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Abstract

Melanoma is the most aggressive, deadly form of skin malignancy. Despite only
accounting for 5% of skin malignancy cases, it is the leading cause of death in the
world of skin cancer. The prognosis of patients with metastatic melanoma is grim,
with a 5-years survival rate of 5-19%. Melanoma affects people of working age,
having physical, psychological, social and financial implications. Current
diagnostic tools are invasive, anxiety inducing and costly. The clinical utility of
biomarkers in melanoma remains unclear. This has been identified as one of the
National Institute for Health and Care Excellence melanoma future research
recommendations. Circulating DNA has been suggested to be a potential
biomarker in cancer diagnosis with elevated circulating mitochondrial DNA
(mtDNA) being associated with increased risk of cancers such as, breast, non-
Hodgkin lymphoma and renal cell carcinoma. In melanoma, a handful of studies
show increased mtDNA level is associated with the disease. However, no study
has investigated mtDNA in the context of metastatic melanoma. In this thesis |
investigate patient serum levels of cell-free mtDNA in metastatic melanoma and
its potential role as a novel non-invasive biomarker. | also investigate the role of
elevated mtDNA in promoting melanoma disease progression specifically

investigating the liver as a known melanoma metastatic site.

My results indicated that circulating cell free mtDNA is elevated in metastatic
melanoma in both human and melanoma engrafted mice. In our small sample
size, the circulating cell free mtDNA level distinguished between the patient group
who remained in remission compared to the group who developed a relapse post
tumour resection. This highlights the potential role mtDNA may play as non-
invasive biomarker in melanoma. Mechanistically, in mice, | show that melanoma
engraftment mediated a downregulation of Stimulator of Interferon Genes
(STING) in the liver. STING is known to play a role in innate immunity. The liver
macrophages in melanoma engrafted mice exhibited a pro-tumour M2 like
phenotype. To our knowledge this is the first data that has demonstrated that
melanoma engraftment in mice resulted in the downregulation of STING in liver
macrophages. Overall, the data presented provides an insight into the functional
role that mtDNA plays in promoting an immunosuppressive microenvironment in

melanoma facilitating disease progression.
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1 Introduction

1.1 Melanoma

Melanoma is the most aggressive, deadly form of skin cancer (1). Despite only
accounting for 5% of skin cancer cases, it is the leading cause of death in the
world of skin cancer (1). The incidence of melanoma is among the fastest growing
cancers world-wide, accounting for 55,000 deaths annually (1, 2). Melanoma is
on the rise, and it is envisaged that the number of deaths worldwide are predicted
to increase to 175% by 2040 (1, 2). Thus, further research is required to
understand the complexity of this disease. The prognosis of patients with
metastatic melanoma is grim, with a 5-year survival rate of 5-19% (2).
Furthermore, melanoma affects much younger patients compared to other major
cancers (3). Melanoma affects people of working age, having physical,
psychological, social and financial implications (3). Better outcomes can be
realised through new therapies or improved diagnosis, developed from a better

understanding of the biology of the disease.

Melanoma arises from melanocytes cells situated in the basal layer of the
epidermis (Figure. 1.1) (4, 5). Melanocytes are responsible for producing melanin,
the pigment absorbing ultraviolet (UV) radiation (6, 7). It is the keratinocytes that
initiate the process of melanin production (8). In response to UV radiation,
keratinocytes release a-melanocyte stimulating hormone (a-MSH) (7). This binds
to melanocortin 1 receptor (MC1R) located on the melanocytes resulting in
melanin production (6, 7). This is then transferred to neighbouring keratinocytes,
accumulating melanin in keratinocytes (4). It is this melanin pigment in
keratinocytes in the top layer of skin that protects the living cells resident deeper
in the skin (8).
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1-1. Melanoma
A pigmented skin lesion with asymmetry, irregular

boarders and a non-uniform colour
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Melanocytes produce two types of melanin, eumelanin and pheomelanin,
producing a black/brown pigment and a red/yellow pigment respectively (9). It is
the ratio of these two pigments that determines the skin colour as opposed to the
number of resident melanocytes (9). Eumelanin the darker pigmentation provides
greater protection against UV light (9). It is well known that people with lighter
skin, blond/red hair and light eyes tend to have a higher risk of developing
melanoma (9). The MC1R partly determines the skin, hair and eye colour (10).
Variation in this MC1R gene determines the function of MC1R (10). Fully
functional MC1R produces eumelanin, while reduced MC1R function results in the
production of pheomelanin, which accumulate mutations mediated by UV
exposure (10). Skin cancer arises as a result of the accumulation of such
mutations (9, 10).

History of Melanoma

The first cases of melanoma documented was in 1651 where patients with ‘black
tumours’ resulted in their death (11, 12). Melanoma was initially thought to be a
fungal growth (12, 13). Surgical resection was the mainstay of treatment with a
Scottish surgeon, John Hunter believed to have performed the first melanoma
mass resection from a patient’'s mandible in 1787 (11, 13).

The genetics and hereditary components of melanoma was first noted in the
1820s where a patient with ‘fungoid disease’ was noted to have a father who
passed of a similar disease (14). This observation was made almost 50 years
before the understanding of Mendelian inheritance. It was also noted that patients
with a family history of ‘hereditary melanoma’ appeared to have numerous moles
(15, 16).

1.1.1 Melanoma: diagnosis and management

History and clinical examination form the initial steps in melanoma diagnosis. The

‘ABCDE’ system is used when clinically assessing a lesion (Figure 1.2) (17, 18).

16



Evolution or

Asymmery Border Color Diameter (=6mm) Elevation

B

1-2 The ABCDE system utilised when clinically examining a lesion

Asymmetry of the lesion, irregular boarders, non-uniform colour and enlarging
lesions are all red flags. The presence of one or more of these features makes
the lesion more likely to be a melanoma, warranting urgent confirmation of the

diagnosis (18).
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A tissue biopsy for histological detail analysis is required to confirm a suspected
diagnosis of melanoma (18). A histopathological analysis provides information on
defining features of the tumour such as the type of melanoma, depth of invasion,
presence of perineural invasion and ulceration, all of which have implications on
the management and prognosis (17, 18). The depth of invasion of melanoma to
the underlaying layers is a crucial part of the histological report as it determines
the risk of aggression, invasion and metastasis (17). This is known as the Breslow
thickness (BT) which is the measurement in millimetres (mm) of the depth of
melanoma from the skin down to the deepest layer of where the tumour resides
(17, 18). BT is utilised to determine the prognosis and management of melanoma
(19). It dictates the skin margins with which the tumour should be resected with
(Table 1.1) (19).

Table 1.1 Breslow thickness and associated prognosis.

Breslow thickness with associated 5-year prognosis (19)

Breslow  thickness | 5-year Recommended surgical margin
(BT) survival resection

<1mm 95-100% 1cm

1-2mm 80-96% 1-2cm

2.1-4mm 60-75% 2cm

>4mm 37-50% 2cm

Over the years as data about the treatment and survival of melanoma patients
mounted, a staging system known as the American Joint Committee on Cancer
(AJCC) TNM (Tumour, node, metastasis) was developed (20). This dictates the
management of melanoma patients today. The AJCC 8™ edition was released in
2016 (Figure 1.3) (20, 21).
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Tumour Size
T1a <0.8 mm without ulceration
T1b <0.8mm with ulceration or 0.8-1mm without ulceration
T2a =1-2mm without ulceration
T2b >1-2mm with ulceration
T3a =Z-dcm without ulceration
T3b =2-4cm with ulceration
Td4a =4 cm without ulceration
T4b =4 cm with ulceration
e
rd ™y
Nodes
NO No regional nodes
N1a 1 clinically occult node (detected by SLNBx)
N1b 1 clinically detected node
N1c In-transit, microsatellite or satellite with no regional node disease
N2a 2 or 3 clinically occult node {detected by SLNEx)
N2b ? or 3 nodes, 1 clinically detected node
N2c Tnode and in-transit, microsatellite or satellite
N3a 4 or more dlinically occult node (detected by SLNEx)
N3b 4 are mare, 1 clinically detected, or matted nodes
N3c 7 or more or any matted nodes + in-transit, microsatellite or satellite
A
-
Metastasis
MQ Mo distant metastasis
M1a Skin, soft tissue including muscles, and/or nonregional lymph node
M1b Lung with or without M1z sites of disease
M1c Mon-CMS visceral sites with or without M1z or M1b sites of disease
M1d CNS with or without M1a, M1k, or M1 sites of disease
There is a sub-classification if LOH is elevated. example M1a(1)
. ,f

1-3 Melanoma classification (22).

Melanoma is classified and staged using the internationally used TNM system
from the American Joint Committee on Cancer (AJCC) 8th Edition (20, 22).
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The clinical melanoma stages include stage 1-1V, which depends on thickness of
the tumour, infiltrating capacity of the tumour, lymph node involvement and the
presence of distant metastases (Table 1.2 & Figure 1.4) (20, 23, 24). Melanoma
is staged | or Il if there are no lymph node or distant metastasis involvement (20).
Stage Il signifies the presence of lymph node metastasis, and stage IV includes

patients with distant metastasis (20).

Table 1.2 Melanoma staging

Melanoma staging: AJCC clinical and pathological staging assignment

(20)

Stage TNM classification 5-year survival
Stage 0 (Melanoma in | Melanoma in situ, No=0, | >98%
situ) MO
Stage | (A, B, C) T 0.8-2mm +/- ulceration | 92-97%
Stage Il (A, B, C, D) T >1.0-4.0mm +/- | 53-81%

ulceration
Stage Il (local-regional | Any T, 21N, MO 40-73%
lymph node involvement)
Stage \Y (distant | Any T, any N, M1 15-20%
metastasis)
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1-4 lllustration of melanoma staging 0-1V (25).
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Stage 0: Melanoma in-situ, Stage I-lI: depends on the histological features of the

tumour, Stage lll: local regional lymph node involvement detected either clinically

or by sentinel lymph node biopsy (SLNB), Stage IV: signifies metastatic

melanoma with metastasis to distant regions (20, 21, 25).
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There is currently no consensus on the ‘ideal imaging’ for melanoma (26). Imaging
outside of stage IV is not routinely recommended in melanoma, unlike other solid
tumours (26). For stage |V, staging computed tomography (CT) of the thorax,
abdomen and pelvis as well as magnetic resonance imaging (MRI) brain is carried
out (26, 27). CT with or without positron emission tomography (PET) and an MRI
are considered in stage Ill patients and in stage Il if the melanoma has high risk
features (27).

Melanoma subtypes

Cutaneous or skin melanoma is the commonest type of melanoma accounting for
94% of cases (28). Other types include uveal and mucosal melanoma accounting
for roughly 5% and 1% of melanoma subtypes respectively (29-31).

Based on the histology and growth pattern, cutaneous melanoma is given its
subtype name (Table 1.3) (32). This includes the most common type superficial
spreading melanoma, the aggressive nodular melanoma, lentigo maligna
melanoma, and acral lentiginous arising on palms, soles and nails (32). The acral
lentiginous type is often detected late on due to its site (32). Other melanoma
subtypes include the non-pigmented amelanotic melanoma, and desmoplastic
melanoma which has a high local recurrence rate (32).

Subtype Frequency | Characteristic

Superficial 70% Arises from existing nevus

spreading

Nodular 5% Absence of radial growth, robust vertical
invasion

Lentigo Maligna 4-15% Typically exhibits slow progression

Acral lentiginous 5% Higher incidence in patients with darker skin

pigmentation, typically occurs on palms,

soles, and subungual spaces

Amelanotic 4% Absent pigmentation and rare

Desmoplastic <4% Seen in older patients

Table 1.3 Cutaneous melanoma subtypes.
Cutaneous melanoma subtypes are based on site and histological features and

have different prognosis (32)
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1.1.2 Treatment: surgical and systemic therapy

Surgical resection

Surgical rection of the tumour including surrounding healthy skin known as wide
local excision (WLE) is performed for localised disease, the margins resected
depend on the BT (Table 1.1) (19, 33). With this WLE, sentinel lymph node biopsy
(SLNB) is indicated in tumours of a BT>1mm and should be performed in the
same setting (33, 34). Sentinel lymph node is the first node that receives lymphatic
drainage from the area that drains the tumour (35). SLNB is the most important
staging and prognostic tool in melanoma (35, 36). It identifies patients for adjuvant
systemic therapy and guides the intensity of follow-up (35, 37).

Unlike surgical resection of localised primary melanoma, resection of metastatic
melanoma aims to provide local regional control of the disease and not a cure
(38). Metastatic melanoma patients (stage IV) require adjuvant therapy post
resection (38). Adjuvant therapy can include targeted therapy and
immunotherapy, which have surpassed chemotherapy that is rarely used for
advanced melanoma these days (38).

Targeted therapies

Several targeted therapies have been developed for known somatic molecular
mutations (39). The most common targeted therapy used is the BRAF inhibitor
such as Vemurafenib. BRAF is a gene that encodes the protein B-RAF, which is
known to play a role in the signalling pathways regulating cellular proliferation (39,
40). 50% of melanoma contain activating BRAF mutations (39). The targeted
therapy is utilised in melanoma with BRAF mutation in advanced melanoma (40).
These agents are highly effective; however, treatment resistance appears to
develop in many patients over a relatively short period of time (41, 42).

Immunotherapy

The development of immunotherapy over the past 30+ years has transformed the
management and prognosis of advanced and metastatic melanoma (43-46).

Immunotherapy utilises the body’s immune system and its ability to recognise self-
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healthy cells against ‘non-self’ cells (45). The major histocompatibility complex
(MHC) class system allows for this information to be communicated with the
immune system (47). All cells have MHC class | on their cell surface, which display
either ‘self-proteins’ or ‘non-self-proteins’ depending on the cell. The displayed
non-self-proteins trigger the immune system to mount a response against this
non-self-cell (48). Although cancer cells are in essence self-cells, they are
mutated cells displaying proteins on the MHC that trigger the immune system (48).
The produced and displayed proteins by tumour cells are known as tumour
associated antigens (TAA), tumour specific antigens (TSA) and melanoma
differentiation antigens (MDA) in melanoma cells (48). These antigens when
displayed on the MHC class | proteins trigger the immune system (49). This occurs
due to their recognition by the T-cell receptors on cytotoxic CD8+ T-lymphocytes
(49). These T-cells begin to infiltrate the tumour. Such event is evident in
histological slices where tumour infiltrating lymphocytes (TIL) are observed (49).
The number of these TIL present can be a prognostic marker, where the absences
of TIL can indicate that the tumour has evaded the immune systems response
(50, 51). This is often associated with a worse prognosis (50, 51).

Tumours can develop several mechanisms that allow them to escape the immune
systems response (52-54). Melanoma which has the highest mutation rate of all
cancers is particularly good at achieving this (52, 53, 55). Some of the
mechanisms believed to allow melanoma cells to evade the immune system
include down regulation of MHC class | proteins, TAA and MDA avoiding attack
by the cytotoxic T lymphocytes (52, 53, 56). Additionally, melanoma cells can
produce immune suppressive cytokines and inhibitory molecules such as
prostaglandin E2 and [-transformation growth factor (56). Furthermore,
melanoma is known to utilise the innate immune check point system to its survival
advantage (52, 57). T-cells contain the programmed cell death protein 1 (PD-1)
on its surface which recognises the ligand (PDL1) on the surface of somatic cells
(58). This interaction allows the immune system to recognise ‘self’, preventing an
immune system overdrive, which would otherwise attack self, resulting in
autoimmune pathology (59). Melanoma cells manipulate this and appear to exhibit
an upregulation of PDL1 (49, 59). This results in an ‘off state’ of the immune
system, facilitating tumour evasion of the normal immune response (Figure 1.5A)
(60). To overcome this, immune checkpoint inhibitors, were developed and came
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into clinical use in 2011 (38, 61). This revolutionised the way high risk and
metastatic melanoma is now managed, greatly enhancing prognosis (46, 62, 63).
Immune check point inhibitors are antibodies against PD1/PD-L 1 blocking the
two from binding, thereby allowing the immune system to mount a response

against tumour cells (Figure 1.5B) (60).
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1-5 T-cell interaction with melanoma cells (60).

(A) MHC class | complex on melanoma cells is detected by the TCR on T-cells
resulting in the activation of T-cells. T-cells contain PD1 molecule on its surface
that interact with the PDL1/2 on the melanoma cell surface, this binding leads to
the deactivation of T-cells. This mechanism is normally in place to keep the
immune system in check, preventing immune response against ‘self’. However, in
melanoma this allows the tumour to evade the immune response.

(B) In immunotherapy the antibody (Anti-PDL1/2, anti-PD1) blocks this interaction,
allowing for the immune system to continue to mount a response against the
tumour cells.

Abbreviations: DC, dendritic cell; CTLA4, cytotoxic T lymphocyte antigen 4; PD1,
programmed death 1; TCR, T-cell receptor, MHC, major histocompatibility
complex; PD-L1, programmed death-ligand 1; PD-L2, programmed death-ligand
2.
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Treatment with Pembrolizumab, an anti-PD1 antibody agent, in patients with
metastatic melanoma is said to have a 12-month overall survival rate of 73%
compared to 43% in patients treated with the chemotherapy agent, dacarbazine
(64).

However, the side effect profile of these checkpoint inhibitors can be extensive
given that self-non-pathological somatic cells are also attacked in the process
(65). The side effect can include colitis, inflammatory conditions of the skin and
endocrine organs (65-67). For some patients the side effects are so debilitating
that treatment is terminated and alternatives sought (66, 68, 69). In addition to the
side effects, some patients either do not respond to these agents or some go on
to develop resistance to the therapy (70-72). To date the reasons for this are not
fully understood (70, 73). This has led to the debate about the need to develop a
tool such as a biomarker to be able to predict which subset of patients are likely
to respond to treatment (65, 74, 75). Furthermore, the need to develop other
targeted therapy and agents to further enhance the management of advanced

metastatic melanoma is essential.

1.2 Biomarkers in Melanoma

Current diagnostic and prognostic tools used in melanoma are invasive and costly
(76). A tissue biopsy requiring the use of anaesthesia is the standard diagnostic
test currently (18). Additional investigative tools are also utilised including sentinel
lymph node biopsy, and imaging in the form of CT, MRI and PET scans depending
on the features of the tumour and patient status (19, 76-78). Sentinel lymph node
biopsy is considered the most important staging tool for melanoma (79). Sentinel
lymph node biopsy requires patients to undergo an invasive surgical procedure
under general anaesthetic to acquire the prognostic information (79). Additional
risks of the invasive procedures currently utilised include pain, infection, bleeding,
scaring, wound breakdown, and delayed healing (77, 78). Radiological screening
is not the answer as it has a low ‘pick-up’ rate for metastases (26). A non-invasive
screening biomarker to identify subclinical disease progression is required for

melanoma, particularly now that effective systemic therapy is available for these
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patients (80-82). A specific and sensitive biomarker is required for melanoma
detection, predicting patient outcomes, and response to treatment (82-85).

The clinical utility of biomarkers for various tumours such as prostate cancer
(prostate specific antigen- PSA), and some solid tumours have had a notable
impact on the management of such cancers in terms of screening, detection of
treatment response, and recurrence (86, 87). The clinical utility of biomarkers in
melanoma however remains unclear (88, 89). This has been identified as one of
the National Institute for Health and Care Excellence (NICE) melanoma future
research recommendations (90). Biomarkers in a form of a non-invasive simple
blood test obtained in the outpatient department setting, have a role to play in
place of the currently used invasive, costly, and anxiety inducing investigations
such as biopsy and imaging (84).

Biomarkers are molecules that can be detected in blood, urine, saliva, and tissue
yielding information on disease progression, response to treatment and
recurrence (82, 84, 91, 92). Melanoma biomarkers can broadly be divided into
diagnostic, prognostic and predictive biomarkers (84). A diagnostic biomarker
detecting melanoma in the early stages ideally, whilst a prognostic biomarker
would yield information on the patient outcomes and survival independent of the
treatment (82, 83). A predictive biomarker on the other hand would indicate the
patient’s likelihood of benefit from a selected treatment such as immunotherapy
or targeted therapy (93, 94). This would assist in selecting the patients most likely
to benefit from such treatment, avoiding giving treatment to patients who may not
benefit, given the extensive side effects and potential toxicity (65, 66, 68-70). A
predictive biomarker would allow for personalised patient specific treatment to be
provided (93, 95). Predictive targeted therapy biomarkers such as the BRAF
V600, which is an oncogene and if mutated (V60OE) as is the case in more than
50% of cases, would guide targeted therapy selection in such patients (96). Whilst
a prognostic biomarker would guide patient triage for optimal therapy to be
administered (97).

Liquid biopsy, the term given to circulating molecules found in biological liquid
samples, are non-invasive and can yield valuable information in real time (98).
Over the past two decades research on liquid biopsy as an adjuvant to traditional
biopsies in cancer has generated more than 9 000 publications and 3 000 clinical
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trials (99). Currently there is no liquid biopsy in clinical practice use for melanoma
(98, 99).

Circulating liquid biomarkers are non-invasive, overcome tissue biopsy sampling
bias, and allow for patient response to therapy to be tracked and monitored over
time (98, 99). Additionally, the information a tissue biopsy provides is limited by
the tumour features that were present at the time of sample collection (100).
Currently histological features are used as a prognostic and a predictive
biomarker, including the tumours thickness, presence of ulceration, and the mitotic
rate (101, 102). The histological features are part of the melanoma staging
system, 8™ edition American Joint Committee on Cancer (AJCC) (20, 21). In
addition to lactate dehydrogenase (LDH), the only circulating biomarker currently
in use for melanoma in practice as a prognostic tool (88, 103). A high LDH level
is associated with poor patient outcomes, and survival in advanced metastatic
melanoma (104-106). While a reduction in LDH from baseline is associated with
immunotherapy response on the first follow up CT scan (107, 108). Other
circulating proteins such as S100B, and melanoma inhibiting activity (MIA) were
discovered and thought to have a prognostic value, but none have materialised
into clinical practice (84, 109-111). Over the years several molecules have been
identified as potential liquid biomarkers for the diagnosis, predictive or prognostic
indicators in melanoma (112).

Of the emerging technologies, molecular profiling seems to have resulted in the
bulk of melanoma liquid biomarkers discoveries (113-116). This is partly because
the signalling and genetic alteration mediating the formation, and progression of
melanoma can be identified through molecular profiling techniques (112). Liquid
biopsy biomarkers identified through molecular profiling include circulating tumour
cells (CTCs), circulating tumour DNA (ctDNA), and cell free DNA (cfDNA) (Figure
1.6) (98, 112, 117).
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1-6 Liquid biopsy in melanoma (98).

Liquid biopsy in melanoma discovered and currently investigated include the
circulating biomarkers circulating tumour cells (CTC) and circulating tumour DNA
(ctDNA) (98).
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Circulating tumour cells can be detected in the circulation at a rate of one CTC
per million leukocytes (118). Thus, CTCs is a very small proportion of tumour cells
in the circulation (118). CTCS reflects tumour burden and is associated with poor
patient outcomes (119, 120). CTCs are currently investigated for its diagnostic
and prognostic value in advanced cancer namely metastatic breast, colon, lungs
and prostate (121, 122). Its use and role in early-stage cancer is limited due to the
challenges in its detection at early-stage disease (117). In melanoma, circulating
melanoma cells (CMC) have been detected utilising gPCR of melanocyte specific
genes (123). Additionally, enrichment of melanocyte surface markers has also
been possible owing to the development in enrichment and cell isolation
technologies (123). CMCs have been found to have a prognostic value in
advanced but not early-stage melanoma, but its detection sensitivity remains low
(124-126). This has hindered the use of CMCs in clinical practice. ctDNA is
fragmented DNA shed into the circulation by the cancerous cells (127-131). It
consists of 130-170 bp and thought to be present because of tumour cell
apoptosis, cellular necrosis, or macrophage phagocytosis of the cancerous cell
(131). ctDNA has a short half-life of 16 minutes to 13 hours (132-135). In early-
stage melanoma ctDNA was undetectable (136). However, in advanced
melanoma longitudinal assessment of ctDNA levels including ctDNA BRAF
mutations, levels were found to be predictive of treatment response in patients
receiving immunotherapy (137-139). Additionally, patients with a so called
favourable ctDNA profile where the ctDNA is undetectable at baseline for example
was associated with a superior progression free and overall survival (140-142).
This contrasted with patients who had an unfavourable profile of detectable ctDNA
at baseline and throughout treatment, whom had a far inferior overall survival rate
(137, 143). ctDNA levels were also found to be associated with tumour burden
and overall survival in patients with uveal melanoma (144).

ctDNA quantification is carried out by several techniques including gPCR, digital
droplet PCR and next generation sequencing (145). Sampling consistency and
variations in the blood collection and processing of samples, seem to have halted
ctDNA from making it into clinical use (146, 147). As well as having a short half-
life, there is also an increase in ctDNA in blood collection tubes that is time
dependent (146). Numerous factors come into play including collection time from
serum separation, transportation and storage (148). All these factors can impact
white blood cell lysis increasing cfDNA, and ctDNA fraction is low compared to the
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total background of cfDNA (146). Unlike ctDNA, cfDNA is DNA found circulating
freely in peripheral blood of both healthy controls as well as patients with cancer
(149, 150). The detected levels vary where a concentration of 2ng/ml (range 1-6
ng/ml) is detected in healthy controls compared to an average concentration of 8
ng/ml (range 1-42 ng/ml) found in lung cancer patients (151, 152). The source of
cfDNA is thought to be from cellular phagocytosis, necrosis and apoptosis,
although the exact mechanism is not fully understood (153). Whilst ctDNA are of
cancer cell origin, its release contributes to the total amount of cfDNA, thereby
increasing the total level of cfDNA detected in the presence of cancer (150).
cfDNA has been found to have prognostic value and act as a marker of tumour
burden in patients with metastatic melanoma (142, 154). Like ctDNA detection,
currently there is a lack of a uniform standard practice in extracting and detecting
cfDNA (153). Several studies have utilised a wide range of commercially available
cfDNA extraction and purification kits including spin columns or magnetic beads,
as well as a variety of blood sample collection tubes (155, 156). However,
currently there is no standardised optimal practice when it comes to extracting
and measuring cfDNA (156, 157).

