promising therapeutic strategy for MM.

In cancer therapy, exosomes have also been tried together with melatonin, as an alternative
antioxidant to Se, with promising results so far (Alonso Novais et al., 2021); although the
combination with Se appears to be new in this study, and certainly for MM (as noted above).
Meanwhile, other research has suggested that including an additional antioxidant, such as
ascorbic acid, may be able to further augment the anticancer effects of Se, since this combination
was recently shown to increase apoptosis and reduce viability in both breast cancer (MCF-7) and

colon cancer (HCT-116) cell lines (Ganash, 2021).

Finally, it is important to note that the present study is not an exhaustive investigation of all
possible concentrations and combinations of Se and CBSC-derived exosomes for the treatment
of MM; nevertheless, we have presented strong evidence that they can be beneficial for patients,
with seemingly no substantial adverse effects on the immunogenic response of healthy
individuals. However, further studies are required to establish a tighter timeline for translational

research and clinical application.
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6.2 Conclusion

For the treatment of MM, low-dose Se is a practical therapeutic approach. The use of high,
optimal doses of CBSC-derived exosomes also appears promising in the treatment of this disease,
and the present research may serve as a ‘standard shift’ towards more in-depth investigations;
especially considering the in vitro results that were obtained for combination treatment, which
we have consequently identified as the most promising approach. We now require preclinical
studies—followed by clinical research with high sample numbers—to validate, optimise and
administer effective MM therapy with ideal doses of Se and CBSC-derived exosomes. The next
logical step would be to investigate the in vivo efficacy of our new combination treatment (Se
plus CBSC-derived exosomes) in mouse models of MM, especially metastatic melanoma, where
there is an urgent need for new treatments. The combination of Se and CBSC-derived exosomes
could also be employed in targeted treatment for other illnesses, including various disorders
where exosome treatments are also under investigation. The future prospects for CBSC-derived
exosomes appear promising, as does the outlook for newer exosome mimetics in cancer
treatment (Vazquez-Rios et al., 2019). These mimetics have already been prepared from bone
marrow-derived and umbilical cord-derived MSCs (Kalimuthu et al., 2018; Zhang et al., 2022),
and the same technology could also be applied to CBSC-derived exosomes once their clinical

use in MM treatment has been established.

6.3 Further Perspectives

The results presented in this in vitro study have shown that CBSC-derived exosomes and Se (an
antioxidant) can decrease DNA damage in human lymphocytes from MM patients. The present
work has also established that Se and CBSC-derived exosomes can protect lymphocytes against
oxidative stress-associated DNA damage induced by H202. Moreover, the CBSC-derived
exosomes exerted cytotoxic and pro-apoptotic effects against the CHL-1 MM cell line, perhaps
through their induction of elevated DNA damage. The observed effects against cancer cells were
stronger in combination with Se. Further research is required to fully identify the mechanism of
action of these exosomes, and of the combination therapy with Se, to evaluate the impact of
genotoxicity on apoptosis using Western blotting, RT—qPCR and other appropriate techniques to
study relevant genes such as TP53 and CDKNI1A. The tumour suppressor 7P53 (p53) can induce

apoptosis, perpetual (but short-lived) cell cycle arrest, metabolic homeostasis and DNA repair
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(Aubrey et al., 2018). For example, the first p53 downstream target gene to be identified,
CDKNIA (p21), encodes a CDK inhibitor that plays a prominent role in cell cycle regulation,
and also has a critical role in tumour suppression by regulating DNA replication and repair
(Georgakilas et al., 2017). When stimulated by p53, p21 binds to CDK2, causing downregulation
of the latter and inducing G1 cell cycle arrest (Bostwick & Cheng, 2020) (i.e., preventing S phase
entry). These processes, and related pathways, should be explored in more detail. Given the
potential for treatment-associated p53-independent mechanisms of apoptosis, other options
could be considered. These include the extrinsic pathway (as discussed above), and also the
ERK1/2 pathway, whose activity can also be modulated by exosomes from a variety of sources,

including CBSC-derived exosomes (Frohlich et al., 2014; Wang et al., 2018).
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DATA COLLECTION FORM
(To be completed by the Doctor)
STUDY TITLE: Genetic and environmental effects in lymphocytes from different cancerous,
precancerous and inflaimmatory conditions using various genetic endpoints
REVIEWED BY LEEDS East RESEARCHETHICS COMMITTEE (REC)
(REC REFERENCE NUMBER: 12/YH/0464)