1.2.1 Mitochondrial DNA

Much of the current research on melanoma biomarkers has in the main focused
on nuclear DNA (158, 159). To date this has not materialised or translated into
clinical practice (160). In addition to nuclear DNA, mitochondrial DNA (mtDNA)
can also be detected (161). Compared to nuclear DNA, mitochondrial DNA has
significantly higher copy numbers from 1000 to 10, 000 per cell, simpler structure,
and shorter length (161). This makes mtDNA easier to sample and process during
molecular analysis (161, 162). Thus, mtDNA could potentially be a preferable
choice for a non-invasive biomarker (162, 163). Mitochondrial DNA could
potentially be utilised in the outpatient department skin clinics to correlate levels
of mtDNA with clinical severity, recurrence, progression, and response to
treatment (161, 162, 164, 165). There have been very few studies looking at
mtDNA in melanoma (166, 167). Epidemiological studies have illustrated that
there is a significant association between mtDNA copy number and an increase

in risk of cancers such as breast, non-Hodgkin lymphoma, renal cell carcinoma,
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lung and pancreatic cancer (168-176). However, there has only been a handful of
studies looking at mtDNA copy number in melanoma (166, 167, 177). One of
which had a large sample size of 500 melanoma patients and 500 healthy controls
(167). In this study 500 patients with melanoma and 500 healthy controls had their
mtDNA copy number measured in peripheral blood, utilising gPCR (167). They
found that the mean mtDNA copy number was significantly higher in melanoma
patients compared to healthy controls. Additionally, the study found that increased
mtDNA copy number was associated with an increased risk of melanoma by 1.45-
fold. This study however only looked at mtDNA copy number in patients with early-
stage melanoma. Furthermore, it was a retrospective study, hence no tracking of
mtDNA level and monitoring of disease response to treatment or progression were

investigated.

1.2.2 Mitochondria and mitochondrial DNA

Mitochondria is a double membrane organelle referred to as the ‘powerhouse’ of
cells (178). It supplies the necessary energy in the form of a molecule known as
adenosine-5'-triphosphate (ATP) via oxidative phosphorylation and glycolysis in
the electron transport chain (178). The mitochondria maintain its own genome,
known as mitochondrial DNA (178). mtDNA unlike the linear nuclear DNA, is
circular in structure and is much smaller containing 16, 569 base pairs as opposed
the 3.3 billion base pairs forming the nuclear DNA (178). Each cell can contain
hundreds of copies of mMtDNA compared to only one nuclear DNA per cell (178).
This genome consists of 37 genes, coding 13 proteins, 22 transfer RNA (tRNA),
and 2 ribosomal RNA (rRNA) (178). The 13 proteins such as ATP synthase form
the enzyme complexes required for the oxidative phosphorylation generating the
energy, ATP (178). Interestingly mtDNA is maternally inherited and can be used
to trace back the maternal family tree (178). The clinical relevance of this
inheritance pattern is that mitochondria linked diseases are maternally inherited
(178).

There are different theories surrounding the origin of mitochondria (179). The
endosymbiotic theory is one theory that is commonly accepted (179). It postulates
that mitochondria originated from a single cell organism that originally engulfed a
‘mitochondria like bacteria’ (179). As a result of this, mitochondria retained some
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bacterial features such as triggering an innate immune response when its

substances are encountered by the immune system (179, 180).

Mitochondria also play a role in regulating apoptotic pathways when trigged by
cellular damage and stress (179, 180). In response to such cellular triggers, the
mitochondria produce damage-associated molecular patterns (DAMPSs) including
proteins, lipids, mtDNA, adenosine triphosphate (ATP), mitochondria RNA
(mtRNA) (Figure 1.7A) (180-182). DAMPS including mtDNA are released into the
cytosol if the integrity of the mitochondria’s membrane is comprised and impaired
due to trauma and cellular stressors (182, 183). The cGAS-STING (cyclic GMP-
AMP synthase stimulator of interferon genes) pathway senses the mtDNA, now
present in the cytosol, causing the release of interferons (184, 185). This results
in the activation of several inflammatory pathways such as Interferon regulatory
factor 3 or 7, which play a role in innate immune responses (184, 185). The
activation of such inflammatory pathways results in the release of pro-
inflammatory cytokines initiating an innate immune response (Figure 1.7B) (186,
187).
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1-7 DAMPS and the immune response.

(A) Mitochondrial-derived Damage Associated Molecular Patterns (DAMPS).
When mitochondrial function and structural integrity is compromised through
trauma, stress, infection or pathology, mitochondrial damage-associated
molecular patterns (DAMPs) such as mtDNA, ATP are released into the cytosol
(182).

(B) mtDAMPS detection triggers and an immune response.

mtDNA and mtDAMPS are recognised by receptors such as Toll like receptor
(TLR) which in turn stimulate immune cells including macrophages and dendritic
cells to mount an inflammatory and immune response against the offending
stimuli. (186)
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In the early phase of this innate immune response, the offending cells are attacked
and ejected by the immune system (188). However, if the trigger persists this can
result in chronic inflammation (188). It is now believed that in a tumour
microenvironment, the initial immune anti-tumour response can eventually lead to
a diminished anti-tumour immune response contributing to immunotherapy

resistance in cancer patients (188).

1.2.3 mtDNA: innate immune activator

Cell-free mtDNA contains islands of unmethylated cytosine-guanine dinucleotide
(CpG) motifs which are recognised by pattern recognition receptors and are
potent activators of the innate immune system (189, 190). The CpG islands in the
mitochondrial DNA are recognised by the cyclic GMP-AMP synthase (cGAS), and
pattern recognition receptors (PRRs) such as Toll-like Receptor 9 (TLR 9) (191).
Its recognition triggers the innate immune signalling pathways (182, 190, 191).
mtDAMPs in general have come into focus as mediators of inflammation, with
mitochondrial DNA (mtDNA) being the most documented (191).

1.2.4 mtDNA and the cGAS-STING signalling pathway

The cGAS activated by sensing mtDNA results in synthesis of 2’3 cyclic GMP-
AMP (cGAMP) (192). The cGAMP then leads to the Stimulator of interferon genes
(STING) activation from its resident site of the endoplasmic reticulum (192). The
STING activation results in the release of IRFs (192). This enhances the action of
the immune effector cells such as T-cells and antigen presenting cells (192). It is
understood that this activation of the innate immune system in the acute phase
results in the anti-tumour/trauma effect (192). However, ongoing activation of this
cGAS-Sting pathway has been shown to exhibit an immune suppressive
response. Here the immunosuppressive immune cells such as myeloid-derived
suppressor cells (MDSCs) infiltrate the tumour resulting in immune suppression
and treatment resistance (192, 193).
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mtDNA: potent TLR inducer

Toll-like receptors (TLRs) are known to have an established role in detecting
pathogen-associated molecular patterns (PAMPs), mounting an innate
inflammatory response (Figure 1.8) (192, 194). mtDAMPS released during trauma
or cell death are detected by TLRs resulting in the activation of NF-kB and IRF3
signalling pathways, resulting in the release of pro-inflammatory mediators in the
tumour microenvironment and interferons respectively (192-194). mtDNA driven
activation of TLR9 has been implicated in several diseases including chronic liver
inflammatory disease and non-small cell lung cancer (193, 195-197).
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1-8 Innate immune system recognition of mtDAMPS and its components
(192).

Toll-like receptors detecting mitochondrial DAMPS results in the activation of

several signalling pathways. The activation of transcription factors IRF3 and 7

induces the expression of type | interferon genes. While the translocation of NF-

KB results in the upregulation of genes encoding proinflammatory cytokines such
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as IL-1, IL-6 and TNF-a. The TLR- NF-kB pathway can also induce the
inflammasome gene expression, which ultimately leads to secretion of IL-13 and
IL-18. All of this results in chronic inflammation in the tumour microenvironment

facilitating tumour survival (192, 195).
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1.2.5 mtDAMPs and cancer

mtDAMPS appear to play two distinct roles in tumour modulation (198). Acute
activation of the innate immune signalling pathways leads to the generation of
cytokines, which target tumour cells (198). However chronic stimulation of such
pathways is thought to have the opposite effect (198, 199). Here the
immunosuppressive cells gather in the tumour microenvironment, facilitating the
survival, proliferation and potential metastasis of tumour (198, 199). Additionally,
it is believed that chronic stimulation of these innate immune pathways, can
induce resistance in cancer cells (199). This is observed in interferon chronic
stimulation resulting in over expression of the immune check point programme
cell Death-ligand-1(PD-L1), which would normally act to keep the immune system
in check (200). However, in a cancer context this allows cancerous cells to avoid
attack and apoptosis mediated by T-cells (200, 201). Up regulation of PD-L1 was
observed in melanoma where increased levels of TNF-a in the tumour resulted
from the activation of NF-kB transcription factor complex (202). Furthermore, in
vivo TLR4 was found to activate the signal transducer and activator of
transcription 3 (STAT 3) in melanoma cells (202, 203). This resulted in an
immunosuppressive tumour microenvironment promoting tumour proliferation,
survival and epithelia-mesenchymal transition (EMT) (202, 203).

Stimulation by mtDAMPS molecules of the innate immune system results in the
activation of several signalling pathways including NF-kB, STAT3 and IRF3/7,
TLRs, cGAS/STING, and MAPKs (198, 204, 205). This subsequently results in
the release of cytokines (e.g. IL-6 and IL-10), chemokines and interferons, which
attract immunosuppressive cells such as the pro-tumour M2 macrophages,
tumour activated neutrophils, regulatory T cells, MDSCs, and dendritic cells (205).
The net effect of this is polarisation to a suppressive phenotype allowing
cancerous cells to survive, proliferate and metastasise to distant sites (206).
Additionally recent work highlighted the phenomenon of melanoma cells obtaining
energy through mitochondrial transfer from its surrounding mesenchymal stromal
cells resulting in a survival advantage for emerging cancer cells (207).

Whilst simulation of the innate immune signalling pathways drives inflammatory
and immune responses to the offending agent, they can also mediate a pro-
tumour effect (208). Some of the stated signalling pathways such as cGAS-STING

have been utilised as part of immune therapy, and yet in some cancers such
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pathways can be associated with poor prognosis (209, 210). There is scope for
further research to investigate and understand this potential contrasting impact of
mtDAMPS between the pro-tumour and anti-tumour effect, which could be utilised
to understand contributors to poor prognosis and act as targeted therapy in the
future (211).

mtDNA and mtDAMPS are not only implicated in cancer pathology but also a wide
range of non-cancer diseases such as trauma, sepsis, inflammatory diseases and
neurodegenerative conditions (183, 212, 213). The level of circulating mtDNA
detected tends to vary depending on the disease in question (214).

1.3 The cGAS -STING pathway in cancer

Tumour cells form as a result of normal cells developing mutations, transforming
them into cancerous cells (215). Such cancerous cells develop a system to evade
the immune system defence mechanism (215). The immune system defence
mechanism can broadly be divided into innate and adaptive immunity (215).
Innate immunity offers the spontaneous and first line of defence against invading
pathogens and abnormal mutated or dysfunctional cells (215). Developing an
understanding of how the innate immune system recognises invading pathogens
and offending cells was greatly enhanced by the progress made on cell
membrane Toll-like receptors (TLRs) over the last decade in the 20" century
(216). This however did not provide an explanation as to how non-self-signals in
the cytoplasm are recognised as an offending trigger (216). The discovery of
STING in 2008 however, shed some light on how both self and non-self-derived
DNA is recognised by the innate immune system (216).

Human STING is a 379 amino acid protein with a molecular weight of 42kDa (216).
Murine and human STING are believed to share 68% sequence identity (217).
STING is expressed in both immune and non-immune tissue. STING is found in
a variety of cells including the immune cells of macrophages, dendritic cells, and
lymphocytes (216). STING is widely but not universally expressed across immune
cells, with expression noted to be low in cells like neutrophils and eosinophils
(216). It is also expressed to a varying degree in non-depending immune tissue
such as the lungs, liver gastrointestinal system (216). Its expression level and
activity vary depends on the cell type and condition that the tissue is under (216).
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STING varies its activity levels depends on the physiological and pathological
status of the tissue (216).

Cyclic GMP-AMP synthase (c-GAS) is a key sensor of intracellular DNA (218).
DNA is confined to the nucleus of the cells when the cell is under a functional
physiological condition (219). However, under pathological conditions such as
infection, trauma, mitochondrial damage, genomic instability, invasion by bacteria,
virus or non-self-cells, the cellular haemostasis is disrupted resulting in the DNA
to now be situated in the cytosol (220-222). This is detected by the cGAS sensor
which in turns results in the activation of STING resulting in the activation of the
TBK1 kinase phosphorylating interferon regulatory factor 3 (IRF3) (223). This in
turn leads to the production of interferons and downstream gene expression (223).
STING activation also mediates the recruitment of IKK kinases and the activation
of NF-kB resulting in the release of proinflammatory cytokines including IL-6, IL-1
and TNF-a (223). The production of the interferons and release of such
proinflammatory cytokines in this manner is known as the canonical cGAS-STING
pathway (Figure 1.9) (215). Additionally, a non-canonical STING activation
pathway also exists where an alternative STING signalling complex exists,
consisting of IFI16 DNA-binding protein, p53 tumour suppressor protein, and the
E3 ubiquitin ligase tumour necrosis factor receptor associated factor 6 (TRAFG6)
(215, 224). Within this signalling complex the TRAFG6 results in STING
ubiquitination mediating the activation of NF-kB and the resulting gene expression
(224).
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1-9 Schematic of the Canonical and non-canonical cGAS-STING Pathway
(215).

Cytosolic double-stranded DNA arising from various sources including pathogens
and necrotic cells are detected and activate cGAS. The activation of cGAS
triggers the synthesis of cGAMP from ATP. The formed cGAMP subsequently
activates STING. STING activation results in the recruitment of TBK1 and IKK
resulting in the phosphorylation of IRF3 and NK- kB with subsequent expression
of the downstream inflammatory cytokines. Non-canonical STING Signalling
results in an alternative STING signalling complex consisting of IFI16, p53, and
TRAFG, this eventually leads to the activation of NF-kB (215).
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1.3.1 The role of cGAS-STING pathway in cancer immunity

The primary role of c-GAS-STING pathway is to mediate an antitumour immune
response whilst the tumour microenvironment (TME) is to facilitate tumour
progression (215). The TME consists of a network of fibroblast, immune cells,
extracellular matrix and vasculature all supporting the tumour cells (215).

The cGAS-STING signalling pathway once trigged functions to regulate immune
cells within the TME to mediate an antitumour immune response (215). It achieves
this within the TME by facilitating a cascade of events including the promotion of
the differentiation of CD4" T-cells into Th9 cells which produce IL-9 and recruit
CD8" T-cells to the tumour site (215). The cGAS-STING signalling pathway also
activates natural kill cells (NK) by promoting NLRP3, and dendritic cells (DC) due
to the production of type 1 interferons, further activating CD8+ T-cells all of which
lead to tumour cell death (215, 225-227). Furthermore, STING signalling results
in the secretion of interferon-y through the IRF-3 promoting the differentiation of
CD4+ T cells into Th1 cells (228).

The key elements of the regulatory role that cGAS-STING signalling plays in
cancer immunity can be summarised into (1) enhanced antigen processing-
presentation, (2) T-cell activation-infiltration mediating tumour cell death and the
(3) reprogramming of the tumour microenvironment (215, 229). Each of these
elements are discussed in depth here.

1.3.1.1 Enhanced antigen presentation

Dendritic cells the potent antigen presenting cells (APC), migrate to the draining
nearby lymph nodes to present the tumour antigens that it has captured to the
CD8+ T-cells initiating an adaptive immune response (230). The DCs are
activated by either tumour derived DNA or tumour derived cyclic GMP-AMP
(cGAMP) (231). The tumour derived cGAMP can directly activate the STING
pathway, while the tumour derived DNA is first phagocytosed by the DCs which
in turn leads to the activation of cGAS-STING resulting in type 1 interferons (IFNs)
production, promoting DC maturation (231-233). Tumour derived vesicles are
also known to transfer double-stranded DNA (dsDNA) from cancerous cells to
dendritic cells triggering the cGAS-STING pathway (234-236). The IFNs released
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can also stimulate the expression of co-stimulatory cells such as CD80, CD86,
CD40 on DCs all of which results in the activation of T-cells (233, 234, 237).

1.3.1.2 T-cell activation and infiltration

STING activation and the resulting T cell activation of CD4* and CD8" plays a
crucial role in mediating anti-tumour immunity (227, 228). In CD4"* T-cells, STING
stimulation resulting in IRF3 activation and the release of type 1 IFNs results in
the differentiation of CD4+ to Th1 cells, which is a subtype of T-helper cells (228).
Th1 cells are crucial for cell mediated immune response, activating macrophages
and cytotoxic T-cells to destroy invading pathogens and cells by releasing pro-
inflammatory cytokines namely IFN-y and IL-9 (228). In CD8+ T-cells STING
activation mediates the persistent CD8+ T-cell immune response by upregulating
the expression of TCF1 which is a transcription factor that allows for the
persistence of CD8+ memory cells maintaining CD8+ T-cell activation (227). The
activation of STING in DCs results in the production of the chemokines CXCL9
and CXCL10, both of which lead to the recruitment of T-cells and NK cells,
enhancing anti-tumour immunity and tumour cell death (238-240). Interestingly,
STING activation in the endothelial cells of the tumour, leads to the secretion of
CXCL10 causing T-cells to transmigrate across the endothelial barrier (241, 242).
STING activation in the endothelial cells of the tumour results in the upregulation
and increased expression of adhesion molecules such as E-selectin, vascular cell
adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1)
(242-244). This allows for T-cell extravasation, tumour vasculature normalisation
and intra-tumoral T-cell infiltration (242-244).

1.3.1.3 Reprogramming of the tumour microenvironment

The immunosuppressive tumour microenvironment contains tumour associated
immune cells such as tumour-associated macrophages (TAMs), myeloid-derived
suppressor cells (MDSCs) and regulatory T-cells (245-248). All these cells have
an immunosuppressive function facilitating the tumour immune escape phenotype
(245-248).
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STING activation re-programmes TAMs to exhibit an M1-like pro-inflammatory
anti-tumour phenotype (243). This is believed to occur due to the upregulation of
M1-like macrophage expressed genes such as the cytokines IL-6, and cell surface
markers CD80, and TLR2, mediated by STING activation (243). The manipulation
of the macrophage phenotype is also utilised by cancers to achieve an
immunosuppressive environment for its survival (243). Tumour cells in peritoneal
colon cancer were shown to stimulate the influx of the M2-like anti-inflammatory
pro cancer phenotype mediating an immunosuppressive TME (243). This allowed
for the inhibition of the effector T-cells, facilitating peritoneal metastasis (243).
Additionally, STING activation inhibits the expansion of MDSCs and triggers the
release of myeloid chemotactic factors such as IL-8 and CXCL12, which in turn
attract a wide range of tumour supressing cells including monocytes,
macrophages and T-cells to the tumour site as well as reducing the presence of
the regulatory T-cells that exist in the TME (248). Overall, this has the net effect
of enhancing the anti-tumour immunity (248).

STING agonist activated CD11C+ dendritic cells in vivo and in vitro, show an up
regulation of tertiary lymphoid structures (TLS) factors such as IL-36, type 1
interferons, inflammatory chemokines (249, 250). This highlights the crucial role
that STING-signalling activation can play in counteracting and reversing the
immunosuppressive tumour microenvironment mediated by tumour immune cells,
enhancing cancer immunotherapy (249, 250). Once the cGAS-STING pathway is
triggered it results in a cascade of events including the release and production of
interferons and pro inflammatory cytokines, overall resulting in increased cellular

immune activity (251, 252).

1.3.2 Non-immune anti-tumour effects of STING

Mounting evidence points to the link between cGAS-signalling and autophagy, the
cells ‘self-eating’ process that functions to maintain cellular housekeeping,
defence against pathogens and cellular renewal (253, 254). Autophagy is
understood to have a tumour suppressive role in the early phases of oncogenesis
(253, 254). Autophagy trigged by STING-signalling has been shown to prevent
cell proliferation impacting tumorigenesis (255). This is supported by findings from
studies that illustrated that the chemotherapy agent, Zalcitabine which is known

to induce mitochondrial stress activating STING pathway (256). This activation led
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to autophagy-iron-dependent death, ferroptosis through the lipid peroxidation in
pancreatic cancer cells (256).

Additionally, STING-signalling is also understood to play a role that disturbs
angiogenesis that is vital for cancer cells survival, proliferation and metastasis
once the basement membrane is breached by the tumour mass (257). One of the
most promising and potent agents in disturbing the tumour vasculature, known as
5,6-dimethylxanthenone-4-acetic acid (DMXAA), has now been identified as a
target for murine STING (258, 259). DMXAA is a chemotherapeutic agent and
now understood to be a potent murine STING agonist, has a selective ability to
disrupt the tumour vasculature but not the vasculature of normal tissue (258, 259).
It is effective in controlling solid tumour mass growth (258, 259). Other STING
agonist such as cGAMP have also been identified for playing a crucial role in
remodelling and normalising tumour vasculature, resulting in the infiltration of
tumour by activated CD8+ T-cells mediating the suppression of tumour growth
(243, 244).

Overall, the activation of cGAS-STING signalling pathway leads to the secretion
of specific cytokines, chemokines and growth factors such as IL-6, VEGF. This is
referred to as senescence-associated secretory phenotype (SASP) (260-262).
SASP act as a barrier to tumour progression by promoting the recruitment of
immune cells to inhibit and clear tumour cells (260, 263). This was evident in vivo
where the inhibition of STING in melanoma cells as well as prostate cancer cells,
lead to a reduction in immune cell infiltration allowing for the growth of the tumour
(264, 265).

1.3.3 Tumour promoting role of STING activation

As well as having an anti-tumour immunosuppressive function, STING activation
can also play a role in negatively regulating anti-tumour immune response,
thereby exhibiting a tumour-promoting function (229). The role that dominates
depends on several factors including whether it is an acute or chronic activation
of the STING-signalling pathways (229).

Tumour cells treated with STING agonist show an increase in the expression of
programmed cell death ligands-1 (PD-L1), which allows the cancerous cells to
evade attack by T cells (266). This upregulation in PD-L1 is induced by the STING-
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IRF3 signalling pathway resulting in the activation of the downstream of the NF-
kB pathway and INF-1 (267-269).

Additionally, STING-signalling is found to play a role in interfering with metabolic
cellular activity (270). STING-activation mediates an upregulation of the
expression of indoleamine 2,3-dioxygenase (IDO) in dendritic cells (270, 271).
IDO catabolises tryptophan which T-cells require to execute their anti-tumour
tumoricidal function (270). Similarly, IDO and tryptophan 2,3-dioxygenase (TDO)
catabolise tryptophan to kynurenine which plays a crucial role in the generation of
cellular energy (270). This accumulation promotes the polarisation of
macrophages to the anti-inflammatory pro-cancer M2-like phenotype (271). The
accumulation of Kynurenine also results in the infiltration of regulatory T-cells or
Treg cells which inhibit immune cells such as APCs and T-cells from activating
(270, 271).

A positive correlation was noted to exist between the Treg cells and STING
expression in patients with squamous cell carcinoma of the tongue (272). This is
understood to occur because the STING activation of the MAPK/AP-1 signalling
pathway, leads to production of several immunosuppressive cytokines namely IL-
10, IDO, CCL22 (272). This in turn results in an increase in the infiltration of Treg
cells in human squamous cell carcinoma (272). As well as the MAPK/AP-1
pathway, STING-INF1 signalling in Tregs also promotes an increase in IL-10
secretion further enhancing the inhibitory Treg cells activity in mediating the

negative anti-tumour immune response (273).

More recently regulatory B-cells (Bregs) have also been shown to play a role in
contributing to the immune escape and treatment resistance exhibited by some
tumours (274-277). Bregs promote the expression of the anti-inflammatory
cytokines IL-10 and IL-35 (278, 279). The expression of |IL-35 was found to be
facilitated by the STING-IRF3-IL35 signalling, which acts to inhibit the NK cells
activity against tumour cells (278). STING agonist, such as DMXAA, ADU-S100,
were found to exhibit an increase in IL-10 and IL-35 B reg cells abundance (280).
Whilst the knock down of the STING-1 gene in B-cells in tumour bearing mice was
found to significantly decrease the tumour burden in such mice (280).
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1.4 The cGAS-STING immune cells related role in melanoma

The activation of the cGAS-STING pathway and release of type 1 interferons
especially IFN-B from macrophages results in a macrophage polarisation shift
from an M2 protumour phenotype to an M1 antitumour macrophage phenotype
(281). Furthermore, the release of IFN-B enhances CD8*-T-cell activity and
reduces MDSCs, thus mediating an essential role in the immune response to
melanoma (281). Furthermore, STING activation through the experimental intra-
tumoral delivery of cGAMP was found to attract a population of M1-like
macrophages and the release of TNFa and the chemokines CXCL10 and CXCL11
(282). This resulted in the recruitment of T-cells to the tumour site further
enhancing the anti-tumour immune response (281, 282).

The cGAS-STING pathway has also been shown to be activated in dendritic cells
(DC). Activation results in an increase in expression of IFN-B and the co-
stimulatory molecule CD86 both mediating T-cell activation. Additionally, the
activated DCs result in an enhancement in tumour antigen presentation to the
CD8+-T-cells further enhancing the immune T-cell cytotoxic response to
melanoma (283). Furthermore, natural killer (NK) cells cGAS-STING activation
and the subsequent release of the type 1 interferons and pro-inflammatory
cytokines mediate the recruitment and activation of NK cells (284 ). The production
of chemokines, such as CCL5 from both the host and tumour cells facilitate the
infiltration of NK to the TME resulting in cytotoxic action against melanoma cells
(264).

With T-cells, cGAS-STING activation in CD4*-helper T-cells promotes its
differentiation to TH9 cells resulting in anti-tumour activity observed in melanoma.
This was illustrated in melanoma mouse models that received STING activated
TH9 cells, which resulted in a decrease in the growth of the tumour mass and
enhanced survival of the mice (228). cGAS-STING activation has an indirect
effect on Tregs through its immunomodulation role within the TME (285). cGAS-
STING activation alters the TME by increasing cytotoxic T-lymphocytes activity
and reducing the immunosuppression activity mediated by Tregs (285). This
overall results in an enhanced anti-tumour response. cGAS-STING activation
resulting in type 1 interferon and pro-inflammatory cytokines release mediates an
increase in the recruitment and activation of CD8+-cytotoxic cells within the TME
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(281). STING activation also results in enhanced tumour antigen presentation

further facilitating cytotoxic-T-cell activity against melanoma (284).

1.5 Chronic STING activation

cGAS-STING appears to have a dichotomic function depending on context. This
is supported by evidence illustrating that both reduced and high cGAS-STING
expression can be associated with poor patient survival (286). This indicates that
cGAS-STING can exhibit a tumour supressing or tumour promoting role,
depending on several factors including the tumour type, and chronicity of STING
activation (261, 287). It is generally agreed that chronic inflammation can mediate
the formation and progression of tumours (288-290). This inflammation driven
carcinogenesis is believed to occur due to the chronic activation of cGAS-STING
signalling axis (291). This is endorsed by studies that have illustrated that skin
tumorigenesis induced by chemotherapy agents, such as Cisplatin which mimic
nuclear DNA injury and STING activation, was observed in wild type mice but not
in STING-/- mice (291). These mice were resistant to the skin tumorigenesis
induced by such mutagenic agents (291). Additionally, in valvula melanoma
chronic activation of cGAS-STING and the resulting chronic inflammation was
found to be associated with poor patient outcomes and survival (292). The chronic
activation of cGAS-STING observed here was due to chromosome instability
(CIN) (292).

CIN is a key event in the initiation of tumour development triggering the cGAS-
STING stimulation (293). In chromosomal unstable tumours, cGAS-STING is
rarely inactivated or silenced, instead it tends to exhibit a tumour promoting role
via its chronic activation (294). Typically, in a normal cell, DNA leakage into the
cytoplasm is detected by the sensor cGAS-STING leading to its activation and a
cascade of cellular innate immunity response, ultimately resulting in cell death
(295). However, tumour cells utilise chronic activation to its advantage to allow for
the tumour’s survival and progression (295). It is thought that in tumours with CIN
cGAS-STING is trigged stimulating the alternative non-canonical NF-kB signalling
pathway mediating tumour survival, growth, progression and metastasis (296).
The stimulation of this alternative non-canonical NF-kB is further supported by the
finding that drug-induced CIN in triple negative breast cancer activated the IL-
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6/STAT3 signalling pathway (296). The IL-6/STAT3 pathway is understood to be
stimulated because of the downstream signalling of cGAS-STING and the non-
canonical NF-kB pathway (296, 297). Similarly other studies have shown that
DNA damage induced by the chemotherapy drug, Doxorubicin stimulated the IL-
6/STAT3 pathway via the cGAS-STING non-canonical NF-kB pathway, allowing
for the survival and progression of the tumour (298). It is believed that in tissue
and tumour with high CIN, the STING mediated DNA damage pro-tumour
response offsets its anti-tumour immunosurveillance response (229). This is
further supported by the observation of high levels of STING expression in
chemotherapy resistant breast cancer cells exposed to chemotherapy DNA
damaging agents (297). These cells were not only resistant to therapy but also
found to have higher rates of recurrence, indicating that cells with high STING
expression allow for cancer cell survival and regeneration despite exposure to

genotoxicity (297).

Chronic stimulation of cGAS-STING signalling can result in an immune-
suppressive TME facilitating tumour growth, immune evasion, metastasis and
treatment resistance (201, 260, 263, 299). Chronic cGAS-STING signalling
activation results in the suppression of type 1 IFN release and up regulation of the
noncanonical NF-kB signalling allowing for tumour survival and metastasis (300).
Additionally, whilst acute stimulation of STING results in cell-cycle arrest through
SASP, chronic STING stimulation leads to cancerous cells developing tolerance
and loss of this cell-cycle regulation (201). The exact mechanism of how SASP
can induce pro-tumour survival is not fully understood, but it is thought to occur
due to changes in the components of SASP to include pro-inflammatory immune
suppressive cytokines through alternative splicing and oncogenic events (301,
302). The net effect of this chronic stimulation of STING is that a pro-tumour
phenotype is developed, enabling cancer cells to evade the immune response
and continue to proliferate, survive and metastasise.

In addition to the cancer-cell autonomous role of chronic cGAS-STING
stimulation, chronic stimulation results in increased expression of cGAMP, a
STING activator (303). The transfer of this cGAMP to neighbouring normal tissue
and cells through gap junctions allows for cancer cell communication with healthy
neighbouring cells (303). This in turn stimulates STING in that cell, amplifying the
cGAS-STING signalling cascade in a wide range of cells in both cancerous and
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non-cancerous tissue. Thus, further facilitating metastasis to distant organs (303).
This was observed in astrocytes and brain metastatic cells (303). Here the transfer
of cGAMP into astrocytes via gap junctions triggered the cGAS-STING signalling
pathway, mediating the release of the the cytokines TNF and IFN-a (304-305).
This would typically play a role in promoting inflammation and tumour regression
(303-305). Yet the release of these inflammatory cytokines led to the activation of
pathways, such as STAT1 and NF-kB in the metastatic brain cells in a paracrine
signalling manner (303). The net effect of this was tumour growth, survival and
treatment resistance (306).

Autophagy can also play a role in promoting the development of tumour
progression, depending on the tissues type, health status and microenvironment
architecture (253, 254). In normal tissue, autophagy acts to inhibit tumour
formation, whilst some tumours utilise autophagy to obtain substrates for their
metabolic activity to progress and survive (307). The STING driven autophagy
association is highlighted by the finding of mtDNA activated cGAS-STING
signalling pathway, which resulted in the up regulation of autophagy and growth
and progression of oesophageal squamous cell carcinoma (308). The opposite of
this was observed in cGAS-STING depletion which diminished autophagy, halting
the growth of the oesophageal squamous cell carcinoma (308). Thus cGAS-
STING signalling can potentially play a role in regulating autophagy and tumour
progression (307, 308).

This link between chronic cGAS-STING activation, tumour growth and metastasis
may provide an explanation as to why there has been a lack of meaningful clinical
benefit observed from using STING agonists in the management of advanced
human tumours (201, 229). Chronic persistent cGAS-STING signalling activation
appears to inhibit the anti-tumour immune surveillance observed in early

tumorigenesis when the stimulation is of acute nature (201).

1.6 cGAS-STING and metastatic melanoma

Most melanoma cases are diagnosed in the early stage especially with the rising
public health awareness of melanoma risk factors of sun exposure and the
importance of ‘mole checking’. Nevertheless 2-5% of patients will have metastatic
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melanoma at the time of diagnosis, with 15-20% of all melanoma patients
developing metastatic melanoma eventually if not at the time of diagnosis (309).
Melanoma tends to spread via the lymphatics rather than the hematogenous
system initially. Hence the most frequent spread sites are the subcutaneous tissue
in what is referred to as ‘in-transient’ satellite metastasis and reginal lymph nodes
(309). At a later stage distant metastasis can be seen in the lungs, liver, brain and
bone (Table 1.4). Metastases to the liver is very common, seen in 1 in 4 patients
(309). Metastatic melanoma spread to the liver results in poor prognosis due to
the livers’ essential role in metabolism and immune tolerance (309). Liver
metastases can either be diagnosed at the time of initial presentation or can
appear months after the primary tumor is removed (310). In most cases there is
no cure for liver metastases, although treatments to shrink the tumor mass and
manage symptoms are utilised (310, 311). The prognosis of metastatic melanoma

is poor, the 5-year disease free survival is only 5% (309).

Table 1.4 Common metastatic melanoma spread sites.

Metastatic site frequency (309)
Lungs 60-70%
Brain 40-60%
Liver 15-30%
Bone 20-30%

As well as melanoma, the liver is a known common metastatic site for other
cancers such as colorectal, pancreatic, gastric, breast, lungs and neuroendocrine
tumors (309). This organotropism is not fully understood at a molecular level
(312). The ‘seed and soil’ hypothesis was presented by Steven Pagets back in
1889 (312). He hypothesised that the spread of tumor cells is facilitated by the
interactions between the seed, tumor cells, and the soil, the receptive organ
microenvironment (312). Since then, signaling mechanisms implicated in
facilitating and mediating this metastatic tumor seeding to the liver have come to
light (313). The activation of the STAT3 signaling pathway in hepatocytes in mice
with pancreatic ductal adenocarcinoma was noted to be active in all hepatocytes
(313). Whereas STAT3 activation was noted in only 2% of hepatocytes in control
mice models with no cancer (313). Additionally, the knockout of STAT3 in mouse
hepatocytes prevented the development of this pro-metastatic niche in the liver
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(313). Furthermore, the release of the cytokine IL-6 was found to trigger the
STAT3 signaling pathway in the hepatocytes resulting in the accumulation of
amyloid (313). This in turn attracted myeloid inflammatory cells to the site,
facilitating inflammation and fibrosis in the liver (313). This subsequently resulted
in the seeding and growth of cancerous cells to a distant site, the liver (313).

The liver is the largest solid organ in the body accounting for approximately 2% of
total adults body weight (314). The liver is recognised as a ‘lymphoid organ’
amongst immunologists (314). The liver is composed of parenchymal and non-
parenchymal cells (314). The parenchyma cells, the hepatocytes, are the most
abundant cell type in the liver, accounting for 60-70% of all cells in the liver (314).
The non-parenchymal cells account for the remaining cells and include the
endothelial sinusoidal cells, resident macrophages Kupffer cells and the hepatic
stellate cells (Figure 1.10) (314, 315). The endothelial sinusoidal cells regulate the
blood flow, maintaining the portal pressure and allow for exchange of substances
between the income blood and the highly metabolically functioning hepatocytes
(315). Kupffer cells (KC) are the resident macrophages in the liver that are present
during embryonic development (316). KCs are specialised cells and are specific
to the liver’'s immune system (315, 316). KCs form the first line of immune
defense, in addition to playing a crucial role in the inflammatory response in the
liver (316, 317). The hepatic stellate cells (HSCs), the ‘star shaped’ cells of the
liver play a role in Vitamin A metabolism. In a pathological state HSCs are
activated to become myofibroblasts, producing collagen which can eventually
lead to liver fibrosis (317).
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1-10 The cellular composition of the liver (315).

The liver is composed of parenchymal and non-parenchymal cells. The
parenchyma cells, the hepatocytes are the most abundant cell type in the liver.
The non-parenchymal cells account for the remaining cells, non-parenchymal
cells include the endothelial sinusoidal, resident macrophages Kupffer, and the
hepatic stellate cells. KC are the resident macrophages in the liver and are
specific to the liver’'s immune system (315).
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1.6.1 STING and liver metastases

In the liver the cGas-STING signaling system is expressed in non-parenchymal
cells, mainly Kupffer, sinusoidal endothelial and HScs (318). When the cGAS-
STING IRF3 and NK-kB is trigged, the IFNs, pro-inflammatory factors and
chemokines are released (318). This can result in both anti-tumor effects initially,
followed by tumor survival and immune evasion when chronically stimulated
(318). The effector immune cells resulting from the STING signaling pathway
activation, are known to play an essential role in the pre-metastatic and metastatic

niche in liver metastases (318).

1.6.2 The liver metastatic niche and the immune cells role

Immune cells playing a role in liver metastatic niche can broadly be divided
according to their lineage of origin, into the myeloid and lymphoid lineage cells
(319, 320). The myeloid lineage cells include macrophages, neutrophils, and
myeloid-derived suppressor cells (MDSCs) (319, 320). The lymphoid lineage cells
include T, B, natural killer (NK), and natural killer T cells (319, 320).

1.6.2.1 Macrophages

In the liver metastatic niche, macrophages associated with tumour development,
tumour associated macrophages (TAM) are divided into monocyte-derived
macrophages (MoMs) and resident macrophages, Kupffer cells (KC) (321, 322).
MoMs originate from circulating monocytes derived from bone marrow, while KC
are liver resident macrophages (316, 323, 324). The difference between the two
types of macrophages does not just lie in the origin but also includes the
phenotype of the cells (316, 323).
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1.6.2.2 Monocyte-derived macrophages (MoMs)

Macrophages are known to exhibit an M1 anti-tumour or M2 Pro-tumour
phenotype, owing to their plasticity that allows for various factors to induce this
phenotype polarisation (325). This classification of macrophage phenotype may
not strictly be true in MoMs in liver metastases (325). The finding that M1 like
macrophages produce tumour necrosis factor which promoted liver metastases
challenged this broad macrophage classification of M1 and M2 in liver metastases
(326). As a result of this, alternative macrophages classification in liver
metastases has been suggested including subgrouping of MoMs based on
expression of proteins known to play a role in metastasis, or subgrouping of MoMs
based on the macrophages morphology (327, 328). Subgrouping based on the
expression and the presence of certain molecules was supported by the finding
that the expression level of the SPP1, which a protein implicated in mediating liver
metastases in cancers such as gallbladder and colorectal cancers (329, 330). The
subgrouping based on the morphological size was highlighted by the finding of a
strong correlation between macrophage morphological size and liver metastases
in colorectal cancer (328). This topic of classification of MoMs in liver metastases
is ongoing. What is known thus far is that compared to healthy liver, tissue from
livers with metastases have a significantly higher number of macrophages present
and have immunosuppressive features (331, 332). Currently it is understood that
MoMs facilitate liver metastases via several mechanisms namely promoting an
immunosuppressive and fibrotic environment in the liver, as well as mediating
angiogenesis, facilitating tumour cells survival and growth (333). The fibrotic
environment in the liver is promoted by the MoMs secreting proteins, such as
granulins and progranulins in pancreatic ductal adenocarcinoma for example
(334, 335). This then activates the liver HSCs to differentiate into myofibroblasts
releasing periostin, a protein involved in tissue remodelling, subsequently
resulting in a fibrotic liver environment that is ideal for the growth of the metastatic
tumour (335). The immunosuppressive environment in liver occurs due to liver
MoMs interacting with the circulating cytotoxic T-cells resulting in apoptosis of
these cells which would otherwise have had a cytotoxic effect on tumour cells in
the liver (336). Angiogenesis by the MoMs in the liver pre-metastatic niche is
understood to occur due to MoMs expressing pro-angiogenic factors namely

VEGF (337). Additionally, MoMs can interact with the tumour derived VEGF via
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VEGFR1, as observed in colorectal cancer facilitating colorectal cancer liver
metastases (337, 338).

While MoMs can facilitate the development of liver metastases, they can also
promote an anti-liver metastases behaviour (226, 321). This was evident in
colorectal liver metastases mice models, where STING activation in MoMs trigged
an anti-tumour response via the NK cells, due to the excessive secretion of IL-18
and IL-1B (226). It is understood that tumour cells also play a role in promoting
MoMs to exhibit a pro liver metastases phenotype (339). Colorectal cancer cells
for example promote an M2-like polarisation of MoMs via the secretion of the
chemokine CCL2 (339). Additionally, recently the metabolic activation of
macrophages in liver metastases has come to light (340). Here the highly
metabolically activate macrophages in colorectal liver metastases were identified
through single-cell and spatial mapping (340). It is believed that long-chain fatty
acids derived from the tumour cells are phagocytosed by MoMs via the scavenger
CD36 receptor (341). Thus, providing energy to further trigger a pro-tumour
activity at the liver metastases site (341). Signalling pathways within MoMs can
also be manipulated to promote liver metastases. An example of this included
colorectal tumour cells secreting VEGF triggering the NF-kB pathway, which in
turn promoted the polarisation of MoMs to the pro-tumour M2 like macrophages
(342, 343).

1.6.2.3 Liver resident macrophages

Kupffer cells play a role in the immune defense, inflammatory response and repair
in the liver tissue (344). In the context of liver metastases, KCs can play a dual
role, an inhibitory and a promoter role in liver metastases (316, 344). This depends
on the stage of liver metastases niches, whether its early or late stages (316, 344).
In the early stages of liver metastases development, KCs exhibit anti-tumour
activity mainly through their phagocytic activity against the tumour cells (316). The
phagocytic activity is mediated by the presence of specific receptors on KCs, such
as the Dectin-2 receptor that acts as a pattern recognition receptor (345). Dectin-
2 receptors bind to the tumour cells resulting in phagocytosis and clearance of the
liver metastases (345). Phagocytic clearance of tumor cells also occurs via

antibody dependent mechanisms (346). Kupffer cells were found to robustly
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phagocytose and eliminate tumor cells in the presence of monoclonal antibodies
therapy (346). In contrast to only recognising and capturing tumor cells but not
eliminating tumor in the absence of a monoclonal antibody (346). KCs also
collaborate with other innate immune cells such as the NK cells to eliminate tumor
cells in the early stage of liver metastases development (347). This was illustrated
when the depletion of NK cells resulted in reduced KCs phagocytic activity against
the tumor cells, as the cytotoxic effect of the NK cells that are facilitated by the
KCs is reduced (347). Additionally recent research has added to the
understanding of this collaborative suppressive activity between effector cells
(348). KCs were found to release IL-12 activating NKs to release IFN-y; which in
turn stimulates effector T-cells (348). It is also now understood that KCs combat
and eliminate metastatic tumour cells by releasing several molecules namely,
TNF-a and nitric oxide inducing hostility and elimination of tumour cells (349).
Whole genome analysis has also illustrated that the expression of certain tumour
suppressor genes plays a role in mediating the tumour inhibitory role observed
early on in liver metastases (350). It was noted that the expression of the tumour
suppressor gene BRACA1 in KCs in mouse and patient samples of colorectal liver
metastases, was associated with the anti-tumour phenotype observed in the early
stages of colorectal liver metastases (350).

In the late stages of liver metastases, the KCs exhibit a pro-tumor phenotype
(333). KCs appear to lose the core and peripheral areas of the tumor as observed
in intravital microscopy studies, thus impacting their ability to eliminate tumor cells
(351). Additionally in the late stages of liver metastases, persistent oncogenic KCs
release several pro-carcinogenic molecules such as vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF), matrix metalloproteinases
(MMPs), all of which facilitate tumor proliferation and angiogenesis (326, 348). In
contrast to the collaboration with other immune effector cells to eliminate tumor
cells that are observed in the early stages, in the later stages of liver metastases
KCs attract immune cells that exhibit a pro-metastatic function (352). KCs produce
IL-10 and CXCLS, recruiting Tregs and MDSCs respectively (352, 353).
Additionally, tumor cells also exhibit features that enable it to evade phagocytotic
activity (354). This is illustrated in the study looking at gastric cancer liver
metastases (354). They found a high expression of the CD47, ‘don’t eat me’ signal
on tumor cells thus evading the phagocytic activity of KCs (354). Whilst such

findings enhance our understanding of the anti and pro tumor phenotype in KCs,
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further exploration is required to fully understand what triggers the switch or

acquisition of a pro-tumor phenotype in KCs in the late stages of liver metastases.
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1.7 Rationale

In melanoma current diagnostic tools are invasive, anxiety inducing and costly.
The clinical utility of biomarkers in melanoma remains unclear. Much of the current
research on melanoma biomarkers has in the main focused on nuclear DNA. This
has not to date materialised or translated into clinical practice. mtDNA has been
identified as a potential biomarker for cancers due to its ease of detection in blood
and non-invasive sample collection. mtDNA offers several advantages over
nuclear DNA, including a substantially higher copy number (approximately 1,000—
10,000 copies per cell), a simpler structure, and a shorter genome. These
characteristics facilitate its extraction, and processing in molecular analyses.
Thus, mtDNA could potentially be a preferable choice for a non-invasive
biomarker. Mitochondrial DNA could potentially be utilised in the outpatient
department skin clinics to correlate levels of mtDNA with clinical severity,

recurrence, progression, and response to treatment.

There is a paucity of research investigating mtDNA in melanoma. Epidemiological
studies have illustrated that there is a significant association between mtDNA copy
number and an increase in risk of cancers such as breast, non-Hodgkin
lymphoma, renal cell carcinoma, lung and pancreatic cancer. In melanoma a study
showed that the mean mtDNA copy number was significantly higher in melanoma
patients compared to healthy controls (n=500 patients). This study however
looked at mtDNA copy number in patients with early-stage melanoma and not
metastatic melanoma. Furthermore, it was a retrospective study, hence no
tracking of mtDNA level and monitoring of response to treatment or progression
was investigated. There has been a lack of studies investigating if circulating
mtDNA could be used as a biomarker to determine melanoma disease status.
Moreover, no work has investigated the role and significance of cell free mtDNA

in metastatic melanoma and its progression.
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1.8 Hypothesis

| hypothesise that elevated circulating mtDNA can be used as a potential
biomarker to monitor metastatic melanoma. | further hypothesise that elevated
mtDNA in melanoma can promote pre-metastatic niche development in the liver

leading to metastatic progression.

1.9 Objectives

To achieve this, | have three main objectives (Figure 1.11):

Objective 1: Investigate patient serum levels of cell-free mtDNA in metastatic
melanoma, its changes in response to disease progression and its potential role
as a novel non-invasive biomarker of metastasis.

Objective 2: Investigate in mouse models of metastatic melanoma if cell-free
mtDNA can promote changes in the liver immune cell function which leads to
increased melanoma engraftment.

Objective 3: To understand the mechanism underlying mtDNA induced changes

in liver immune cells and how this allows for metastasis of melanoma
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mtDNA
detection Monitor melanoma disease
progression

Metastatic
melanoma patient

1-11 Graphical representation of aims and objectives.

Using a combination of both in vivo and in vitro (human and mouse) method
The aims of this thesis to investigate:

(1) Investigate serum levels of cell-free mtDNA in metastatic melanoma
patients as a potential biomarker and it changes in response to therapy
and disease progression.

(2) The signalling mechanism that mediates the interaction between
melanoma derived mtDNA and the liver tissue, a known melanoma
metastatic site.

(3) How mtDNA activated liver tissue facilitates melanoma disease survival
and progression.
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2 Materials and Methods

2.1 Materials

All materials and reagents utilised in this study are included in the table below and

the subsequent Methods section.

Table 2.1 Regents and materials utilised in this study.

Product Manufacturer Catalogues number
ND1 TAQMAN Gene | ThermoFisher 4331182_Hs02596873
Expression Assay

Human

ND1 TAQMAN Gene | ThermoFisher 4331182_Mm04225274
Expression Assay

Mouse

8um Transwell 24-well | Fisher Scientific 10167000

plate

26G Butterfly Needles Medisave UK Ltd 2674829

26G Needles Fisher Scientific 12349189

Amicon® Ultra-15 | Merck Life Science UFC910008
Centrifugal Filter

Bovine Serum Albumin | Fisher Scientific BP1600-100

SD100

counting chamber

Cellometer

Nexcelom Bioscience

CHT4-SD100-002

CellTrics 40um filter

Wolf Laboratories

04-0042-2316

DMEM Medium ThermoFisher 10566016
EDTA Sigma Aldrich EO886

Fetal Bovine Serum | ThermoFisher 105000056
(FBS)

MicroBeads UltraPure Miltenyi Biotec 130-110-443
MACS BSA  Stock | Miltenyi Biotec 130-091-376
Solution

autoMACS® Rinsing | Miltenyi Biotec 130-091-222
Solution
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MACS separator | Miltenyi Biotec 130-091-051
(QuadroMACS

LS columns Miltenyi Biotec 130-042-401
Invitrogen™ Fisher Scientific K182002
PURELINK™  Genomic

DNA Mini Kit

Mitochondria Isolation | ThermoFisher 89801

Kit for Tissue

OneComp eBeads™ | ThermoFisher 01-111-42
Compensation Beads

PCRBIO 1-Step Go RT- | PCR Biosystems PB10.53-10
PCR Kit

Penicillin-Streptomycin | GE-Healthcare SV30010
gPCRBIO cDNA | PCR Biosystems PB30.11-10
Synthesis Kit

gPCRBIO SyGreen Mix | PCR Biosystems PB20.12-51
ReliaPrep RNA Cell | Promega 26012
Miniprep System

RPMI-1640 Medium ThermoFisher 11875093
TagPath ProAmp | ThermoFisher A30865
Mastermix

Trypsin-EDTA ThermoFisher 25200056
Trypan Blue Sigma Aldrich T8154
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2.2 Patient recruitment

This study is a non-randomized, part-blinded observation single-arm single center
feasibility study, investigating circulating peripheral mitochondrial DNA as a
potential non-invasive biomarker for surveillance of high-risk cutaneous
melanoma.