PATIENT NUMBEER [ | DATE OF SAMPLE
AGE [ |
SEX (PLEASETICK) | M | F | CONSENT
ETHNIC GROUP [ | INFOEMATION SHEET
OCCUPATION [
CURRENT SMOKER PASTSMOKER Y/N | HOW MANY/MUCH PER. DAY?
CIGARETIES CIGARS PIPE [ |
ATLCOHOL YN UNITS PER WEEK
DIET | WESTEERN [ ASIAN [ OMNIVORE [ VEGETARIAN [ VEGAN
VITAMINS / ANTI-OXIDANTS
(PLEASELIST)
PRESCRIBED DRUG USE
(PLEASELIST)
RECREATIONALDRUG USE
IF YESPLEASELIST [
MEDICAL Asthma COPD others
CANCER |

Inflammatory disease

i AN I AU b A B

[ ]

CANCER

Inflammatory disease

Pre cancerous state

OTHER MEDICAL CONDITIONS

(PLEASELIST)

Family history of cancer and

Inflammatory disease
Chemotherapy or radiotherapy

MOSTRECENT MEASURE
RESULT DATE RESULT DATE
WEIGHT OTHERS
HEIGHT
BMI
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A% UNIVERSITY OF

= ﬁ;—[ BRADFORD School of Life Sciences

MAKING KNOWLEDGE WORK

Participant Information Sheet for patients (Version 4, 28/01/2019).

Study title: Genetic and environmental effects in lymphocytes from different
cancerous, precancerous and inflammatory conditions using various genetic
endpoints.

Reviewed by Leeds East Research Ethics Committee (REC)
(REC reference number: 12/YH/0464)

Invitation to the research study

We should like to invite you to take part in a research study. Before you decide you need
to understand why the research is being done and what it would involve for you. Please
take time to read the following information carefully. Talk to others about the study if

you wish and you will be allowed around 24 hours to consider this.
(Part 1 tells you the purpose of this study and what will happen to you if you take part.
Part 2 gives you more detailed information about the conduct of the study).

Ask us if there is anything that is not clear or if you would like more information. Take

time to decide whether you want to take part.

Part 1

What is the purpose of the study?

In this study blood cells will be treated in a test tube with very small chemical particles
or UVA (Ultraviolet A light) to determine if patients with different diseases are more at
risk after exposure compared to healthy individuals. For example, chemicals and UV
(Ultraviolet) can break and damage the DNA of white blood cells. Further examination
of this resulting damage may improve our knowledge of the cancers and other
inflammatory diseases. The tests are not predictive for any kind of diseases and the test
results will not impact on you or the healthy volunteers with whom you are compared.
Blood samples for the study will be taken during the clinic visit in which you are
recruited, if possible, at the same time as the samples taken for your routine care.

A blood sample of around 2-4 teaspoons (20 ml) will be taken. Samples will be stored
only until the end of the study (after 8 years) and used for studies of similar nature or to

check original responses. The research is also used for some PhD programmes.
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Why have I been invited?

Because you are a patient at the Clinic, and we should like to determine if these small
chemical particles or UVA could be more harmful to you than to people without the
disease.

Do I have to take part?

No, it is up to you to decide. We shall outline the study and go through this information
sheet, which we shall then give to you. We shall ask you to sign a consent form to show
you have agreed to take part. You are free to withdraw at any time, without giving a
reason. This would not affect the standard of care you receive.

Part 2
What will happen to me if I take part?

Only a single blood sample will be taken for this research study. A brief questionnaire
will need to be completed by the researchers. Everyone will be given a coded study
number so that your clinical data will be linked in an anonymous way with the research
results.

The study tests are not predictive for you.

The data obtained will only be available to the research team and will not be returned to
you. Responses will be compared only on group basis i.e., collective responses from
patients with that individual disease compared to collective responses from people
without that disease. Results could be published in the form of scientific papers. The
work may benefit the medical and scientific community at large but will not be of direct
benefit to you as an individual. If, however, you would like more information, the
appropriate consultant will be prepared to talk to you individually about study results.

The data will be stored until the study is completed at the end of 8 years.

People who cannot take part in the study.

People who are not well enough to take part will be excluded e.g., those with anaemia.
If you have any further questions, you could contact the research team:

Prof Badie Jacob, NHS Trust, St Luke’s Hospital
Bradford Teaching Hospitals NHS Foundation Trust, BD5 ONA .
Telephone: 01274 542200

Professor Diana Anderson, Established Chair in Biomedical Sciences, BSc, MSc, PhD,
DipEd, FIBiol, FATS, FRCPath, FIFST, FBTS, FHEA, University of Bradford,
Richmond Road, Bradford, BD7 1DP and Honorary Research Consultant to Bradford
NHS Trust.

e-mail: d.andersonl@bradford.ac.uk

Dr Mojgan Najafzadeh MD, PhD, Postdoctoral Research Fellow, Division of
Medical Sciences, University of Bradford, Richmond Road, Bradford, BD7 1DP
Honorary Research Consultant to Bradford NHS Trust.
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