16 Patients presenting to the melanoma skin unit at the plastic surgery department
in the Norfolk and Norwich University Hospital (NNUH), with biopsy proven
metastatic melanoma due to undergo resection, were identified for the study
(Figure 2.1). Ethics (ETH2122-2327) was obtained from the Norwich research
park biorepository. Consenting eligible patients underwent venepuncture pre-
operatively with the tumour still in situ, and subsequently had serial follow ups four
months post operatively at 4, 8, and 12 months. At follow up, blood samples were
obtained during these visits. In this study the exclusion criteria included patients
with known metastasising cancer other than melanoma and patients on systemic
immunosuppressive therapy. Patients with no known underlying conditions were

recruited as the healthy control group.
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All patients with metastatic malignant melanoma
presenting to the melanoma unit at NNUH meeting
the inclusion criteria

Patients who do not wish to participate will not be included

Patients eligible for inclusion (n=15)

/ N\

Preoperative and sequential post op blood samples obtained at:
Surgical management: endoscopic dissection

+ 0 (pre-op) 4 8 12

Intervals in months

End of study at month 12 post operatively

2-1 The human feasibility study design protocol and follow up timeline period.

Patients with biopsy proven metastatic melanoma were recruited in this study. A
blood sample was obtained on the day of surgery before tumor resection.
Subsequently the patients were followed up at 4, 8, and 12 months post-surgery.
A repeat blood sample was obtained at each of these follow up visits to monitor
mtDNA levels.

68



2.2.1 Human metastatic melanoma blood

Blood in standard EDTA blood bottles were obtained from consenting eligible
patients at Norfolk and Norwich University Hospital. On receipt of the peripheral
blood samples freshly obtained on the day within an hour of venepuncture, the
samples were centrifugated at 1600xg for 10 minutes, removing the supernatant,
then centrifuging the supernatant at 16,000xg for 5 minutes to pellet any cell
debris. The serum was then either stored in the -80°C for processing later or

further processed to mtDNA extraction and analysis (Figure 2.2).

Metastatic
melanoma Centrifugation Centrifugation
00 1600xg, 10 mins  16000xg, 5 mins

m‘ﬂ‘*i —— ' — |,

Peripheral Remove Serum
blood Supernatant

2-2 Schematic of the serum extraction process from the peripheral
blood (PB).
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2.3 Animal maintenance and models

In this thesis all in vivo experiments were carried out in accordance with the Animal
Scientific Procedure ACT 1986 adhering to regulations set by the UK Home Office
under project license PP023671 (Professor Stuart Rushworth). Animals were
housed in the Disease Modelling Unit (DMU) at the University of East Anglia in a
pathogen free, containment level 3 laboratory. Breeding pairs were set up at 6-8
weeks and maintained for 6 months before separation. The offspring was weaned
at 3 weeks after birth. Both male and female mice, aged 8-12 weeks were used
for the experiments presented in this thesis.

2.3.1 Wildtype C57BL/6 mice

In this thesis C57BL/6 mice (Jackson Laboratory, Bar Harbour, ME, USA) were
used throughout. These mice are widely used inbred mouse strain.

C57BL/6 mice were used to develop the melanoma primary and metastatic model
and to investigate mtDNA content in peripheral blood, described in in section 4.2.
These models were also used to investigate the impact of melanoma engraftment
on STING signalling. C57BL/6 were also used to obtain bone marrow derived
macrophages (BMDM).

2.3.2 C57BL/6J-Sting19YJ

This strain commonly known as Goldenticket (Gt) or Sting® was purchased from
the Jackon laboratory (JAX #017537) has a chemically induced mutant allele of
the Sting gene (355). The manufacturer states that in this strain, type 1 interferons
such as IFN-B are not produced when the BMDM are stimulated with cyclic
dinucleotides or Listeria monocytogenes infection (356). They state that this strain
can be used to investigate the detection of cytosolic DNA pathogen, the innate
immune response and tumour microenvironment. In this thesis, | will refer to this

strain of mice when used in experiments as STING-/-.
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2.4 Animal procedures

Animal handling and procedure training was provided by Mr. Richard Croft
(IGEBEFB87). Experimental procedures were conducted by me, having obtained
the UK Home Office personal licence (139252493) with the help of Dominic
Fowler-Shorten (184770732) and supervision of Professor Stuart Rushworth
(ICD3874DB).

2.4.1 Subcutaneous injections (SC)

1x10°® Melanoma cells (B16F1) suspended in 200ul of PBS were subcutaneously
injected once into a selected flank per animal. This was kindly performed by
Professor Stuart Rushworth. After the injections were administered, the mice were
placed in a clean cage and monitored for a short recovery period before being
returned to their home cage.

2.4.2 Intravenous injections (IV)

1x10°® Melanoma cells (B16F10) suspended in 200ul of PBS were intravenously
injected once into each animal using a sterile 26-gauge needle. Prior to injection,
the tail vein was vasodilated by placing the mice in a hot box at 37°C for 10
minutes. The mice were then transferred to a benchtop restraint whilst the
injection was taking place. This was kindly performed by my colleague Dominic
Fowler-Shorten. After the injections were administered, the mice were placed in a
clean cage and monitored for a short recovery period before being returned to
their home cage.

2.4.3 Melanoma mice model

Primary melanoma

C57BL/6 mice received a single subcutaneous injection of melanoma cells
(B16F1) in either flank, this model mimics primary Melanoma.
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Metastatic Melanoma

C57BL/6 mice received a single intravenous injection of melanoma cells (B16F10)
in the tail vein; this model mimics metastatic Melanoma.

For both models either at end point or at the first sign of ill health, schedule 1 was
performed and the animal sacrificed. The primary melanoma in the flanks was
dissected. For the metastatic melanoma models the liver was examined
macroscopically for metastatic melanoma nodules. For both primary and
metastatic melanoma models at end point blood samples were obtained, serum
extracted and analysed for the presence for murine mtDNA by qPCR. Liver RNA
was extracted and investigated for alterations in specific genes of interest,
Stimulator of interferon (STING)-associated genes. The liver was also analysed

for immune cell infiltration.

2.4.4 Schedule 1

Mice were humanely euthanised at end point of experiments or at the first signs
of ill health such as weight loss, hunched posture, piloerection, and reduced
motility. The animals were monitored closely, with weights recorded twice a week
at least and more frequently closer to the end point. The schedule 1 method used
was asphyxiation by rising CO2 concentration followed by dislocation of the neck

as a confirmation of death.

2.5 Cell culture

All cells utilised in this study were cultured and maintained at 37°C with 95%
air/5% CO2 humidity.

2.5.1 Murine Melanoma B16 cell line

Two variants of the B16 melanoma cell line were utilised in this study, B16F1 and
B16F1. B16F1 cells have a lower metastatic potential compared to the B16F10
that have a high metastatic potential (357). The B16F1 cell line was utilised for
the primary melanoma model, while the B16F10 was used for the metastatic

melanoma models. The cell lines were cultured in DMEM media supplemented
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with 2mM glutamine, 1TmM pyruvate, 10% Fetal Bovine Serum and 1%

penicillin/streptomycin.

2.5.2 Alpha Mouse Liver 12 (AML12) cells

The AML12 cell line was purchased from ATCC (Manassas, VA, USA). This cell
line is obtained from hepatocytes isolated from healthy adult male mouse aged
12 weeks. The manufacturer states that the AML12 cells mimic typical
hepatocytes and can therefore be utilised as healthy control hepatocytes. The
media used to culture AML12 cells in consisted of Dulbecco's Modified Eagle
Medium F12 (DMEM F12) supplemented with 10% FBS, 1% Penicillin-
Streptomycin, 10 yg/mL insulin, 5.5 pyg/mL transferrin, 5 ng/mL selenium and 40
ng/mL dexamethasone. The insulin, transferrin and selenium were purchased as
a combined Insulin-transferrin-sodium selenite (ITS) media supplement. The
AMLA12 cells were maintained in a T75 flask in an incubator at 37 °C, with fresh
media added every 2-3 days.

2.5.3 Cell cryopreservation

The melanoma cell lines were cryopreserved to allow for long term storage. To do
this, the cells were pelleted, and resuspended in freezing mix (10% dimethyl
sulfoxide/DMSO in FBS) at a density of 5X10° cells/ml. The cells were then
transferred into a cryotube and placed in a Mr Frosty container, maintaining the
cells at -1°C/minute preserving cell integrity. The cryotubes were then stored in
the -80°C freezer.

To thaw the cells, the cryotubes were removed from the -80°C freezer and
defrosted at 37°C. The cells are transferred to a 15ml Falcon tube with 10ml of
pre-warmed medium added in a drop-by-drop manner to dilute the DMSO and
prevent disruption to the cells. Cells were centrifuged at 1400xrpm for 5 minutes;
the pellet was then resuspended in fresh medium and cultured as required.
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2.6 Murine tissue collection and processing

2.6.1 Serum extraction

The peripheral blood obtained at end point after schedule 1 was used to extract
the serum, by centrifuging the blood sample at 1600xg for 10 minutes, followed
by a second spin at 16000xg for 5 minutes of the supernatant to discard cellular
debris from the sample, based on methods previously described by similar studies
(358). The serum sample was then either stored in the -20°C or was processed
onto the next stage of DNA extraction.

2.6.2 Murine liver isolation

At end point after schedule 1, to harvest the livers from in vivo mice models an
incision was made below the sternum and liver lobes dissected out. The
gallbladder was separated from the rest of the liver. The largest lobe is obtained
and immediately snap frozen in cryopreservation tubes and stored in dry ice to be
used for RNA extraction. Two smaller liver lobes were also obtained and placed
in Eppendorf containing 1ml PBS supplemented with 2% foetal bovin serum. The
Eppendorfs were placed on wet ice ready for the liver immune cell isolation.

2.6.3 Bone marrow isolation

Bone marrow was obtained from the femur and tibia of either wildtype C57BL/6 or
STING-/- mice depending on the experiment. Each of the bones were cut in half
and placed upside down in a 0.5ml Eppendorf tube containing a puncture at the
bottom. This Eppendorf was placed in a 1.5ml Eppendorf. A short spin
centrifugation for roughly 5 seconds was performed with the bone marrow (BM)
pellets collecting at the bottom of the 1.5ml Eppendorf. The BM pellets were
pooled, washed with MACS buffer (1XPBS, 0.5% BSA, 2mM EDTA) and filtered
using 40um CellTrics filter.
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2.6.4 Murine bone marrow derived macrophages

Freshly isolated mouse bone marrow was utilised to derive macrophages. 1X10”
bone marrow cells are plated onto 10cm tissue culture dishes containing RPMI-
1640 (Thermofisher) media supplemented with 20% FBS, 1% Penicillin-
Streptomycin, and 30% of L929 murine fibroblast cells. 5ml of fresh media was
added to the dishes after 3-4 days. Once cells are adherent and confluent, i.e.
differentiated into macrophages, media was changed every 2-3 days. The
presence of BMDM was confirmed via the characteristic morphology of
macrophages examined by microscopy (EVOS M5000 Imaging System). On day
6-7 cells were washed with PBS, EDTA added, and cells scrapped. The BMDM
were then seeded in RPMI-1640 media supplemented with 20% FBS, 1%
penicillin-Streptomycin, and 30% of L929 murine fibroblast cells.

2.6.5 Mitochondrial DAMPs (mtDAMPs) isolation

The mitochondria isolation kit for cultured cells (Thermoscientific) was utilised to
extract mitochondria from the melanoma cell line (B16F1/B16F10). The reagent-
based method was used, where 2x107 cells were centrifuged at ~850xg for 2
minutes. 800uL of Mitochondria Isolation Reagent A was then added to the
isolated pellet, and vortex for 5 seconds, and placed on ice for 2 minutes. 10uL of
Mitochondria Isolation Reagent B was then added, vortexing at maximum speed
for 5 seconds. The tube was then placed on ICE for 5 minutes, vortexing every
minute. 800uL of Mitochondria Isolation Reagent C was then added to the tube
followed by the inversion of the tube few times to mix the reagents. The tube was
then centrifuged at 700xg for 10 minutes at 4°C. The supernatant was then
transferred to a new 2.0ml tube and centrifuged at 12,000xg for 15 minutes at
4°C. 500uL of Mitochondria Isolation Reagent C was then added to the pellet, and
centrifuged at 12,000xg for 5 minutes. The pellet containing the mitochondria was
either disrupted by sonication to create mtDAMPS or subject to mtDNA isolation
described below. The resultant mtDAMPs was then stored in the -20°C for use

when required.
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2.6.6 Mitochondrial DNA (mtDNA) isolation

The mtDNA was extracted using the PURELINK Genomic DNA Mini Kit
(Thermofisher). The following steps were used for the extraction as per the
manufacture’s manual. The extracted mitochondria pellet was added to 200ul
PURELINK Genomic Lysis/Binding Buffer and vortexed. 200ul of 96-100%
ethanol was then added to the lysate and vortexed. 640ul of the lysate was
transferred to a PURELINK Spin Column in a collection tube. The column was
centrifuged at 10,000xg for 1 minute at room temperature. The spin column was
then placed in a clean collecting tube. 500ul of PURELINK wash buffer 1 was
added, centrifuging the tube at 10,000xg for 1 minute. 500ul of PURELINK wash
buffer 2 was added, centrifuging the tube at maximum speed for 3 minutes. The
spin column was then placed in a sterile 1.5ml collecting tube, and 50ul of
PURELINK® Genomic Elution Buffer added to the column. This was Incubated at
room temperature for 1 minute. The column was then centrifuged at maximum
speed for 1 minute. This was then stored in -20°C or utilised for downstream

application.

2.7 Cell culture assays

2.7.1 Cell counting

To determine viable cells and seed the correct number of cells, the Trypan blue
exclusion method was used. Here viable cells with an intact membrane do not
take up the trypan blue dye and remain unstained appearing bright under the
microscope. Non-viable cells with a distributed membrane take up the blue dye
and can therefore be identified and discounted from the cell count. 10ul of cell
suspension is diluted with Trypan blue in a 1:1 ratio. The suspension is loaded
onto a haemocytometer, cells are counted in each of the four outer quadrants,

and the total number of cells per ml can be calculated as illustrated in Figure 2.3.
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Viable cell

Quadrant

Dead cell

Cell number(cells/ml)= Viable cells/number of quadrants counted X dilution
factor X 104

2-3 cell counting the Trypan blue exclusion method
Haemocytometer with the four outer quadrants containing viable (yellow) and non-
viable (blue) cells. The formula is then used to calculate the number of cells per 1

ml.

2.7.2 BMDM stimulation with mtDNA

BMDMs were seeded at a density of 250, 000 in 1ml of RPMI-1640 containing

10% FBS and 1% Penicillin-Streptomycin in a 24-well plate. BMDM were cultured
with 53ul of mtDNA in a 2ml final volume of media. Depending on the experiment,
cells were treated with 100ng/ml of mtDNA once for the 1-day time point, or daily
for the 7-day time point experiment. At end point, BMDM RNA was extracted for
subsequent analysis of STING-associated genes via qPCR. The same approach
was utilised for the AML12 cell line stimulation with melanoma-derived mtDNA

experiment.
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2.8 Flow cytometry

In this thesis flow cytometry was performed using a BD FACSymphony A1 flow
cytometer, located in the Bob Champion Research and Education Building at the
University of East Anglia. The flow cytometer has a violet, blue, yellow-green, and
red laser allowing up to 16 colours to be used at one time. Flow cytometry was
utilised to identify different cell populations, macrophages (M1 vs M2) and liver
immune cells. That is made possible using antibodies to stain the cell surface
receptors that are conjugated with a detectable fluorophore.

Table 2.2 contains the antibody panels utilised in this study. Compensation for
each antibody panel was set up using the OneComp eBeads™ Compensation
Beads. To identify positive and negative populations fluorescence minus one were
run for each panel to ensure optimal gating strategies were used. Data was
analysed using FloJo software version 10.10.0 software (FlowJo LLC, Ashland,
OR, USA). All antibodies were purchased from Miltenyi Biotech (Bergisch
Gladbach, Germany), or BioLegend (San Diego, CA, USA).

Table 2.2 The antibody panels utilised for flow cytometry.

‘ Panel Antibody Fluorophore
Liver immune cells CD45 APC-Cy7
CD11b APC
Ly6C PE
Ly6G PE-Cy7
F4/80 FITC
Bone marrow derived | F4/80 RE-Cy7
macrophages CD11B APC
CD163 APC-Cy7
CD86 42
CD206 PE
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2.8.1 Bone marrow derived macrophage panel

At end point to prepare the samples for flow cytometry the following steps were
used. Media was removed from each well and washed with PBS. 500 ul of 0.25%
Trypsin-EDTA was added, a cell scraper was used to scrape the cells from each
well. 1 ml of PBS was added to each well after this, the cell suspension was
collected in 1.5 ml Eppendorf. Samples were centrifuged at 1000 RPM for 5
minutes. The pellet was resuspended in 400 ul of the master mix containing
MACS buffer and the relevant antibody stated in Table 2.2. The master mix
consisted of 400 pl MACS per sample and 0.5 yl of each antibody per sample.

2.8.2 Liver immune cell isolation panel

Liver lobes harvested after schedule 1 were placed in aliquots containing PBS
supplemented with 2% FBS (PBS/FBS). This was then transferred into 1ml of pre-
warmed 6.25ug/ml collagenase IV in PBS/FBS. The lobes were chopped into
multiple smaller pieces, placed into a chamber at 37°C for 30 minutes. The parts
of the livers that contain metastatic melanoma nodules were not included, and
that part of the tissue was excluded in this preparation. After this the liver tissue
was passed up and down through a 3 ml syringe further aiding digestion. This was
then filtered through a 70um filter into 15ml tubes. Tubes were centrifuged at 1300
RPM, 4°C for 10 minutes. The pellet was resuspended in 5 ml of 35% Percoll® in
PBS/FBS. This was then centrifuged at 1700 RPM for 40 minutes, room
temperature.

The supernatant was then discarded, and pellet resuspended in 1 ml of red blood
cell lysis and incubated for 3 minutes. The samples were then diluted in 5 ml of
PBS/FBS, before centrifugation at 1300 RPM, 4°C for 10 minutes. After that, the
supernatant was discarded, and cells/pellet resuspended in 50 pl of the antibody
mix stated in Table 2.2. 0.5 pl of each of the listed antibodies was used per sample
diluted in PBS/FBS. Antibodies were not added to the samples undergoing the
F4/80 enrichment protocol detailed next in 2.8.3. After the addition of the
antibodies the samples were incubated for 30 minutes in the dark and left to stain.
200 pl of sheath fluid was then used to top up the samples, which were then
transferred into flow tubes ready for flow. 50, 000 events were collected for each

sample.
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2.8.3 F4/80 enrichment

F4/80 is a specific cell surface murine macrophage marker (359, 360). High
expression of the F4/80 cell surface marker is present in tissue resident
macrophages, such as the liver resident macrophages, Kupffer cells (359, 360).
Once the liver immune cell isolation was carried out, F4/80+ macrophages were
purified utilising the magnetic MicroBeads UltraPure (Miltenyi Biotec, Bergisch
Gladbach, Germany) separation technique. Here the F4/80+ cells are labelled
magnetically with Anti-F4/80 MicroBeads UltraPure. The cells are loaded onto
Magnetic-activated cell sorting (MACS®) columns placed in MACS separator
magnetic field. The F4/80+ cells magnetic labeled cells are retained within the
columns, this can then be eluted as the purified positively selected cell fraction for
downstream processing, RNA extraction in this case. To start the F4/80
enrichment process, first a buffer solution was made consisting of PBS, pH 7.2,
0.5% BSA, and 2 mM EDTA, diluting MACS BSA Stock Solution (130-091-376)
1:20 with autoMACS® Rinsing Solution (130-091-222). The buffer was maintained
at 2-8°C. Cell suspension obtained from the immune liver cell isolation step was
centrifuged at 300g for 5 minutes. The supernatant was aspirated; the pellet was
resuspended in 90 pl of the buffer. 10 ul of the Anti-F4/80 MicroBeads UltraPure
was added. This was mixed and incubated in the refrigerator (2-8°C) for 15
minutes in the dark. The cells were then washed with 2ml of buffer and centrifuged
at 300g for 10 minutes. The supernatant was then aspirated, pellet resuspended
in 500 pl of buffer. For the magnetic separation step, the MACS LS columns were
placed in the MACS separator (QuadroMACS) and rinsed with 3ml of buffer. The
cell suspension was added to the LS column, the follow through the columns
(unlabelled cells) was collected. The column was then washed 3 times with 3 ml
of buffer, continuing to collect the follow through. The LS columns were then
removed from the MACS separator and placed in a collecting tube; 5 ml of buffer
was used to flush out the magnetically labelled F4/80+ cells. The F4/80+ cells
were then used to extract RNA detailed in Section 2.9.2.
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2.9 Molecular biology

2.9.1 DNA extraction

Extracted serum was subjected to DNA extraction to detect presence of mouse
and /or human mitochondrial DNA by qPCR. DNA was extracted using the
PURELINK Genomic DNA Mini Kit (Thermofisher). The following steps were used
for the extraction as per the manufacture’s manual. 250ul of serum was added to
200ul PURELINK Genomic Lysis/Binding Buffer and vortexed. 200ul of 96—-100%
ethanol was then added to the lysate and vortexed. 640ul of the lysate was
transferred to a PURELINK Spin Column in a collection tube. The column was
centrifuged at 10,000g for 1 minute at room temperature. The spin column was
then placed in a clean collecting tube. 500ul of PURELINK wash buffer 1 was
added, centrifuging the tube at 10,000g for 1 minute. 500ul PURELINK wash
buffer 2 was then added, centrifuging the tube at maximum speed for 3 minutes.
The spin column was placed in a sterile 1.5ml collecting tube, 50ul of PURELINK®
Genomic Elution Buffer was added to the column. This was incubated at room
temperature for 1 minute. The column was then centrifuged at maximum speed
for 1 minute. The purified extracted DNA was then either stored in -20°C or
processed for downstream application.

2.9.2 RNA extraction

To assess the STING gene expression in BMDM, and hepatocytes/AML12 used
in the in vitro experiments and livers from in the in vivo experiments, real-time
qualitative polymerase chain reactions were carried out. To do this RNA was
extracted using the Reliaprep RNA Cell Miniprep extraction kit following the
manufacturer’s instructions. For in vivo experiments, a small grain, rice-sized
piece of the snap frozen liver was finely placed into homogeniser tubes containing
3 homogeniser beads. After that 500pL RNA lysis buffer was added to the
homogeniser tubes and homogenised utilising a Precellys 24 tissue homogeniser
(Bertin Technologies SAS, France), settings 2 for 30 seconds at 6000 RPM. For
the in vitro experiments, plates of AML12 or BMDM cells frozen in RNA lysis buffer
were defrosted and collected into Eppendorf tubes ready for RNA extraction. From

here both in vitro and in vivo samples underwent the same processing steps as
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follows. 170l of absolute Isopropanol was added, vortexing the solution for 5
seconds. This was then transferred to a Reliaprep minicolumn in a clean collection
tube and centrifuged at 13,0009 for 30 seconds. The supernatant was discarded,
and 500ul RNA wash added, and centrifuged at 13,0009 for 30 seconds. 200ul of
Column Wash Solution was then added, and centrifuged at 13,000g for 15
seconds. This was then washed with 500ul of RNA Wash Solution and centrifuged
at 13,0009 for 30 seconds, followed by a second wash with 300ul of RNA Wash
Solution, this time centrifuging at 13,000g for 2 minutes. The minicolumn was
transferred to an elution tube, and 20ul of Nuclease-free water added for in vitro
samples, for the in vivo samples using whole-liver lysates 50 pL of nuclease free
wate was instead added. This was then centrifuged at 13,000g for 1 minute to
elute the RNA. The samples were then placed on to ice for quantification and
subsequent cDNA synthesis or stored in the -20°C.

2.9.3 Quantification of RNA and DNA

NanoDrop 2000 spectrophotometer (ThermoFisher, Waltham, MA, USA) was
used to quantify the extracted RNA and DNA. The NanoDrop was first cleaned
with 1 pL of nuclease free water. 1 ul of the sample was then loaded onto the
NanoDrop and RNA/DNA concentration (ng/ul) determined. The purity of the
sample was determined using the A260/230 ratio. A detected value of 1.8 and 2.
was deemed sufficiently pure.

2.9.4 cDNA extraction

The extracted RNA was utilised to obtain cDNA using gPCRBIO cDNA synthesis
Kit as per the manufacture’s manual. 2ul of RNA was added to an 8ul master mix
consisting of 2ul of 5x cDNA synthesis mix, 0.5ul of 20x RTase, and 5.5pl of
RNase free water. The samples were incubated with the Bio-Rad T100 Thermal
Cycler, where the reactions were incubated at 42°C for 30 minutes, followed by a
10-minute incubation at 85°C to denature RTase followed by an indefinite hold
step at 4 °C until samples are removed. cDNA was then diluted in 100 pL of

nuclease free and stored in the -20°C until use or processed immediately.
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2.9.5 Real-time quantitative PCR (qPCR)

gPCR was carried out using the Roche Lightcycler 480 (Roche, Basel,
Switzerland) in 384-well Roche Lightcycler reaction plates. gPCR allowed for
analysis of gene expression using the SYBR-GREEN technology. Analysis of
mtDNA was carried out using TAQMAN technology. Primers used in this thesis
are outlined in Table 2.3.

Table 2.3 A list of SYBR GREEN and TAQMAN primers used in this thesis.

QuantiTect SYBR-GREEN Primers (Qiagen

Gene Primer Assay Name Gene Globe ID
GAPDH Mm_Gapdh_3_SG QT01658692
STING-associated genes (361)
IRF3 Mm_Irf3_1_SG QT00108759
STAT1 Mm_Stat1_1_SG QT00162183
CXCL2 Mm_Cxcl2_1_SG QT00108759
IRF7 Mm_IRF7_1_SG QT00104006
Macrophages markers
CD163 Mm_Cd163_1_SG 249900
CD80 Mm_Cd80_1_SG 249900

‘ TAQMAN® Primers (ThermoFisher)
Gene Assay name Assay specifics
Human ND1 Hs02596873_S1 109116
Mouse ND1 Mm04225274 S1 4331182

2.9.6 SYBR Green gene analysis

The gene expression in the experimental samples was determined by SYBR
Green gPCR. A master mix consisting of 2.5ul of 2x SYBR® Green and 0.5ul
gene-of-interest primer was added to 2ul of cDNA. The reaction was added to a
Lightcycler 480 Multiwall plate384. The plate sealed and centrifuged at 300g for
15 seconds and inserted into the RT-gPCR machine and run on the pre-
programmed cycle illustrated in Figure 2.4. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was utilised as the housekeeping gene for all
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experiments. As GAPDH is expressed in all cell types and remains relatively
constant, genes of interest were normalised to GAPDH (362).

The cycle threshold (Ct) value, the raw output value obtained from the lightcycler
of GAPDH was subtracted from the Ct value obtained for the gene of interest, this
value known as delta (A) Ct. The A Ct of the treatment condition was then
subtracted from the control condition A Ct, generating the AACt value. The fold
change in expression was then determined relative to untreated samples by

calculating 224,

Hold Stage PCR Stage Melt Curve Stage
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Enable AutoDelta
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100 "C_|
95.0 °C 95.0 °C 95.0 °C
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50 "C__| i :

25 "C__|

0°C—|

Step1 Steptl Step2 Stepl Step2 Step3 (Dissociation)

2-4 RT-gPCR SYBR-Green programme settings.

2.9.7 TAQMAN mtDNA analysis

The quantification of mtDNA isolated from the human or mouse serum or
melanoma cell line was analysed by TAQMAN® gPCR assay. Probes for the
genes of interest contained either 2'- chloro-7'phenyl-1,4-dichloro-6-carboxy-
fluorescein (VIC) or 6- Carboxyfluorescein (FAM) fluorophores. To prepare the
PCR plates, the following master mix was made, 0.25ul primer (ND1), 2.5ul of
TaqPath ProAmp enzyme (Thermofisher), and 0.25ul nuclease-free water. 3ul of
the master mix was then added to 2pl of the mtDNA in a Lightcycler 480 Multiwell
plate 384, plate sealed and centrifuged at 1000rpm for 300 x g for 15 seconds to
mix the reaction, then loaded into the Roche Lightcycler 480 (Roche, Basel,
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Switzerland). The PCR was run with a pre-programmed setting shown in Figure
2.5. The generated cycle threshold (Ct) values were utilised to calculate the fold
change in the gene expression of mtDNA. AACt value of each sample was
determined by subtracting the average Ct value of the control samples from the

test samples. The fold change was then determined by calculating 2-24¢t
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2-5 TAQMAN® assay Lightcycler program.
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2.10 Statistical analysis

GraphPad Prism software version 10.1.0 (GraphPad Software, San Diego, CA,
USA), Microsoft Excel (Albuguerque, NM, USA), and FlowJo software FloJo
software version 10.10.0 software (FlowJo LLC, Ashland, OR, USA) were used to
analyse the data obtained from the experiments carried out in this thesis. A
Shapiro-Wilk test confirmed that the data were not normally distributed, therefore
a non-parametric Mann-Whitney U test was used to assess differences between
groups. The difference between groups were considered statistically significant if
the probability value (p) was less than 0.05. Statistical significance is presented
as *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The data presented in this
thesis represent the mean * standard deviation, with n denoting the number of
biological replicates. The graphs presented in this thesis were produced using
GraphPad Prism software version 10.1.0 (GraphPad Software, San Diego, CA,
USA). No statistical methods were used to pre-determine the sample size.
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3 Results - Circulating cell free mitochondrial DNA is elevated
in metastatic melanoma human cases

3.1 Introduction

The currently used diagnostic and prognostic tools in melanoma are invasive (76-
79). The role of biomarkers in melanoma remains unclear (88-89). This is a
recognised gap in the field of diagnosis and monitoring of melanoma patients (88-
89). It has also been identified as one of the National Institute for Health and Care
Excellence (NICE) Melanoma future research recommendations (90). A non-
invasive biomarker obtained via a simple blood sample for example in the
outpatient department setting could potentially have a significant and positive
impact in monitoring melanoma disease progression in real time. Several
biomarkers such as CfDNA, CtDNA have been investigated as a potential non-
invasive biomarker for melanoma, however non-have materialised into clinical
practice (112). Nuclear DNA has received the most attention in the search for a
melanoma and other cancer biomarker, while mitochondrial DNA has been
overlooked somewhat. This could potentially be an oversight, as cell free
mitochondrial DNA can also be detected and is known to have a significantly
higher copy number per cell, shorter length and simpler structure than nuclear
DNA (161-162). Furthermore, studies have illustrated that there is an association
between mtDNA copy number and an increase in risk of cancers, such as breast
and non-Hodgkin lymphoma (167-170). In melanoma, one study back in 2015
involving 500 melanoma patients, found that the mtDNA copy number was found
to be significantly higher in melanoma patients compared to control (167). This
study recruited patients with early-stage melanoma and not advanced melanoma.
It was also a retrospective study and therefore lacked the ability to track the levels

of mtDNA in such patients in response to treatment, and disease progression.

In this chapter | therefore set out to investigate patient serum levels of cell-free
mtDNA in advanced metastatic melanoma patients, and its changes in response
to surgery and disease progression, as well as its potential role as a novel non-
invasive biomarker of metastasis. | hypothesise that elevated circulating mtDNA
can be used as a potential biomarker to monitor metastatic melanoma. The aims

of this chapter were to investigate serum levels of cell-free mtDNA in metastatic
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melanoma patients as a potential biomarker, and it changes in response to

therapy and disease progression.
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3.2 Cell-free mtDNA is elevated in serum samples from patients with
metastatic melanoma

To investigate if mtDNA could potentially act as a non-invasive liquid biopsy or a
biomarker in aggressive melanoma, | first carried out a proof-of-principle study. In
this study, 16 patients with biopsy proven metastatic melanoma were recruited
from the Norfolk and Norwich University hospital, under the Norwich research park
ethics (ETH2122-2327). These patients were listed for the standard usual
debulking resection surgery for the metastatic melanoma. Table 3.1 shows the
demographics and histological diagnosis of each of the recruited patients. The
exclusion criteria included patients with known metastasising cancer other than
melanoma and patients on systemic immunosuppressive therapy. Patients with
no known underlying conditions were recruited as the healthy control group. The
commonest diagnosis was the superficial spreading melanoma, which is the
commonest type of melanoma. This was closely followed by nodular melanoma

which is the second most common type.
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Table 3.1 Patient demographics and histological diagnosis.

Patient |Age |M/F [Diagnosis Primary site Secondary site

No.

1 75 Nodular Melanoma Left upper back Left axilla

2 86 M |Nodular Melanoma Right shoulder Right neck

3 58 |F  [Superficial spreading Left leg Left groin
Melanoma

4 63 (M |Unknown, Melanoma Unknown Left axilla
type

5 76 |F Unknown Melanoma Left arm Left axilla
tumour type

6 68 |M |Superficial spreading Midback Left axilla
Melanoma

7 83 |M |Superficial spreading Left lower back Left axilla
Melanoma

8 52 |M |Superficial spreading Right arm Right axilla
Melanoma

9 57 |F  |Superficial spreading Right lower back Right axilla
Melanoma

10 80 M |Nodular Melanoma Left forearm Left elbow

11 56 |F Superficial spreading Left arm Left axilla
Melanoma

12 83 M |Nodular Melanoma Right arm Right axilla

13 57 Nodular Melanoma Right arm Right axilla

14 67 [M |Nodular Melanoma Left chest Left axilla

15 73 |F Superficial spreading Right leg Right groin
Melanoma

16 55 M |Superficial spreading Upper back Right axilla
Melanoma
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A peripheral blood sample was obtained for serum from each of the recruited
patients on the day of surgery. The blood sample was obtained from the patient
with the tumour in situ before the start of surgery. Serum was extracted using the
protocol described in the Methods (Section 2.2.1). The blood sample underwent
a series of centrifuging steps to remove both blood cells and any remaining large
vesicles that may contain mitochondria. DNA was extracted and TAQMAN PCR
utilised to quantify mtDNA.

The total DNA was extracted utilising an established kit as described in the
Methods section. TAQMAN PCR was then used to quantify the content of
mitochondrial DNA (mtDNA). | found that patients with biopsy proven metastatic
melanoma had significantly higher levels of circulating cell free mtDNA compared
to healthy controls (p<0.0106), as illustrated in Figure 3.1.
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3-1 Cell-free mtDNA is significantly elevated in PB serum of patients with
metastatic melanoma.

TAQMAN gPCR was utilised to quantify mtDNA from the isolated sample. mtDNA
fold change in serum mtDNA in 4 healthy subjects vs 16 metastatic melanoma
patients. Fold change was calculated based on the AACt value of the Ct value of
control (healthy) samples subtracted from the metastatic melanoma samples.
Data indicate mean = SD. Data were analysed using Mann-Whitney U test. *p <
0.0106.
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3.2.1 Tumor size and mtDNA level

To ascertain if there was an association between mtDNA and tumor characteristics
such as size and mutations, the histological features were correlated with mtDNA
detection. There was no significant correlation between tumor size and mtDNA
level (p=0.339) illustrated in Figure 3.2.
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3-2 Tumor mass size and mtDNA level.

The correlation between tumor size and mtDNA level, R?=0.06534 (P=0.339).
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3.2.2 BRAF mutation associated with higher mtDNA

BRAF is a proto-oncogene that encodes a protein called B-Raf, involved in the
regulation of cellular growth and differentiation (39, 40). If mutated as is the case
in 40-60% of melanoma, it results in uncontrolled cellular growth and cancer
development (39, 40). BRAF-mutated melanoma has more aggressive behaviour
in advanced melanoma (40).

| found that higher levels of mtDNA were associated with the presence of a BRAF
mutation (p<0.0490), illustrated in Figure 3.3.
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3-3 BRAF mutation is associated with high mtDNA.

TAQMAN gPCR was utilised to quantify mtDNA from the isolated sample. mtDNA
fold change in serum mtDNA in 4 healthy subjects vs 16 metastatic melanoma
patients. Fold change was calculated based on the AACt value of the Ct value of
control (healthy) samples subtracted from the metastatic melanoma samples.
Data indicate mean + SD. Data were analysed using Mann-Whitney U test.
*p<0.0490.
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3.3 mtDNA detected distinguished remission and relapsing groups

To investigate the potential of mtDNA as a tool to monitor response to treatment
or disease progression, the patients were tracked for 12 months post-surgery.
Sequential blood samples were obtained at 4, 8 and 12 months after surgery
(Figure 3.4). mtDNA was extracted and quantified in the same manner as the pre-
operative baseline mtDNA was measured. Having reviewed the patient’s clinical
data, | found that 4 of the 11 tracked patients over 12 months were diagnosed with
relapsing metastatic melanoma. This relapse was reflected in an increase in the
mtDNA detected at the corresponding month of relapse (Figure 3.5), compared to
the levels remining low and not returning to baseline or higher after surgery at
months 4, 8 and 12 after surgery in patients who remained in remission (Figure
3.6). In the patient cohort of four who developed a relapse, patient 1 developed
an obvious increase in mMtDNA measured at month 4, whilst in the remaining 3
patients mtDNA levels did not decrease post operatively (Figure 3.5). In the
patient cohort of seven who remained in remission, mtDNA remained low at the
sequential 4, 8 and 12 months post operatively follow up bloods (Figure 3.6).
There were fluctuations in mtDNA, but mtDNA did not return to the initial pre-

operative level measured at month 0.

4 months 8 months 12 months
Day
0 @ @ @
blood sample blood sample blood sample
Metastatic

melanoma excised
and blood sample

3-4 Schematic of the timeline illustrating when PB was obtained from
patients.
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3-5 mtDNA levels in four patients developing a relapse.

mtDNA fold change in serum mtDNA in four patients with metastatic melanoma
who developed a relapse in disease (n=4) out of the 11 patients tracked over a
one-year period post operatively. Fold change was calculated based on the AACt
value of the Ct value of baseline (month 0) samples subtracted from the follow up

samples. (n=4).
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3-6 mtDNA levels in patients in remission.

mtDNA fold change in serum mtDNA in seven patients with metastatic melanoma
who remained in remission (n=7) out of the 11 patients tracked over a one-year
period post operatively. Fold change was calculated based on the AACt value of
the Ct value of baseline (month 0) samples subtracted from the follow up samples.
(n=7).
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mtDNA detected distinguished between the remission and relapse groups at the
4 months (p= 0.0012), 8 months (p= 0.0005), and 12 months (p= 0.0097)
sequential blood tests (Figure 3.7). The 4 patients who developed a relapse all

developed metastasis to sites additional to that of the original site of metastasis

which required the surgery initially. The metastatic sites included the lungs and

brain. The 4 relapsing patients had different outcomes, with one requiring
radiotherapy for the brain metastasis, two died at 16 and 18 months from the time

of surgery, and one was placed on end-of-life care. Table 3.2 details a breakdown

of the patient demographics and outcomes of the four patients who developed a

relapse detected by mtDNA.
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3-7 mtDNA distinguished between the remission and relapse groups.

mtDNA levels compared between the remission and relapse groups at the 4
months (p= 0.0012), 8 months (p= 0.0005), and 12 months (p= 0.0097)
sequential blood tests. (remission n=7, relapse=4). Fold change was calculated
based on the AACt value of the Ct value of baseline (month 0) samples
subtracted from the follow up samples. Data indicate mean = SD. Data were
analysed using Mann-Whitney U test. **p<0.01, ***p<0.001
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Table 3.2 The demographics, diagnosis and outcomes of the patients
developing a relapse

Patient No. Age | Sex | Diagnosis Progression | Outcome
site
1 78 F Metastatic Brain Radiotherapy
melanoma lymph metastasis required at 4
node left axilla months post-op
3 57 F Metastatic Brain Death at month
melanoma left groin | metastasis 18 post-op
2 66 M Metastatic Brain End of life
melanoma left axilla | metastasis palliative care at
20 months post-
op
14 76 F Metastatic Lung Death at month
melanoma lymph metastasis 16 post-op
node right elbow
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3.4 Summary

In this first results chapter, | set out to investigate the association between
metastatic melanoma and circulating cell-free mtDNA in peripheral blood. Here, |
have found that elevated mtDNA levels can be detected in the peripheral blood
serum of patients with metastatic melanoma. | also investigated if there was an
association between mtDNA level and tumor features, namely tumor size and
mutation. | illustrate that there was no correlation between levels of mtDNA
detected and size of tumor. However, the presence of a BRAF mutation was
associated with much higher mtDNA levels. BRAF-mutated melanoma exhibits

aggressive behaviour in advanced melanoma.

Investigating mtDNA levels post operatively over 12 months, | show that the four
patients who developed a relapse were found to have an increase in mtDNA
detected at the sequential post-operative follow up blood samples. Whilst the
patients who remained in remission were found to have lower mtDNA levels than

the initial pre-operative level detected prior to the resection of the tumour.
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4 Results - Establishment of in vivo Melanoma Mouse Models
and Circulating mtDNA Levels

4.1 Introduction

Research examining mtDNA in melanoma remains limited, and if circulating
mtDNA could be used as a biomarker to determine disease status. Moreover, no
work has investigated the role of cell free mtDNA in metastatic melanoma and its
progression. Better outcomes can be realised through new therapies or improved
diagnosis, developed from a better understanding of the biology of the disease.

To address this gap in the field, and to allow me to investigate the significance of
circulating cell-free mtDNA on melanoma progression, | first set out to develop
and establish the melanoma mice models mimicking both primary in situ early-
stage melanoma and advanced disseminated metastatic melanoma. This is

discussed in this chapter.

103



4.2 Cell-free mtDNA levels are elevated in primary and metastatic mouse
models of melanoma

To test and verify the observation of elevated mtDNA made in patients with biopsy
proven metastatic melanoma, two mouse models mimicking primary and
metastatic melanoma were first developed. For the primary melanoma model,
C57BL/6 mice received a single subcutaneous (SC) injection of 1x10% murine
B16F1 cells. For the metastatic melanoma model, C57BL/6 mice received a single
intravenous (1V) injection of 1x10® murine B16F10 cells. At end point on day 14,
after schedule 1 the following was obtained namely peripheral blood, tumor mass
dissected from the flank site of the SC injection, and intact livers. Schematic of
the experimental is depicted in Figure 4.1.

Mice weight was closely monitored throughout; Figure 4.2 compares changes in
weight in all three experimental groups. The IV metastatic melanoma model
exhibited a significant weight loss compared to the control group where the weight
remained consistent. The SC primary melanoma group in contrast to the IV
metastatic melanoma group, illustrated an increase in weight. This reflected the

increase in the primary tumor mass at the injection site in the flank.
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4-1 Schematic of the experimental design of the in vivo subcutaneous and

intravenous melanoma mice model.

Female C57BL/6 mice, split into three experimental groups. Control mice who
received no intervention (n=6), Subcutaneous melanoma (SC) (n=7) group
mimicking primary melanoma received a single SC B16F1 1x10° injection on day
1 in the flank, and an intravenous (IV) melanoma (n=7) group mimicking

metastatic melanoma received a single IV B16F10 1x10° injection on day 1.

At end point on day 14, after schedule 1 peripheral blood was obtained to quantify
mtDNA. Primary melanoma tumor mass was dissected and measured (mm).
Livers were harvested, macroscopic metastatic nodules noted. Liver RNA
extracted to analyse STING via qPCR. Liver immune cells were isolated and
liver resident

analysed through flow cytometry. F4/80 enrichment for

macrophages analysed with gPCR to assess macrophage markers and STING.
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4-2 Variation in bodyweight of each experimental group

(A) Control (n=6) (B) group received subcutaneous B16F1 melanoma injection
(n=7) and (C) group received IV B16F10 melanoma injection (n=7).
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At end point, the primary tumor mass was dissected from the flank of the injection
site and measured in the SC model (Figure 4.2A &B). The primary melanoma
tumor mass harvested ranged between 0.9 to 1.6mm in size, with mean tumor
mass size of 1.1mm. In the metastatic melanoma model, macroscopic analysis
and photograph of the metastatic melanoma nodules in the liver were documented
(Figure 4.3C). Peripheral blood samples were also obtained at end point on day
14 post engraftment. Serum was obtained, DNA extracted in the same manner as
that utilized in the patient samples, mtDNA was subsequently quantified via qPCR.

In the SC primary melanoma model, mtDNA was found to be significantly higher
than that detected in control mice who received no intervention (*p<0.0103)
illustrated in Figure 4.4A. Like the serum attained from patients with metastatic
melanoma, serum from the metastatic melanoma mouse model was found to have
significantly higher levels of circulating mtDNA compared to the control
(***p<0.0000), as illustrated in Figure 4.4B. Furthermore, compared to the SC
primary melanoma model, the mtDNA increase observed in the IV metastatic
melanoma model was markedly higher (Figure 4.4C).
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4-3 The phenotype in primary and metastatic melanoma mouse model.

(A)Schematic of experimental design. C57BL/6 mice received a single
subcutaneous dose (SC) in the flank of 1x10® murine B16F1 cells (n=7). At
end point on day 14 after schedule 1, tumor mass was dissected and
photographed.

(B) At end point on day 14, after schedule 1, the primary tumor mass that was
dissected from the injected flank site was measured (mm).

(C)Schematic of experimental design. C57BL/6 mice received intravenous
dose (IV) of 1x10® murine B16F1 cells (n=7). At end point on day 14 after
schedule 1, the liver was dissected and metastatic nodules photographed.
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4-4 Serum mtDNA is significantly elevated in SC and IV melanoma mouse
model compared to control.

(A) At end point serum was obtained from the peripheral blood, DNA extracted.
mtDNA quantified via qPCR. Fold change was calculated based on the
AACt value of the Ct value of control (n=6) samples subtracted from the
primary melanoma (n=7) samples. Data indicate mean + SD. Data was
analysed using Mann-Whitney U test. *p < 0.0103.

(B)At end point serum was also obtained from the peripheral blood, DNA
extracted. mtDNA quantified via gPCR. Fold change was calculated based

on the AACt value of the Ct value of control (n=6) samples subtracted from
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the metastatic melanoma (n=7) samples. Data indicate mean + SD. Data
was analysed using Mann-Whitney U test. ****p < <0.000.

(C)mtDNA level in serum obtained from peripheral blood of SC primary
melanoma (n=7) and IV metastatic melanoma (n=7). Fold change was
calculated based on the AACt value of the Ct value of control (n=6)
samples subtracted from the primary melanoma (n=7) and metastatic
melanoma (n=7) samples. Data indicate mean + SD. Data was analysed
using Mann-Whitney U test. ****p < <0.0001.
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4.3 Summary

To investigate the impact and role of circulating mtDNA on melanoma
progression, | first established melanoma mouse models mimicking primary
melanoma and metastatic melanoma. Engraftment was confirmed by locating
the primary tumour mass in the subcutaneous model, which mimics primary
melanoma. For the metastatic melanoma IV model, metastatic melanoma

nodules in the liver, a known metastatic site were documented.

Phenotypic assessment revealed distinct systemic effects, mice in the SC
model exhibited progressive weight gain, reflecting the increasing size of the
flank tumour mass. The mice in the IV model demonstrated weight loss,
particularly at the experimental endpoint, consistent with the general decline
in health associated with disseminated disease.

Following confirmation of melanoma engraftment, | next investigated the
presence of circulating mtDNA. Both primary (SC) and metastatic (IV)
melanoma models exhibited significantly higher levels of mtDNA compared to

control mice.
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5 Results — Melanoma engraftment induces a down regulation in
STING pathway in liver resident macrophages which exhibit
an M2 phenotype

5.1 Introduction

Most melanoma cases are identified in the early stages resulting in good patient
outcomes. However, up to 5% of melanoma cases are diagnosed with metastatic
melanoma at the time of presentation (309). Furthermore, up to 20% of patients
will go on to eventually develop metastatic melanoma at a later stage. Metastatic
melanoma has a poor prognosis (309-310). Metastatic sites include the lungs,
brain, bone and liver. Metastasis to the liver, seen in 1 in 4 patients, presents a
particular challenge, as currently there is no cure for it (311). Additionally,
melanoma liver metastases are an indicator of treatment resistance and a

predictor of poor response to systemic therapy (310-311).

As well as melanoma, metastases to the liver are observed in other cancers such
as colorectal, lungs and breast for example (309). Whilst this organotropism is not
fully understood at a molecular level, the Steven Pagets hypothesis of ‘seed and
soil' highlighted the need for a receptive microenvironment to facilities and

encourage metastases to distant organs from the primary tumor site (312).

Since then, signaling pathways such as the cGAS-STING implicated in facilitating
and mediating this metastatic tumor seeding to the liver have been identified
(313). In the liver the cGAS-STING signaling system is expressed in non-
parenchymal cells, mainly Kupffer cells, sinusoidal endothelial cells and HScs
(318). When the cGAS-STING IRF3 and NF-kB is trigged, IFNs, Pro-inflammatory
factors and chemokines are released, it can result in both anti-tumor effects
initially, followed by tumor survival and immune evasion when chronically
stimulated (318). The effector immune cells such as macrophages resulting from
the STING signaling pathway activation, are known to play an essential role in the

pre-metastatic and metastatic niche in liver metastases (319, 320, 333).

In chapter 4, having shown that both primary (SC) and metastatic (IV) melanoma
engrafted mice models exhibited significantly higher levels of circulating cell-free

mtDNA compared to control mice. Next, | wanted to investigate the signalling
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mechanism that mediates the interaction between melanoma derived mtDNA and
the liver tissue, specifically identifying the effector immune cells and signalling
pathways that maybe implicated in this. Additionally, | set out to investigate how
mtDNA activated liver tissue facilitates melanoma disease survival and
progression. | hypothesise that elevated mtDNA in melanoma can promote pre-
metastatic niche development in the liver leading to metastatic progression. In this
chapter | set out to investigate the role of the STING pathway and immune cells
in liver metastases, a common melanoma metastatic site, utilising both in vivo and

in vitro techniques.
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5.2 Melanoma engraftment results in downregulation of STING-associated
gene expression in whole liver lysates

To investigate the role of the STING pathway in melanoma liver metastases, liver
RNA was obtained from both the SC and IV melanoma mouse model at end point
on day 14 post melanoma engraftment. STING-associated genes were found to

be significantly down regulated in the SC and IV Melanoma mouse model (Figure

5.1).
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5-1 Melanoma engraftment caused a downregulation of STING-associated
gene expression in whole liver lysate of engrafted melanoma mice.

Whole liver RNA lysates were obtained at end point from both SC and IV
melanoma mice models; liver RNA extracted; gPCR was utilised to quantify the
genes. Relative gene expression between control (n=5) and melanoma engrafted
mice (n=5). Fold change was calculated based on the AACt value obtained from
the ACt value calculated from the Ct value of the housekeeping gene (GAPDH)
subtracted from the Ct value of the gene of interest. Data indicate mean + SD.

Statistics are presented as Mann-Whitney U test. *p <.0.05, **p<0.01, ***p<0.001.
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mtDNA normalisation between serum and isolated mtDNA for in vitro assays

To ensure that the concentration of mitochondrial DNA (mtDNA) used in the in
vitro assays was physiologically relevant, | first averaged the mtDNA qPCR Ct
values obtained from the serum of mice intravenously injected with melanoma
(mean 22.515+1.61). These values were then compared to the Ct values from
mtDNA extracted from the melanoma cell line B16F10 (mean 17.27+0.79). Using
the mean, | calculated that there was a difference of 5.24 Ct difference which
equals 37.7-fold more in the in vitro starting content. Based on this comparison,
the isolated mtDNA was diluted to match the level observed in vivo (53pl of mMtDNA
was used in a 2ml final volume of media), thereby establishing a relevant and

representative concentration for use in subsequent in vitro experiments.

5.3 STING-associated gene expression in hepatocytes have no response
to mtDNA

Given that the liver comprises both parenchymal cells (hepatocytes) and non-
parenchymal cells (including resident immune cells such as Kupffer cells), next |
investigated whether the downregulation of STING-associated genes observed in
the liver lysates of melanoma-engrafted models occurs in parenchymal or non-
parenchymal cells. To achieve this, | utilised the Alpha Mouse Liver 12 (AML12)
hepatocyte cell line. AML12 cells were cultured with melanoma-derived mtDNA
extracted from the B16F10 melanoma cell line, as described in the Methods
section. AML12 cells were treated daily with 53 yL of mtDNA or 53 yL of PBS
(vehicle control) for 7 days. At endpoint, RNA was extracted, and STING-
associated gene expression was quantified using qPCR (Figure 5.2A). No
changes in STING-associated gene expression were observed in AML12 cells
challenged with melanoma-derived mtDNA (Figure 5.2B).
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5-2 No change observed in STING-associated genes in AML12 hepatocytes
cell line challenged with melanoma derived mtDNA.

(A) in vitro experimental design schematic. AML12 (n=6) were challenged with
53ul of mtDNA derived from the melanoma cell line B16F10 daily for 7 days. RNA
was subsequently obtained and qPCR STING-associated genes were analysed.

(B) Relative gene expression between control (n=6) and AML-12 cells treated with
melanoma derived mtDNA treated cells (n=6). Fold change was calculated based
on the AACt value obtained from the ACt value calculated from the Ct value of the
housekeeping gene (GAPDH) subtracted from the Ct value of the gene of interest.
Data indicate mean + SD. The difference was not statistically significant p>0.05.
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5.4 STING-associated gene expression in BMDM in response to mtDNA

To investigate the role that non-parenchymal liver cells, specifically immune cells
play in response to mtDNA, next | utilised BMDM given that it is a primary immune
cell. To do this | utilised BMDM from wild type C57BL/6 mice. The BMDM were
co-cultured and challenged with 53pl of melanoma-derived mtDNA daily for 7
days. At end point, RNA was extracted and STING-associated genes quantified
utilizing qPCR (Figure 5.3A).

In contrast to the lack of response observed in AML12 hepatocytes treated with
mtDNA, BMDMs exhibited a significant downregulation of STING-associated
genes following mtDNA challenge (Figure 5.3B). This difference between
hepatocytes and macrophages highlights the critical role of immune cells in
mediating the melanoma-derived mtDNA-induced STING response within the
liver microenvironment. This suggests that the downregulation of STING
signalling occurs predominantly in non-parenchymal cells, such as liver-resident

macrophages.
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5-3 Down-regulation of STING-associated genes in wildtype BMDM
challenged with melanoma derived mtDNA.

(A) in vitro experimental design schematic BMDM (n=6) were challenged with 53pl
of mtDNA derived from the Melanoma cell line B16F 10 daily for 7 days. RNA was
subsequently obtained qPCR STING-associated genes were analysed.

(B) Relative gene expression between control (n=6) and BMDM treated with
melanoma derived mtDNA treated cells (n=6). Fold change was calculated based
on the AACt value obtained from the ACt value calculated from the Ct value of the
housekeeping gene (GAPDH) subtracted from the Ct value of the gene of interest.
Data indicate mean + SD. Statistics are presented as Mann-Whitney U test. *p
<.0.05, **p<0.01, ***p<0.001, ****p<0.001.
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5.5 Immune Cell Profiling in Liver Following Melanoma Engraftment

To investigate the role of immune cells in response to melanoma engraftment, in
vivo melanoma mouse models were employed. Two models were used,
subcutaneous (SC) (n=5) and intravenous (IV) (n=5) melanoma (Figure 5.4A). At
the experimental endpoint, liver immune cells were isolated from both models.
These cells were subsequently analysed using flow cytometry to assess immune
cell populations and their response to melanoma engraftment (Figure 5.4B).

Flow cytometry analysis revealed distinct immune cell dynamics in response to
melanoma engraftment. A significant decrease in the frequency of non-classical
monocytes was observed in both the subcutaneous (SC) (p=0.0010) and
intravenous (1V) (p=0.0185) melanoma models, suggesting a consistent systemic
impact of melanoma on this monocyte subset (Figure 5.4C). A significant increase
in the frequency of myeloid cells was detected only in the SC melanoma model
(p= 0.0008), indicating a model-specific expansion of myeloid populations
potentially linked to localised tumour growth (Figure 5.4C). There was a significant
alteration in myeloid populations in response to melanoma engraftment. In
contrast to non-classical monocytes, total monocyte frequency was significantly
increased in both models SC (p=0.0025) and IV (p=0.0027) indicating a shift in
monocyte subset distribution (Figure5.4C). The infiltrating macrophages were
significantly increased in both SC (p <0.0001) and IV (p <0.0001) liver melanoma
models, highlighting a consistent macrophage recruitment or expansion in the

hepatic microenvironment following melanoma engraftment (Figure 5.4).
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5-4 Increased infiltrating macrophages in the liver of both primary SC and
metastatic IV melanoma mice models.

(A) Schematic of experimental design.

C57BL/6 mice received either a single SC injection of 1X108 murine B16F1
cells (n=5) or single 1V injection of 1X10¢ murine B16F10 cells (n=5), with
a group receiving no intervention making up the control cohort (n=5).
Melanoma was left to engraft, before sacrifice on day 14 post injection
followed by liver immune cell isolation and flow cytometry analysis

(B) Gating strategy for the liver immune cells population identified by
flow cytometry analysis.

Post melanoma engraftment, immune cells isolated from the liver were
stained with an antibody panel using markers for lymphoid and myeloid
populations.

(C) Increased infiltering macrophages in melanoma engrafted models.
The frequency of immune cells in the liver of engrafted primary (n=5) and
metastatic melanoma (n=5) models compared with control (n=5) mice.
Data indicate mean + SD. Statistics are presented as Mann-Whitney U test.
*p <.0.05, **p<0.01, ***p<0.001, ****p<0.001.
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5.6 Down regulation of STING pathway in liver macrophages following
melanoma engraftment

Given the observed increase in infiltrating macrophages and immune cells in the
liver of melanoma-engrafted mice, | next investigated whether STING expression
was altered in liver-resident macrophages. At endpoint following both SC and IV
melanoma engraftment, liver immune cells were isolated. F4/80+ macrophages
were then purified using magnetic bead separation from both control and
melanoma-engrafted mice. Subsequent analysis of STING-associated gene
expression in the isolated F4/80+ macrophages revealed a down-regulation of
STING-related genes in both SC and IV melanoma models (Figure 5.5). This
suggests a potential suppression of STING-mediated innate immune signalling in

liver-resident macrophages in response to melanoma presence.
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5-5 Melanoma engraftment caused a downregulation of STING-associated
gene expression in liver F4/80 positive macrophages of both SC and IV

melanoma engrafted models.

Relative gene expression between control (n=4) and melanoma engrafted mice,
SC (n=4), IV (n=4). Fold change was calculated based on the AACt value obtained
from the ACt value calculated from the Ct value of the housekeeping gene
(GAPDH) subtracted from the Ct value of the gene of interest. Data indicate mean
+ SD. Statistics are presented as Mann-Whitney U test. *p <.0.05, **p<0.01. Some
data points were not included due to undetectable RNA levels in the test.
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5.7 M2 phenotype in liver resident macrophages in melanoma engrafted
mice

To characterize the phenotype of the liver-resident macrophages in melanoma-
engrafted mice, expression of M1 (CD80) and M2 (CD163) markers were
assessed via qPCR. F4/80+ macrophages were previously isolated from liver

immune cells using magnetic bead separation.

Analysis revealed an increased expression of the M2 marker CD163, indicating a
shift toward an M2-like phenotype in liver-resident macrophages in both SC and
IV melanoma models (Figure 5.6). This suggests a potential immunosuppressive
or tumour-promoting macrophage polarisation in response to melanoma

engraftment.
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5-6 Melanoma engraftment mediated an M2 phenotype in liver F4/80 positive
macrophages of both SC and Iv melanoma engrafted models.

Relative gene expression between control (n=3) and melanoma engrafted mice,
SC (n=4), IV (n=3). Fold change was calculated based on the AACt value obtained
from the ACt value calculated from the Ct value of the housekeeping gene
(GAPDH) subtracted from the Ct value of the gene of interest. Data indicate mean
+ SD. Statistics are presented as Mann-Whitney U test. ***p<0.001. Some data

points were not included due to undetectable RNA levels in the test.
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5.8 M2 phenotype observed in BMDM challenged with melanoma-derived
mtDNA

To explore whether melanoma-derived mtDNA influences macrophage
polarisation like what was observed in vivo, BMDMs were challenged with

melanoma-derived mtDNA for 7 days.

As illustrated in Figure 5.7, gPCR analysis revealed a significant upregulation of
the M2 marker CD163 (p<0.0001), indicating a shift toward an
immunosuppressive  or  tumour-promoting  phenotype. A  significant
downregulation of the M1 marker CD80 (p<0.0001), further supporting the
polarisation toward an M2-like state.

These findings suggest that melanoma-derived mtDNA may contribute to the
reprogramming of macrophages toward an M2 phenotype, potentially mirroring
the tumour-associated macrophage profile observed in the liver of melanoma-
engrafted mice.
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5-7 M2 phenotype observed in BMDM challenged with melanoma derived
mtDNA.

BMDM were cultured with melanoma derived mtDNA for 7 days. RNA extracted
and gPCR for Macrophage markers M1 (CD80) and M2 (CD 163) were analysed.

Relative gene expression between control (n=4) and mtDNA treated BMDM (n=4).
Fold change was calculated based on the AACt value obtained from the ACt value
calculated from the Ct value of the housekeeping gene (GAPDH) subtracted from
the Ct value of the gene of interest. Data indicate mean + SD. Statistics are

presented as Mann-Whitney U test. ****p<0.001.

128



5.9 STING -/- BMDM exhibit no response to melanoma-derived mtDNA
stimulation

To determine whether the observed M2 polarization in BMDMs exposed to
melanoma-derived mtDNA was dependent on STING signalling, STING-/-
BMDMs were co-cultured with melanoma-derived mtDNA under the same
conditions as wild-type (WT) BMDMs. Unlike WT BMDMs, STING-/- BMDMs did
not exhibit an M2 phenotype following mtDNA exposure. Specifically, the
upregulation of CD163 and downregulation of CD80 observed in WT BMDMs
(Figure 5.7) were absent in STING-/- BMDMs (Figure 5.8A). Furthermore, the
downregulation of STING-associated genes seen in WT BMDMs in response to
mtDNA (Figure 5.3B) was not observed in STING-/- BMDMs (Figure 5.8B). These
findings suggest that STING signalling is required for the mtDNA-mediated M2
polarisation of macrophages, highlighting a potential mechanism by which

melanoma may modulate the immune microenvironment.
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5-8 STING -/- BMDM show no response to the stimulation with the melanoma
derived mtDNA.

(A) Macrophage polarisation analysis in STING-/-BMDM treated with

melanoma-derived mtDNA.

STING -/- BMDM were cultured with mtDNA for 7 days. RNA extracted and
gPCR for Macrophage markers M1 (CD80) and M2 (CD163) were
analysed and compared between the mtDNA treated STING -/- BMDM

(n=4) and control STING-/- BMDM (n=4).

(B) STING-associated genes expression analysis in STING-/- BMDM
challenged with melanoma derived mtDNA.
Relative gene expression between control (n=4) and mtDNA treated
STING-/- BMDM (n=4). Fold change was calculated based on the AACt
value obtained from the ACt value calculated from the Ct value of the
housekeeping gene (GAPDH) subtracted from the Ct value of the gene of
interest. Data indicate mean + SD. Statistics are presented as Mann-

Whitney U test.
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5.10 mtDNA stimulation mediates M2 phenotype in BMDM

To investigate the difference between short and prolonged stimulation of BMDM
with melanoma derived mtDNA, two time points were investigated, a 1 day and a
7-day challenge. Here BMDM were cultured with melanoma derived mtDNA for 1
day and 7 days, at end point flow cytometry analysis was carried out at the same
time specifically looking at the M1 marker (CD86) and the M2 marker (CD163).
CD163 was selected as the M2 macrophage marker in this study, as it is a well-
validated and widely recognised scavenger receptor expressed on alternatively
activated macrophages (325-328). CD163 is particularly associated with the anti-
inflammatory M2c phenotype and is upregulated in response to IL-10 and
glucocorticoids, reflecting an immunosuppressive and tissue-remodelling
microenvironment (325-328). It is consistent and robust expression on tissue-
resident and monocyte-derived M2 macrophages makes it a reliable marker for
identifying M2 polarisation in histological sections, and it has been extensively
used in the literature for this purpose in a variety of tissue types. Experimental
schematic is illustrated in Figure 5.9.

BMDM stimulated for 1 day exhibited a significant increase in both the M1
(p=0.0002) and M2 (p=0.0004) phenotype compared to control BMDM that
received no stimulation (Figure 5.10A), However BMDM stimulated for 7 days with
melanoma derived mtDNA, showed a significant decrease in the frequency of M1
(p= 0.0001) and a significant increase in M2 phenotype (p <0.0001) (Figure
5.10B).
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5-9 Macrophage markers analysis of short (1 day) vs prolonged (7 days)
stimulation of BMDM with mtDNA.

(A) Schematic of experimental design. BMDM were cultured with melanoma
derived mtDNA for either 1 or 7 days. At end point flow cytometry analysis
was carried out.

(B) Flow cytometry gating strategy to identify macrophage polarisation, M1
(CD86) and M2 (CD163) population in BMDM cultured with mtDNA for 1
and 7 days.
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5-10. 7-day mtDNA stimulation of BMDM mediated an M2 phenotype.

(A) BMDM cultured with mtDNA for 1 day (mtDNA D1) (n=4) analysed for
macrophage polarisation of M1 like (CD86) and M2 like (CD163)
phenotype compared to control BMDM (Ctrl D1) (n=4).

(B) BMDM stimulated for 7 days with melanoma-derived mtDNA (mtDNA D7)
(n=4) analysed for the frequency of M1 like (CD86) and M2 like (CD163)
phenotype compared to control BMDM (n=9). Statistics are presented as
Mann-Whitney U test. ***p<0.001, ****p<0.0001.

133



5.11 Macrophage Phenotype Polarisation in WT vs STING-/- BMDMs

To investigate if the macrophage polarisation in response to a 7-day stimulation
observed in WT BMDM (Section 5.9) is STING related, the same experiment was
conducted in STING -/- BMDM.

In contrast to WT BMDMSs, no macrophages polarisation was observed in STING-
/- BMDMs following stimulation with mtDNA. Both M1 and M2 phenotypes were
assessed after one day of stimulation, with no significant differences detected
(Figure 5.11A). In the cohort stimulated with mtDNA for seven days, a slight but
statistically significant increase in the M2 phenotype was observed in STING-/-
BMDMs. Here CD163 frequency increased from a mean of 3% in control to a
mean of 4.5% with mtDNA (Figure 5.11B). In the WT BMDM under the same
conditions, CD163 frequency also increased from a mean of 2% in control to a
mean of 6.4% with mtDNA (Figure 5.10B). This suggests that STING-/- BMDMs
exhibit a slight, increase in M2 polarisation following prolonged mtDNA stimulation
similar to the WT BMDMs. Thus, suggesting alternative pathways to the cGAS-
STING can also be implicated in mounting a response. Such pathways include
the NLRP3 Inflammasome, and the TLR9-NF-kB Axis (198, 204, 205).
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5-11 melanoma-derived mtDNA stimulation of STING-/- BMDM for 1 vs 7
days.
(A) Macrophages polarisation (CD86 vs CD163) in STING-- BMDM
stimulated with mtDNA for 1 day (mtDNA D1) (n=4) compared to control
STING-/- BMDM (Ctrl D1) (n=4).

(B) Macrophages polarisation (CD86 vs CD163) in STING-- BMDM
stimulated with mtDNA for 7 days (mtDNA D7) (n=4) compared to control
STING-/- BMDM (Ctrl D7) (n=4).

Statistics are presented as Mann-Whitney U test. ***p<0.001.

135



5.12 Summary

In this chapter, | demonstrate that STING-associated gene expression is
downregulated in the liver of melanoma-engrafted mice, both in whole liver lysates
and specifically in F4/80" liver macrophages. This downregulation coincides with
a shift toward an M2 macrophage phenotype in the liver microenvironment.
Similarly, in vitro studies revealed that BMDMs challenged with melanoma-derived
mtDNA for 7 days exhibited STING downregulation and M2 polarisation,
characterized by increased CD163 and decreased CD80 expression, mimicking
the phenotype observed in vivo. In contrast, AML12 hepatocytes showed no
change in STING-associated gene expression when exposed to mtDNA,
highlighting the immune-specific nature of this response.

Importantly, the STING-dependent mechanism was confirmed using STING -/-
BMDMs, which did not exhibit STING downregulation or M2 polarisation upon
mtDNA stimulation. While prolonged mtDNA exposure in wild-type BMDMs
resulted in a significant decrease in M1 and an increase in M2, STING -/- BMDMs
displayed only a slight but significant increase in M2 markers, suggesting partial
compensation by alternative pathways. Collectively, these findings highlight the
critical role of STING signalling in mtDNA-mediated macrophage reprogramming,

contributing to an immunosuppressive tumour microenvironment in melanoma.

Melanoma like many cancers influence and shapes the immunosuppressive
tumour microenvironment by recruiting anti-inflammatory myeloid immune cells
reprogramming monocytes into tumour associated macrophages (363). Tumour
associated macrophages broadly divided into the classically activated M1-like
macrophages and the alternatively activated M2 like macrophages, depending on
their functional state (363). The M1 like macrophages exhibit an anti-tumour role,
producing pro-inflammatory cytokines such as TNF- q, facilitating the cytotoxic T-
cell response to tumour melanoma cells (363). In melanoma the M1 macrophages
are typically outhnumbered in the melanoma tumour microenvironment (363). The
M2 like macrophages induced by TGF- 3, tumour derived factor such as VEGF
and interleukins 10, and 13, facilitate angiogenesis, pro-tumour activity and
supress the anti-tumour immune response (363). In metastatic melanoma M2 like

macrophages dominate the tumour micro-environment promoting melanoma
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immune evasion and in some cases resistance to immunotherapy (363). High M2-
like macrophages infiltration is typically associated with poor prognosis (363).

It is understood that melanoma promotes the macrophages polarisation by
secreting factors that induce this polarisation, such as macrophage colony-
stimulating factor and VEGF driving M2 polarisation and supressing M1 like
macrophages (363). Additionally, hypoxia in melanoma cells facilitates the
process of hypoxia inducible factor 1a (HIF-1a) M2 polarisation (363). In this
thesis by showing the M2 phenotype exhibited in both the in vivo melanoma
engrafted mice and in vitro mtDNA treated macrophages for 7 days, | provide
further support that chronic stimulation and inflammation harness an

immunosuppressive environment permissive for tumour growth and survival.

Moreover, | show that the observed immunosuppressive phenotype in the liver is
mounted by primary immune cells, macrophages the most abundant immune cell
and not non-immune cells, such as hepatocytes (364). | demonstrated this by
showing that culturing alpha mouse liver cells with melanoma derived mtDNA had
no effect on the STING expression. The difference in response between the two
cell types has several explanations. Macrophages are innate immune cells with
phagocytic function; hepatocytes have minimal phagocytic role. Given that
macrophages are innate immune cells they have high levels of cGAS-STING
compared to the much lower levels of STING in hepatocytes, hence the variation
in detection and response to stimulation by the mtDNA (216). STING is not
expressed in equal amounts in all cell types (216). STING is highly expressed in
innate immune cells, such as macrophages including liver Kupffer cells and
monocytes, whose role is to detect foreign cells and damaged DNA (216). This
contrasts with cell types that have low levels of STING such as hepatocytes and
neurons, cells that are inclined to avoid and minimise chronic inflammation (365-
368). | show that in the alpha mouse liver cells, stimulation with mtDNA did not
trigger changes in STING, levels remaining unaltered. In this thesis | show that
liver macrophages are a key STING responder in metastatic melanoma. Taken
together, these findings highlight the critical role of STING signalling in mtDNA-
mediated macrophage reprogramming, contributing to an immunosuppressive

tumour microenvironment in metastatic melanoma.
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6 Discussions and Conclusions

6.1 General discussions

Melanoma is the leading cause of death from skin cancer, it affects people of
working age, having physical, psychological, social and financial implications (1,
3). Better outcomes can be realised through new therapies or improved diagnostic
and prognostic tools, developed from a better understanding of the biology of the
disease. In melanoma current investigation tools are invasive, costly and anxiety
inducing (79). The clinical utility of biomarkers in melanoma remains unclear (88,
89). Circulating cell free mtDNA has been implicated in several malignancies
(168-176). However, in melanoma, studies on mtDNA as a biomarker are scarce
(166, 167). Additionally, no studies have investigated the role of cell free mtDNA
in metastatic melanoma and disease progression. Developing a better
understanding of the functional significance of mtDNA in melanoma can
potentially provide an insight into its role and implications in the disease

progression of melanoma.

In this thesis | have demonstrated that circulating cell free mtDNA is elevated in
human metastatic melanoma. mtDNA detected had the ability to distinguish
between the two patient cohorts, the remission and relapsing groups. Thus,
highlighting the potential role circulating cell free mtDNA can play as a biomarker

to diagnose and monitor disease progression in melanoma.

Like the findings in human metastatic melanoma, | demonstrate that cell-free
mtDNA levels are elevated in both primary and metastatic melanoma mouse
models, with the levels significantly higher in metastatic melanoma compared to
primary melanoma. | demonstrate an increase in infiltrating macrophages in liver
of mice engrafted with melanoma. Furthermore, | demonstrated that melanoma
engraftment induced a down regulation in STING pathway in both whole liver
lysates and liver resident macrophages, which exhibited an immunosuppressive

M2 like phenotype.
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6.2 Key findings

6.2.1 Cell free circulating mtDNA is elevated in the serum of metastatic
melanoma

In this thesis | have shown that patients with biopsy proven metastatic melanoma
have elevated levels of circulating mtDNA in the peripheral blood serum compared
to healthy controls.

Elevated levels of circulating mtDNA in cancer patients have been documented in
many studies, raising the question of whether detecting mtDNA could potentially
be utilised as a non-invasive biomarker (161, 369, 370). Research examining
mtDNA copy number in melanoma remains limited (167). The largest study, which
included 500 melanoma patients and 500 controls, found that individuals with
melanoma exhibited higher mtDNA copy numbers than controls (167).
Nevertheless, the study was retrospective in design and focused on a cohort of
patients with low-risk melanoma. This study also used blood to measure the
mtDNA copy number (167). Other studies measuring mtDNA copy number have
used plasma, whole blood itself, or peripheral blood leukocytes (177, 369).

The data | present in this thesis observed mtDNA in peripheral blood serum in
patients with high-risk metastatic advanced melanoma. We chose to measure
mtDNA in serum as it is generally the current gold standard for use in both
research and diagnosis in the clinical setting. In addition to the current non-
standardised method of sample choice, currently there are variations in the way
mtDNA is quantified. Most studies use qPCR, while some have utilised droplet
digital PCR (369). This variation and lack of standardisation in sample choice and
quantification methods of mtDNA have somewhat contributed to the variability in
the current literature that exists, hindering the development of mtDNA as a
biomarker for use in the clinical setting. In this thesis gqPCR was utilsed to assess
mtDNA as it is a well-established and used method to analysing mtDNA in human,

in vivo and in vitro samples.

Currently there is no biomarker in use for melanoma in clinical settings (76). All

current investigations are invasive with known risks (76, 77). Additionally, all

investigation tools used in melanoma currently are time consuming, anxiety

inducing and costly (78, 79). Whilst other cancers such as prostate cancer have
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benefited from having a biomarker in clinical use such as the prostate specific

antigen (PSA), melanoma has lagged in the biomarker field (87, 90, 371).

Much of the research on biomarkers and liquid biopsy has traditionally focused on
nuclear DNA as a potential biomarker (158, 159). Whilst cell free nuclear DNA
tracks tumor specific mutations and alterations in the detected copy number,
mitochondrial DNA has the natural advantage of been present in abundance in
comparison. Nuclear DNA only has two copies compared to thousands of copies
of mtDNA per cell. Thus, mtDNA has a higher sensitivity for detecting low levels
of circulating cell free DNA in the blood stream, compared to cell free nuclear DNA
and circulating tumour DNA. However, compared to nuclear DNA, tumour specific
mutations in mtDNA are challenging to track due to the high baseline variability in
mtDNA, mitochondrial heteroplasmy. Furthermore, mtDNA has a lower specificity
compared to the traditional nuclear DNA as it can be altered due to other factors
such as inflammation, stress, trauma and aging. Thus, the GRAIL’s test approach
which screens for specific methylation patterns in circulating DNA, exhibits a
superiority for specific cancer screening compared to mtDNA (372). However, its
detection is known to be significantly lower in the early stages of disease, which
is where the mtDNA has its advantage due to its high detectability because of its
higher copy number, especially when cell free DNA tumour fraction is low in the
early stages. Additionally, mtDNA has simpler structure, and shorter length (161).
All of which makes mtDNA easier to sample and process during analysis (161,
162).

Currently various liquid biomarkers are undergoing trials to evaluate and validate
their clinical utility in assessing minimal residual disease, predicting resistance to
treatment, and monitoring disease progression in solid tumours like melanoma.
Examples include the tumour informed ctDNA assay utilised in Natera Signatera,
which is a tumour patient specific ctDNA that can be utilised to monitor disease
recurrence and molecular residual disease such as breast and colorectal cancers
(373, 374). It has the ability to track up to 16 mutations specific to the patient’s
tumour, thus providing a highly sensitive and specific biomarker detected in the
blood stream (373). For melanoma and mitochondrial DNA, the CheckMate-067
study found that inherited mitochondrial genetics was a predictor of response and
efficacy to immune checkpoint inhibitors (375). In this study the association
between mitochondrial genetics and efficacy to immune check point inhibitor in
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1,225 metastatic melanoma patients was assessed. They found that
mitochondrial genetics, specifically haplogroup T was associated with treatment
resistance to the anti-programmed cell death protein-1-based immunotherapy
inhibitor (375). This study therefore provided evidence to support the development
of a blood-based biomarker that can be utilised to predict immunotherapy efficacy

and treatment resistance in advanced melanoma patients.

Developing and integrating cell free mtDNA into a liquid biopsy tool can have
several added benefits over the current liquid biomarkers such as ctDNA and cell
free nuclear DNA. The difference between mtDNA and current nuclear DNA
biomarkers lies in the abundance, sensitivity and specificity of each. Currently
mtDNA is viewed as a potential biomarker that can complement ctDNA detection,

when ctDNA analysis is uninformative or limited in the early stages of disease.

In this thesis, in addition to illustrating the high level of mtDNA detected in
metastatic melanoma patients, | also show that mtDNA had the ability to
distinguish remission and relapsing groups. | showed that the four patients who
developed a recurrence were noted to have increased mtDNA level detected
during the post operative sequential follow up blood test. This highlights that
mtDNA could potentially be used to monitor disease status and progression.
Currently when a recurrence is suspected clinically a spectrum of invasive
investigations are trigged and conducted. Furthermore, | show that patients with
a mutation of the oncogene BRAF who have aggressive melanoma, had higher
levels of mtDNA detected. As BRAF positive patients go on to have targeted
therapy over immunotherapy, the fact that mtDNA levels detected was higher in
this subset of patients, highlights a potential role for mtDNA to be used as a

biomarker to guide optimal therapy choice.
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6.2.2 Establishment of in vivo Melanoma Mouse Models and Circulating
mtDNA Levels

To allow me to investigate the significance of circulating cell-free mtDNA on
melanoma disease progression, | first had to establish in house melanoma mice
models. Here | set up two melanoma mice models, a primary in situ early-stage
melanoma and an advanced disseminated metastatic melanoma model. For the
primary melanoma model, the melanoma cell line B16F1 was utilised and
administered via a subcutaneous route in a selected flank. To establish a model
that mimics metastatic melanoma, here | utilised the B16F10 melanoma cell line,
that was administered intravenously through the tail veins. B16F1 cells have a
lower metastatic potential compared to the B16F10 which have a high metastatic
potential (357). The models established and shown in this thesis exhibited the
phenotype required where the subcutaneous primary melanoma model
developed a viable and palpable tumor mass. The intravenous metastatic
melanoma model developed metastatic nodules observed in the liver as shown in
this thesis (Figure 4.3). In addition to the observed phenotype, | show that the
models had higher levels of circulating cell-free mtDNA as observed in humans
with metastatic melanoma. | show that the IV metastatic melanoma models had a
significantly higher mtDNA level compared to the primary melanoma model. When
measuring the mtDNA levels in the in vivo experiment, the same methodology
was utilised when analysing both the human and mouse serum samples. |
ensured to utilise the same extraction technique, volumes, and reagents to

minimise the variation between the two systems as much as possible.

Establishing the optimal metastatic melanoma model was a key part of this thesis
to allow for the subsequent experiments investigating the impact of circulating
mtDNA and melanoma engraftment on disease progression. Whilst the
established metastatic model | show here exhibited the required phenotype, the
model does have its limitations. The tail vein intravenous route creates an
experimental metastasis model, and not a spontaneous natural model. That is
because melanoma metastasis typically occurs via a lymphatic spread followed
by a hematogenous dissemination of the tumor from the primary tumor site. The

tail vein injection intravenous model delivers the melanoma cells directly into the
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blood stream, bypassing the early stages of metastasis and the immune response
at the primary local tumor site. This experimental metastasis model may not fully
represent metastatic melanoma in humans. Additionally, the tail vein injection
intravenous model exhibits a pulmonary bias where the injected cells through the
tail vein appear in the lungs as the first site. Thus, limiting representation of other

known common metastatic sites such as the brain and liver.

An alternative to the tail vein intravenous model is the use of intrasplenic injection.
This model is known to be reproducible and efficient for studying liver metastases
(376). This was not possible for me as we do not have the license to carry out
intra-splenic injections, and like the tail vein injection model it still by passes the
natural early stages of metastases. To address some of the other limitations
associated with tail vein intravenous injections such as operator dependence
technique and variability in cell delivery several steps were implemented. The
intravenous injections were prepared and administered by the same operator. The
mice used were all females and aged between 8-12 weeks. Using just females is
another limitation of this study as we know variations occur between sexes in
melanoma (377). Using mice between 8-12 weeks is not thought to be a limitation
of this study as melanoma usually occurs in young adults (377). Future studies
should include both sexes and consider alternative models to replicate the

findings shown in this thesis and improve translational relevance.

In this thesis | chose to study the liver as the metastatic site in melanoma. That is
because the liver is not only a common metastatic site in ~15-30% in advanced
melanoma, but it is known to be an indicator of treatment resistance, and a
predictor of poor response to immunotherapy and targeted therapy (309, 378).
Additionally, in almost most cases there is no cure for liver metastasis (310, 311).
Thus, | wanted to study liver metastases in melanoma, to develop a better
understanding of this and contribute to the field of potentially developing novel
treatments for such patients.
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6.2.3 Melanoma engraftment induces a down regulation in STING pathway
in liver resident macrophages which exhibit an M2 phonotype

Metastatic melanoma is an immunogenic cancer capable of evading the immune
response as well as developing resistance to established immunotherapy agents
(52, 53, 55). The development and utilisation of immunotherapy have
revolutionised the way metastatic melanoma is managed greatly enhancing
prognosis (43-46). Given that the cGAS STING signalling pathway plays a pivotal
role in mediating an innate immune response, mounting an anti-tumour response,
investigating the STING pathway in response to melanoma engraftment was an
appealing prospect (215). Furthermore, in the broader context of cancer
immunology, it is understood that acute STING activation in the early phase
mediates the suppression of tumour growth and metastases, while the chronic
prolonged activation of STING can facilitate the survival and metastases of tumour
(288-290). Shedding light on this dual STING role specifically in melanoma was a
key aspect of this thesis.

In this thesis | show that the engraftment of primary and metastatic melanoma in
mice exhibited a downregulation of STING in both whole liver lysates and F4/80+
cells isolated from the liver. This provided direct evidence that prolonged chronic
STING activation led to inhibition of the STING signalling pathway which has
become overwhelmed, exhausted or desensitised to the stimulus of the tumour.
The presence of such direct evidence supporting this finding of chronic activation
of STING, inhibits the signaling pathway is scarce. To my knowledge no published
data currently demonstrates that melanoma engraftment leads to the down
regulation of STING in whole liver lysate or F4/80+ liver macrophages, making
our findings potentially novel.

The evidence that currently exists instead supports the phenomena that the
STING pathway is inhibited in melanoma cells through mechanisms such as
epigenetic silencing (379). Others have shown that restoration of STING can
regain its function in melanoma cell lines mediating its downstream activities
including IFN release, enhancing T cell cytotoxicity towards the melanoma cells
(380). The current evidence that supports the phenomena of chronic activation
and stimulation of STING resulting in immunosuppression comes mainly from the
broader cancer immunology context and not melanoma as such (381). In my
thesis | show a direct demonstration of prolonged chronic stimulation mediated by
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the engraftment of melanoma resulting in STING downregulation. Although a
different disease entity to melanoma, colorectal cancer with liver metastases was
found to have a decrease in STING in the tumour associated macrophages (TAM)
of the metastatic liver foci (382).

In addition to the down regulation of STING that | show in this thesis, | also show
that F4/80+ cells isolated from the livers of mice engrafted with melanoma,
exhibited an M2 pro-tumour immunosuppressive phenotype. Here | show that
there was an increase of the M2 CD163 macrophages compared to a decrease
in the M1 pro-inflammatory anti-tumour CD80 macrophages. Thus, providing
evidence that STING and macrophage phenotype shape the melanoma
immunosuppressive environment.

The M2 like phenotype and down regulation of STING gene expression observed
in the in vivo experiments that | illustrated in my thesis is potentially mediated by
STING. When looking in vitro | showed that culturing STING” BMDM with
melanoma derived mtDNA had no effect on either STING gene expression or the
macrophages phenotype. This contrasts with the STING suppression and the M2
phenotype observed both in vivo of melanoma engrafted mice and wild type
BMDM challenged with mtDNA in vitro.

Furthermore, | also show that macrophage polarisation occurs and transitions
over time. | show that after 1 day of culture of wild type BMDMs with melanoma
derived mtDNA, the macrophages exhibited a mixture of both M1 and M2
phenotype. After 7 days of co-culture with mtDNA, | show that the macrophages
exhibited a polarisation towards an M2 phenotype. The polarisation of
macrophages is known to play a crucial role in facilitating tumour growth and
progression in cancer (363).
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6.3 Limitations

The data | present in this thesis has provided evidence to support the possibility
of developing mtDNA into a novel non-invasive biomarker to monitor melanoma
disease progression. This adds to the field of data on clinical utility of biomarkers
in melanoma instead of the currently used invasive, costly and anxiety inducing
investigative tools. Moreover, this thesis provides novel evidence of direct
demonstration of prolonged chronic stimulation mediated by the engraftment of
melanoma resulting in the downregulation of the STING signalling pathway, first
of its kind in the field of melanoma. Nevertheless, as with all studies there were
several limitations. A larger sample size for the human proof of concept study
measuring mtDNA would have enhanced the statistical analysis due to the
heterogeneity of melanoma. The small sample size in this thesis is a limitation; a
bigger sample size would support progressing mtDNA detection into early phase

clinical trials.

This study did not investigate the presence of mutations in mtDNA which is known
to have implication on the immune response (369). Thus, looking at mtDNA
mutation status could be important and may contribute to the ability to stratify
melanoma patients for immunotherapy.

Similarly for the in vivo and in vitro data, the number of mice in each group was
kept feasibly low, applying the 3Rs (Replacement, Reduction, and Refinement) of
animal research. Having a greater number in each group would have allowed for
greater statical significance to be detected when comparing data sets. The
variability in the melanoma engraftment due to missed intravenous injections or
poor cell viability could have occurred. To address some of the limitations
associated with tail vein intravenous injections such as operator dependence
technique and variability in cell delivery, the intravenous injections were
administered by the same operator. The presence of engraftment was confirmed
by the subcutaneous mass in the primary melanoma group and metastatic
nodules in the liver for the metastatic melanoma group. The in vivo finding of
STING downregulation in F4/80+ cells and whole liver lysate, could have been
further supported and enhanced by utilising cell sorting to isolate macrophages
and hepatocytes from the in vivo melanoma engrafted mice. Furthermore, to

further strengthen my findings, obtaining data from human samples such as
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biopsies from melanoma liver metastases could hold merit. These samples can
be used to investigate STING expression to confirm the presence or absence of
STING down regulation in human melanoma liver metastases as | observed in

Vivo.
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6.4 Future work

In this thesis | have shown that circulating mtDNA could be developed into a non-
invasive biomarker to monitor disease progression and response to treatment in
melanoma. The patient cohort in this thesis are patients with advanced metastatic
melanoma. It would be interesting to expand this to include patients of different
melanoma stages, stage Il with lymph node involvement to investigate if mtDNA
can be utilised to identify patients prior to dissemination of melanoma to the most
aggressive stage, metastatic melanoma stage V. This could potentially allow us
to stratify what levels of circulating mtDNA are significant prognostically.

| have shown that circulating mtDNA is elevated in metastatic melanoma, though
the source of this has not been investigated in this thesis. Investigating the source
of this mtDNA whether it originates from the tumor or the tumor microenvironment

would be the next natural thing to investigate here.

To determine if melanoma is directly excreting mtDNA into the plasma, xenograft
melanoma models could be utilised. Xenograft model in which a panel of human
melanoma cell lines from primary and metastatic tumours is injected into
immunocompromised (NSG) mice via two routes, SC mimicking primary
melanoma, and IV mimicking metastatic melanoma. Peripheral blood samples
can then be obtained pre and post melanoma injection at a set timeline interval.
gPCR can then be utilised to determine the presence (or not) of cell free human
mitochondrial DNA and mouse mtDNA. If human mtDNA is present in the serum,
it would suggest that the tumour is releasing mtDNA into the serum. If no human
mtDNA is observed with increased mouse mtDNA, then this would suggest that
the tumour is causing release of mtDNA from support cells or the tumour
microenvironment. These data will determine if melanoma cells are the source of
increased levels of mtDNA or if the tumour microenvironment is the source.
Additionally, the mechanisms and reasons for the release of this circulating
mtDNA could be investigated. Developing an understanding of this could provide
new areas for targeted therapy.

In this thesis | show that mtDNA had no effect on STING -/- bone marrow derived
macrophages on the STING expression and macrophage polarisation. To expand
on this finding the use of a STING agonist and antagonist could be utilised. My

hypothesis would be that a STING agonist could re-activate the STING pathway
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in wild type bone marrow derived macrophages or mice, to promote M1 like
macrophage polarisation. A STING antagonist may suppress the mtDNA effect
observed, halting the development of the M2 like macrophage phenotype.
However, these are my hypotheses and need to be investigated further.
Additionally, to investigate the impact of STING agonist and antagonist on
melanoma progression in vivo, live in vivo imaging could be utilised to track
luciferase tagged melanoma cells. At end point, metastatic melanoma
progression can be assessed by liver autopsy, and macrophages isolated from
liver to assess STING gene expression.
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6.5 Conclusions

To summarise in this thesis, | demonstrate that circulating cell free mtDNA is
elevated in metastatic melanoma in both human and melanoma engrafted mice.
The circulating cell free mtDNA level distinguished between the patient group who
remained in remission compared to the group who developed a relapse post
tumour resection. This highlights the potential role mtDNA can play as non-

invasive biomarker in advanced melanoma.

| demonstrated that melanoma engraftment mediated a downregulating of STING
in the livers from melanoma mice models. Furthermore, the liver macrophages in
melanoma engrafted mice exhibited an M2 like phenotype. To our knowledge this
is the first data that has demonstrated that melanoma engraftment in mice
resulted in the downregulation of STING in liver-resident macrophages, making
this a novel finding. Overall, the data presented provides an insight into the
functional role that melanoma derived mMtDNA plays in harnessing an
immunosuppressive microenvironment in melanoma. Therefore, facilitating its
ability to evade an immune response, and promote melanoma disease

progression.

150



7 References

1. Arnold M, Singh D, Laversanne M, Vignat J, Vaccarella S, Meheus F, et al. Global
Burden of Cutaneous Melanoma in 2020 and Projections to 2040. JAMA Dermatol.
2022;158(5):495-503.

2. Center. TMS. Melanoma Statistics 2025: Complete Global and Canadian Data
Analysis. [Internet]. Available from:
https://www.theminorsurgerycenter.com/blog/melanoma-statistics-2025-complete-
global-and-canadian-data-analysis.

3. Digital N. The 3 most common cancers by gender and age 2022 [Available from:
https://digital.nhs.uk/data-and-information/publications/statistical/cancer-registration-
statistics/england-2020/the-3-most-common-cancers-by-gender-and-age.

4, D'Mello SA, Finlay GJ, Baguley BC, Askarian-Amiri ME. Signaling Pathways in
Melanogenesis. IntJ Mol Sci. 2016;17(7).

5. Yardman-Frank JM, Fisher DE. Skin pigmentation and its control: From ultraviolet
radiation to stem cells. Exp Dermatol. 2021;30(4):560-71.

6. Dall'Olmo L, Papa N, Surdo NC, Marigo I, Mocellin S. Alpha-melanocyte stimulating
hormone (alpha-MSH): biology, clinical relevance and implication in melanoma. J Transl
Med. 2023;21(1):562.

7. Tian X, WangH, Liu S, LiuW, Zhang K, Gao X, et al. Melanocortin 1 receptor mediates
melanin production by interacting with the BBSome in primary cilia. PLoS Biol.
2024;22(12):e3002940.

8. Maranduca MA, Branisteanu D, Serban DN, Branisteanu DC, Stoleriu G, Manolache
N, et al. Synthesis and physiological implications of melanic pigments. Oncol Lett.
2019;17(5):4183-7.

9. Schlessinger DI RN, Schlessinger J. Biochemistry, Melanin [Internet]. : Treasure
Island (FL): StatPearls Publishing; Jan 2025 [updated 14 July 2025]. ; [Available from:
https://www.ncbi.nlm.nih.gov/books/NBK459156/.

10. Guida S, Guida G, Goding CR. MC1R Functions, Expression, and Implications for
Targeted Therapy. J Invest Dermatol. 2022;142(2):293-302 e1.

11. Rebecca VW, Sondak VK, Smalley KS. A brief history of melanoma: from mummies
to mutations. Melanoma Res. 2012;22(2):114-22.

12. Bodenham DC. A study of 650 observed malignant melanomas in the South-West
region. Ann R Coll Surg Engl. 1968;43(4):218-39.

13. Home E. Observations on cancer, case VIII. London; 1805.
14. Norris W. Case of Fungoid Disease. Edinb Med Surg J. 1820;16(65):562-5.
15. Lynch HT, Krush AJ. Heredity and malignant melanoma: implications for early cancer

detection. Can Med Assoc J. 1968;99(1):17-21.

16. Clark WH, Jr., Reimer RR, Greene M, Ainsworth AM, Mastrangelo MJ. Origin of familial
malignant melanomas from heritable melanocytic lesions. 'The B-K mole syndrome'. Arch
Dermatol. 1978;114(5):732-8.

17. Joshi UM, Kashani-Sabet M, Kirkwood JM. Cutaneous Melanoma: A Review. JAMA.
2025.

18. Ward WH, Lambreton F, Goel N, Yu JQ, Farma JM. Clinical Presentation and Staging
of Melanoma. In: Ward WH, Farma JM, editors. Cutaneous Melanoma: Etiology and Therapy.
Brisbane (AU)2017.

19. Sladden MJ, Nieweg OE, Howle J, Coventry BJ, Thompson JF. Updated evidence-
based clinical practice guidelines for the diagnosis and management of melanoma:
definitive excision margins for primary cutaneous melanoma. Med J Aust. 2018;208(3):137-
42,

20. Amin MB, Greene FL, Edge SB, Compton CC, Gershenwald JE, Brookland RK, et al.
The Eighth Edition AJCC Cancer Staging Manual: Continuing to build a bridge from a

151



population-based to a more "personalized" approach to cancer staging. CA Cancer J Clin.
2017;67(2):93-9.

21. Gershenwald JE, Scolyer RA, Hess KR, Sondak VK, Long GV, Ross Ml, et al. Melanoma
staging: Evidence-based changesin the American Joint Committee on Cancer eighth edition
cancer staging manual. CA Cancer J Clin. 2017;67(6):472-92.

22. Ward WH LF, GoelN, etal. . Melanoma: Diagnosis, Features, Sentinel Node, &
Staging [Internet]. 2024 [Available from: https://www.theplasticsfella.com/melanoma/.

23. (NCCN) NCCN. NCCN Guidelines: Melanoma: Cutaneous. Version 1.2025.
Plymouth Meeting (PA); 2025 10/1/2025.

24, Melanoma: Assessment and Management. National Institute for Health and Care
Excellence: Guidelines. London2015.

25. Foundation AaM. Stages of melanoma: AIM at Melanoma Foundation; 2022
[Available from: https://www.aimatmelanoma.org/stages-of-melanoma.

26. Howard MD. Melanoma Radiological Surveillance: A Review of Current Evidence and
Clinical Challenges. Yale J Biol Med. 2020;93(1):207-13.

27. Garbe C, Amaral T, Peris K, Hauschild A, Arenberger P, Basset-Seguin N, et al.
European consensus-based interdisciplinary guideline for melanoma. Part 1: Diagnostics -
Update 2024. Eur ) Cancer. 2025;215:115152.

28. Elder DE, Bastian BC, Cree IA, Massi D, Scolyer RA. The 2018 World Health
Organization Classification of Cutaneous, Mucosal, and Uveal Melanoma: Detailed Analysis
of 9 Distinct Subtypes Defined by Their Evolutionary Pathway. Arch Pathol Lab Med.
2020;144(4):500-22.

29. Hou X, Rokohl AC, Li X, Guo Y, Ju X, Fan W, et al. Global incidence and prevalence in
uveal melanoma. Adv Ophthalmol Pract Res. 2024;4(4):226-32.

30. Krantz BA, Dave N, Komatsubara KM, Marr BP, Carvajal RD. Uveal melanoma:
epidemiology, etiology, and treatment of primary disease. Clin Ophthalmol. 2017;11:279-
89.

31. Sergi MC, Filoni E, Triggiano G, Cazzato G, Interno V, Porta C, et al. Mucosal
Melanoma: Epidemiology, Clinical Features, and Treatment. Curr Oncol Rep.
2023;25(11):1247-58.

32. Puckett Y WA, Farci F, et al. Melanoma pathology Treasure Island (FL): StatPearls

Publishing; 2025 [updated 2/7/2024. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK459367/.
33. Orme SE, Moncrieff MD. A Review of Contemporary Guidelines and Evidence for

Wide Local Excision in Primary Cutaneous Melanoma Management. Cancers (Basel).
2024;16(5).
34. Wong SL, Faries MB, Kennedy EB, Agarwala SS, Akhurst TJ, Ariyan C, et al. Sentinel
Lymph Node Biopsy and Management of Regional Lymph Nodes in Melanoma: American
Society of Clinical Oncology and Society of Surgical Oncology Clinical Practice Guideline
Update. J Clin Oncol. 2018;36(4):399-413.
35. Allard-Coutu A, Dobson V, Schmitz E, Shah H, Nessim C. The Evolution of the
Sentinel Node Biopsy in Melanoma. Life (Basel). 2023;13(2).
36. Peach H, Board R, Cook M, Corrie P, Ellis S, Geh J, et al. Current role of sentinel lymph
node biopsy in the management of cutaneous melanoma: A UK consensus statement. J
Plast Reconstr Aesthet Surg. 2020;73(1):36-42.
37. Pennington TE, Thompson JF. Sentinel Node Biopsy in Melanoma Remains a
Valuable Clinical Tool. Comment on Dixon et al. Primary Cutaneous Melanoma-
Managementin 2024. J. Clin. Med. 2024, 13, 1607. J Clin Med. 2025;14(1).
38. Seth R, Agarwala SS, Messersmith H, Alluri KC, Ascierto PA, Atkins MB, et al.
Systemic therapy for melanoma: ASCO guideline update. Journal of Clinical Oncology.
2023;41(30):4794-820.
39. Leonardi GC, Falzone L, Salemi R, Zanghi A, Spandidos DA, McCubrey JA, et al.
Cutaneous melanoma: From pathogenesis to therapy (Review). Int J Oncol.
2018;52(4):1071-80.

152



40. Timis T, Bergthorsson JT, Greiff V, Cenariu M, Cenariu D. Pathology and Molecular
Biology of Melanoma. Curr Issues Mol Biol. 2023;45(7):5575-97.

41. Zhong J, Yan W, Wang C, Liu W, Lin X, Zou Z, et al. BRAF Inhibitor Resistance in
Melanoma: Mechanisms and Alternative Therapeutic Strategies. Curr Treat Options Oncol.
2022;23(11):1503-21.

42, Imani S, Roozitalab G, Emadi M, Moradi A, Behzadi P, Jabbarzadeh Kaboli P. The
evolution of BRAF-targeted therapies in melanoma: overcoming hurdles and unleashing
novel strategies. Front Oncol. 2024;14:1504142.

43. Patel SP, Othus M, Chen Y, Wright GP, Jr., Yost KJ, Hyngstrom JR, et al. Neoadjuvant-
Adjuvant or Adjuvant-Only Pembrolizumab in Advanced Melanoma. N Engl J Med.
2023;388(9):813-23.

44, Jenkins RW, Fisher DE. Treatment of Advanced Melanoma in 2020 and Beyond. J
Invest Dermatol. 2021;141(1):23-31.

45, Ahuja S, Zaheer S. The evolution of cancerimmunotherapy: a comprehensive review
of its history and current perspectives. Korean J Clin Oncol. 2024;20(2):51-73.

46. Knight A, Karapetyan L, Kirkwood JM. Immunotherapy in Melanoma: Recent
Advances and Future Directions. Cancers (Basel). 2023;15(4).

47. Braden J, Conway JW, Wilmott JS, Scolyer RA, Long GV, da Silva IP. Do BRAF-targeted
therapies have a role in the era of immunotherapy? ESMO Open. 2025;10(7):105314.

48. Feola S, Chiaro J, Martins B, Cerullo V. Uncovering the Tumor Antigen Landscape:
What to Know about the Discovery Process. Cancers (Basel). 2020;12(6).

49, Lin X, Kang K, Chen P, Zeng Z, Li G, Xiong W, et al. Regulatory mechanisms of PD-
1/PD-L1 in cancers. Mol Cancer. 2024;23(1):108.

50. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al. Subsets of
exhausted CD8+ T cells differentially mediate tumor control and respond to checkpoint
blockade. Nature Immunology. 2019;20(3):326-36.

51. Lee N, Zakka LR, Mihm MC, Jr.,, Schatton T. Tumour-infiltrating lymphocytes in
melanoma prognosis and cancer immunotherapy. Pathology. 2016;48(2):177-87.

52. Fruntealata RF, Marius M, Boboc IKS, Mitran Sl, Ciurea ME, Stoica GA. Mechanisms
of Altered Immune Response in Skin Melanoma. Curr Health Sci J. 2023;49(3):297-311.

53. Passarelli A, Mannavola F, Stucci LS, Tucci M, Silvestris F. Immune system and
melanoma biology: a balance between immunosurveillance and immune escape.
Oncotarget. 2017;8(62):106132-42.

54. Taylor BC, Balko JM. Mechanisms of MHC-I Downregulation and Role in
Immunotherapy Response. Front Immunol. 2022;13:844866.

55. Olbryt M, Rajczykowski M, Widlak W. Biological Factors behind Melanoma Response
to Immune Checkpoint Inhibitors. Int J Mol Sci. 2020;21(11).

56. Vandyck HH, Hillen LM, Bosisio FM, van den Oord J, Zur Hausen A, Winnepenninckx
V. Rethinking the biology of metastatic melanoma: a holistic approach. Cancer Metastasis
Rev. 2021;40(2):603-24.

57. Ando Y, Horiuchi Y, Hatazawa S, Mataki M, Nakamura A, Murakami T.
Hyperdifferentiated murine melanoma cells promote adaptive anti-tumor immunity but
activate the immune checkpoint system. Oncoimmunology. 2025;14(1):2437211.

58. Back PI, Rascon K, Islam MR, Selby C, La-Beck NM. Targeting Immune Checkpoint
Pathways in Melanoma: Triumphs and Challenges. Future Drug Discovery. 2023;5(1):FDD81.
59. Seidel JA, Otsuka A, Kabashima K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer:
Mechanisms of Action, Efficacy, and Limitations. Front Oncol. 2018;8:86.

60. Davis LE, Shalin SC, Tackett AJ. Current state of melanoma diagnosis and treatment.
Cancer Biol Ther. 2019;20(11):1366-79.

61. Herndon TM, Demko SG, Jiang X, He K, Gootenberg JE, Cohen MH, et al. U.S. Food
and Drug Administration Approval: peginterferon-alfa-2b for the adjuvant treatment of
patients with melanoma. Oncologist. 2012;17(10):1323-8.

153



62. Liu FX, Ou W, Diede SJ, Whitman ED. Real-world experience with pembrolizumab in
patients with advanced melanoma: A large retrospective observational study. Medicine
(Baltimore). 2019;98(30):e16542.

63. Jalil A, Donate MM, Mattei J. Exploring resistance to immune checkpoint inhibitors
and targeted therapies in melanoma. Cancer Drug Resist. 2024;7:42.

64. Spain L, Younger E, Hatipoglu E, Larkin J. Pembrolizumab in the management of
metastatic melanoma. Melanoma Manag. 2015;2(4):315-25.

65. Wang SJ, Dougan SK, Dougan M. Immune mechanisms of toxicity from checkpoint
inhibitors. Trends Cancer. 2023;9(7):543-53.

66. Dougan M, Luoma AM, Dougan SK, Wucherpfennig KW. Understanding and treating
the inflammatory adverse events of cancer immunotherapy. Cell. 2021;184(6):1575-88.
67. de Filette J, Andreescu CE, Cools F, Bravenboer B, Velkeniers B. A Systematic Review
and Meta-Analysis of Endocrine-Related Adverse Events Associated with Immune
Checkpoint Inhibitors. Horm Metab Res. 2019;51(3):145-56.

68. Isidro RA, Ruan AB, Gannarapu S, Raj D, Rahma O, Grover S, et al. Medication-
specific variations in morphological patterns of injury in immune check-point inhibitor-
associated colitis. Histopathology. 2021;78(4):532-41.

69. Johnson DB, Nebhan CA, Moslehi JJ, Balko JM. Immune-checkpoint inhibitors: long-
term implications of toxicity. Nat Rev Clin Oncol. 2022;19(4):254-67.

70. Martins F, Sofiya L, Sykiotis GP, Lamine F, Maillard M, Fraga M, et al. Adverse effects
of immune-checkpoint inhibitors: epidemiology, management and surveillance. Nat Rev
Clin Oncol. 2019;16(9):563-80.

71. Schneider BJ, Naidoo J, Santomasso BD, Lacchetti C, Adkins S, Anadkat M, et al.
Management of Immune-Related Adverse Events in Patients Treated With Immune
Checkpoint Inhibitor Therapy: ASCO Guideline Update. J Clin Oncol. 2021;39(36):4073-126.
72. Gide TN, Wilmott JS, Scolyer RA, Long GV. Primary and Acquired Resistance to
Immune Checkpoint Inhibitors in Metastatic Melanoma. Clin Cancer Res. 2018;24(6):1260-
70.

73. Kozar I, Margue C, Rothengatter S, Haan C, Kreis S. Many ways to resistance: How
melanoma cells evade targeted therapies. Biochim Biophys Acta Rev Cancer.
2019;1871(2):313-22.

74. Pauken KE, Dougan M, Rose NR, Lichtman AH, Sharpe AH. Adverse Events Following
Cancer Immunotherapy: Obstacles and Opportunities. Trends Immunol. 2019;40(6):511-
23.

75. Long GV, Hauschild A, Santinami M, Atkinson V, Mandala M, Chiarion-Sileni V, et al.
Adjuvant Dabrafenib plus Trametinib in Stage |l BRAF-Mutated Melanoma. N Engl J Med.
2017;377(19):1813-23.

76. Pirsan I, Piciu D. Radiopharmaceuticals in Malignant Melanoma: A Comprehensive
Review of Diagnostic, Therapeutic, and Immune-Related Applications by PET/CT, SPECT/CT,
and PET/MRI. Diagnostics (Basel). 2025;15(18).

77. Pavlidis ET, Pavlidis TE. Diagnostic biopsy of cutaneous melanoma, sentinel lymph
node biopsy and indications for lymphadenectomy. World J Clin Oncol. 2022;13(10):861-5.
78. Beard CJ, Ponnarasu S, Sequeira Campos MB, Schmieder GJ. Excisional Biopsy.
StatPearls. Treasure Island (FL)2025.

79. Branisteanu DE, Cozmin M, Porumb-Andrese E, Branisteanu D, Toader MP, losep D,
et al. Sentinel Lymph Node Biopsy in Cutaneous Melanoma, a Clinical Point of View.
Medicina (Kaunas). 2022;58(11).

80. Rotte A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer. J Exp Clin
Cancer Res. 2019;38(1):255.

81. Ziogas DC, Theocharopoulos C, Lialios PP, Foteinou D, Koumprentziotis IA, Xynos G,
et al. Beyond CTLA-4 and PD-1 Inhibition: Novel Immune Checkpoint Molecules for
Melanoma Treatment. Cancers (Basel). 2023;15(10).

154



82. Kanemaru H, Mizukami Y, Kaneko A, Kajihara I, Fukushima S. Promising Blood-Based
Biomarkers for Melanoma: Recent Progress of Liquid Biopsy and Its Future Perspectives.
Curr Treat Options Oncol. 2022;23(4):562-77.

83. Puglisi R, Bellenghi M, Pontecorvi G, Pallante G, Care A, Mattia G. Biomarkers for
Diagnosis, Prognosis and Response to Immunotherapy in Melanoma. Cancers (Basel).
2021;13(12).

84. Prkacin |, Mokos M, Ferara N, Situm M. Melanoma's New Frontier: Exploring the
Latest Advances in Blood-Based Biomarkers for Melanoma. Cancers (Basel). 2024;16(24).
85. Reschke R, Enk AH, Hassel JC. Prognostic Biomarkers in Evolving Melanoma

Immunotherapy. Am J Clin Dermatol. 2025;26(2):213-23.

86. Zhou Y, Tao L, Qiu J, Xu J, Yang X, Zhang Y, et al. Tumor biomarkers for diagnosis,
prognosis and targeted therapy. Signal Transduct Target Ther. 2024;9(1):132.

87. Lopez-Valcarcel M, Lopez-Campos F, Zafra-Martin J, Cienfuegos Belmonte |, Subiela
JD, Ruiz-Vico M, et al. Biomarkers in Localized Prostate Cancer: From Diagnosis to
Treatment. IntJ Mol Sci. 2025;26(16).

88. Pekarek L, et al. (2025). "Paradigm of biomarkers in metastatic melanoma (Review)."
Oncol Lett 29(2): 78.

89. Nwafor JN, Torere BE, Agu E, Kadiku L, Ogunyemi T, Akinsanya PA, et al. The Role of
Biomarkers in the Diagnosis and Prognosis of Different Stages of Melanoma. Cureus.
2023;15(5):e38693.

90. (NICE) NIfHaCE. Melanoma: assessment and management. London; 2015 29 July
2015. Report No.: NG14.

91. Nonaka T, Wong DTW. Saliva Diagnostics. Annu Rev Anal Chem (Palo Alto Calif).
2022;15(1):107-21.

92. Nonaka T, Wong DTW. Saliva diagnostics: Salivaomics, saliva exosomics, and saliva
liquid biopsy. J Am Dent Assoc. 2023;154(8):696-704.
93. Valenti F, Falcone |, Ungania S, Desiderio F, Giacomini P, Bazzichetto C, et al.

Precision Medicine and Melanoma: Multi-Omics Approaches to Monitoring the
Immunotherapy Response. Int J Mol Sci. 2021;22(8).

94. Fattore L, Ruggiero CF, Liguoro D, Castaldo V, Catizone A, Ciliberto G, et al. The
Promise of Liquid Biopsy to Predict Response to Immunotherapy in Metastatic Melanoma.
Front Oncol. 2021;11:645069.

95. Guerrisi A, Russillo M, Loi E, Ganeshan B, Ungania S, Desiderio F, et al. Exploring CT
Texture Parameters as Predictive and Response Imaging Biomarkers of Survival in Patients
With Metastatic Melanoma Treated With PD-1 Inhibitor Nivolumab: A Pilot Study Using a
Delta-Radiomics Approach. Front Oncol. 2021;11:704607.

96. Switzer B, Puzanov |, Skitzki JJ, Hamad L, Ernstoff MS. Managing Metastatic
Melanomain 2022: A Clinical Review. JCO Oncol Pract. 2022;18(5):335-51.

97. Di Guardo L, Randon G, Corti F, Vallacchi V, Raimondi A, Fuca G, et al. Liquid Biopsy
and Radiological Response Predict Outcomes Following Discontinuation of Targeted
Therapy in Patients with BRAF Mutated Melanoma. Oncologist. 2021;26(12):1079-84.

98. Slusher N, Jones N, Nonaka T. Liquid biopsy for diagnostic and prognostic evaluation
of melanoma. Front Cell Dev Biol. 2024;12:1420360.

99. ChenZ, LiC, ZhouY, YaoY, Liu J, Wu M, et al. Liquid biopsies for cancer: From bench
to clinic. MedComm (2020). 2023;4(4):e329.

100. Mattox AK, Bettegowda C, Zhou S, Papadopoulos N, Kinzler KW, Vogelstein B.
Applications of liquid biopsies for cancer. Sci Transl Med. 2019;11(507).

101. Abbas O, Miller DD, Bhawan J. Cutaneous malignant melanoma: update on
diagnostic and prognostic biomarkers. Am J Dermatopathol. 2014;36(5):363-79.

102. Balch CM, Soong SJ, Gershenwald JE, Thompson JF, Reintgen DS, Cascinelli N, et al.
Prognostic factors analysis of 17,600 melanoma patients: validation of the American Joint
Committee on Cancer melanoma staging system. J Clin Oncol. 2001;19(16):3622-34.

155



103. KeungEZ, Gershenwald JE. The eighth edition American Joint Committee on Cancer
(AJCC) melanoma staging system: implications for melanoma treatment and care. Expert
Rev Anticancer Ther. 2018;18(8):775-84.

104. Mancuso F, Lage S, Rasero J, Diaz-Ramon JL, Apraiz A, Perez-Yarza G, et al. Serum
markers improve current prediction of metastasis development in early-stage melanoma
patients: a machine learning-based study. Mol Oncol. 2020;14(8):1705-18.

105. Irurzun-Arana |, Asin-Prieto E, Martin-Algarra S, Troconiz IF. Predicting circulating
biomarker response and its impact on the survival of advanced melanoma patients treated
with adjuvant therapy. Sci Rep. 2020;10(1):7478.

106. DesaiAD, Chinta S, Yeh C, Shah VP, Shah R, Paskhover B, et al. An analysis of lactate
dehydrogenase (LDH) levels in advanced stage IV melanoma of the skin: prognostic
capabilities and demographic variability. Arch Dermatol Res. 2023;315(4):799-806.

107. Long GV, Grob JJ, Nathan P, Ribas A, Robert C, Schadendorf D, et al. Factors
predictive of response, disease progression, and overall survival after dabrafenib and
trametinib combination treatment: a pooled analysis of individual patient data from
randomised trials. Lancet Oncol. 2016;17(12):1743-54.

108. Diem S, Kasenda B, Martin-Liberal J, Lee A, Chauhan D, Gore M, et al. Prognostic
score for patients with advanced melanoma treated with ipilimumab. Eur J Cancer.
2015;51(18):2785-91.

109. Michetti F, Clementi ME, Di Liddo R, Valeriani F, Ria F, Rende M, et al. The S100B
Protein: A Multifaceted Pathogenic Factor More Than a Biomarker. IntJ Mol Sci. 2023;24(11).
110. Janka EA, Varvolgyi T, Sipos Z, Soos A, Hegyi P, Kiss S, et al. Predictive Performance
of Serum S100B Versus LDH in Melanoma Patients: A Systematic Review and Meta-Analysis.
Front Oncol. 2021;11:772165.

111. Bolovan LM, Ceausu M, Stanciu AE, Panait ME, Busca A, Hotnog CM, et al.
Correlation Studies between S100 Protein Level and Soluble MIA or Tissue MelanA and
gp100 (HMBA45) Expression in Cutaneous Melanoma. J Pers Med. 2023;13(6).

112. Lim SY, Lee JH, Diefenbach RJ, Kefford RF, Rizos H. Liquid biomarkers in melanoma:
detection and discovery. Mol Cancer. 2018;17(1):8.

113. Nikolaev S, Lemmens L, Koessler T, Blouin JL, Nouspikel T. Circulating tumoral DNA:
Preanalytical validation and quality control in a diagnostic laboratory. Anal Biochem.
2018;542:34-9.

114. van Dessel LF, Beije N, Helmijr JC, Vitale SR, Kraan J, Look MP, et al. Application of
circulating tumor DNA in prospective clinical oncology trials - standardization of
preanalytical conditions. Mol Oncol. 2017;11(3):295-304.

115. Perez-Barrios C, Nieto-Alcolado |, Torrente M, Jimenez-Sanchez C, Calvo V,
Gutierrez-Sanz L, et al. Comparison of methods for circulating cell-free DNA isolation using
blood from cancer patients: impact on biomarker testing. Transl Lung Cancer Res.
2016;5(6):665-72.

116. KlotenV, Ruchel N, Bruchle NO, Gasthaus J, Freudenmacher N, Steib F, et al. Liquid
biopsy in colon cancer: comparison of different circulating DNA extraction systems
following absolute quantification of KRAS mutations using Intplex allele-specific PCR.
Oncotarget. 2017;8(49):86253-63.

117. Alix-Panabieres C, Pantel K. Liquid Biopsy: From Discovery to Clinical Application.
Cancer Discov. 2021;11(4):858-73.

118. Diaz LA, Jr., Bardelli A. Liquid biopsies: genotyping circulating tumor DNA. J Clin
Oncol. 2014;32(6):579-86.

119. Pantel K, Speicher MR. The biology of circulating tumor cells. Oncogene.
2016;35(10):1216-24.

120. Perez-Callejo D, Romero A, Provencio M, Torrente M. Liquid biopsy based biomarkers
in non-small cell lung cancer for diagnosis and treatment monitoring. Transl Lung Cancer
Res. 2016;5(5):455-65.

156



121. Krebs MG, Sloane R, Priest L, Lancashire L, Hou JM, Greystoke A, et al. Evaluation
and prognostic significance of circulating tumor cells in patients with non-small-cell lung
cancer. J Clin Oncol. 2011;29(12):1556-63.

122. Punnoose EA, Atwal S, Liu W, Raja R, Fine BM, Hughes BG, et al. Evaluation of
circulating tumor cells and circulating tumor DNA in non-small cell lung cancer: association
with clinical endpoints in a phase Il clinical trial of pertuzumab and erlotinib. Clin Cancer
Res. 2012;18(8):2391-401.

123. HidaT, Yoneta A, Wakamatsu K, Yanagisawa K, Ishii-Osai Y, Kan Y, et al. Circulating
melanoma cells as a potential biomarker to detect metastasis and evaluate prognosis.
Australas J Dermatol. 2016;57(2):145-9.

124. Koyanagi K, Kuo C, Nakagawa T, Mori T, Ueno H, Lorico AR, Jr., et al. Multimarker
quantitative real-time PCR detection of circulating melanoma cells in peripheral blood:
relation to disease stage in melanoma patients. Clin Chem. 2005;51(6):981-8.

125. Karakousis G, Yang R, Xu X. Circulating melanoma cells as a predictive biomarker. J
Invest Dermatol. 2013;133(6):1460-2.

126. Mumford BS, Robertson GP. Circulating melanoma cells in the diagnosis and
monitoring of melanoma: an appraisal of clinical potential. Mol Diagn Ther. 2014;18(2):175-
83.

127. ChengF, Su L, Qian C. Circulating tumor DNA: a promising biomarker in the liquid
biopsy of cancer. Oncotarget. 2016;7(30):48832-41.

128. Sumbal S, Javed A, Afroze B, Zulfigar HF, Javed F, Noreen S, et al. Circulating tumor
DNA in blood: Future genomic biomarkers for cancer detection. Exp Hematol. 2018;65:17-
28.

129. Lin N, Zhou Y, Li Y, Lin L, Zhu L, Chen J. Circulating tumor DNA and urinary tumor
DNA: useful biomarkers for bladder cancer detection. Expert Rev Mol Diagn.
2025;25(11):817-28.

130. Zhang X, Hou H, Jiang M, Zhang X. Aberrant circulating tumor DNA methylation and
exosomal microRNA biomarkers for early detection of colorectal cancer. Mol Biol Rep.
2023;50(3):2743-50.

131. Han X, Wang J, Sun Y. Circulating Tumor DNA as Biomarkers for Cancer Detection.
Genomics Proteomics Bioinformatics. 2017;15(2):59-72.

132.  Yu SC, Lee SW, Jiang P, Leung TY, Chan KC, Chiu RW, et al. High-resolution profiling
of fetal DNA clearance from maternal plasma by massively parallel sequencing. Clin Chem.
2013;59(8):1228-37.

133. Nguyen VC, Nguyen TH, Phan TH, Tran TT, Pham TTT, Ho TD, et al. Fragment length
profiles of cancer mutations enhance detection of circulating tumor DNA in patients with
early-stage hepatocellular carcinoma. BMC Cancer. 2023;23(1):233.

134. Underhill HR, Kitzman JO, Hellwig S, Welker NC, Daza R, Baker DN, et al. Fragment
Length of Circulating Tumor DNA. PLoS Genet. 2016;12(7):e1006162.

135. Sacher AG, Paweletz C, Dahlberg SE, Alden RS, O'Connell A, Feeney N, et al.
Prospective Validation of Rapid Plasma Genotyping for the Detection of EGFR and KRAS
Mutations in Advanced Lung Cancer. JAMA Oncol. 2016;2(8):1014-22.

136. Daniotti M, Vallacchi V, Rivoltini L, Patuzzo R, Santinami M, Arienti F, et al. Detection
of mutated BRAFVE00E variant in circulating DNA of stage IlI-IV melanoma patients. Int J
Cancer. 2007;120(11):2439-44.

137. LeelH, Long GV, Boyd S, Lo S, Menzies AM, Tembe V, et al. Circulating tumour DNA
predicts response to anti-PD1 antibodies in metastatic melanoma. Ann Oncol.
2017;28(5):1130-6.

138. ForschnerA, Battke F, Hadaschik D, Schulze M, Weissgraeber S, Han CT, et al. Tumor
mutation burden and circulating tumor DNA in combined CTLA-4 and PD-1 antibody therapy
in metastatic melanoma - results of a prospective biomarker study. J Immunother Cancer.
2019;7(1):180.

157



139. Chan WY, Lee JH, Stewart A, Diefenbach RJ, Gonzalez M, Menzies AM, et al.
Circulating tumour DNA dynamics predict recurrence in stage lll melanoma patients
receiving neoadjuvant immunotherapy. J Exp Clin Cancer Res. 2024;43(1):238.

140. Calapre L, Warburton L, Millward M, Ziman M, Gray ES. Circulating tumour DNA
(ctDNA) as a liquid biopsy for melanoma. Cancer Lett. 2017;404:62-9.

141. GrayES, Rizos H, Reid AL, Boyd SC, Pereira MR, Lo J, et al. Circulating tumor DNA to
monitor treatment response and detect acquired resistance in patients with metastatic
melanoma. Oncotarget. 2015;6(39):42008-18.

142. Tanl, SandhuS, Lee RJ, LiJ, Callahan J, Ftouni S, et al. Prediction and monitoring of
relapse in stage lll melanoma using circulating tumor DNA. Ann Oncol. 2019;30(5):804-14.
143. Stewart CM, Tsui DWY. Circulating cell-free DNA for non-invasive cancer
management. Cancer Genet. 2018;228-229:169-79.

144. Bidard FC, Madic J, Mariani P, Piperno-Neumann S, Rampanou A, Servois V, et al.
Detection rate and prognostic value of circulating tumor cells and circulating tumor DNA in
metastatic uveal melanoma. IntJ Cancer. 2014;134(5):1207-13.

145. Di Meo A, Bartlett J, Cheng Y, Pasic MD, Yousef GM. Liquid biopsy: a step forward
towards precision medicine in urologic malignancies. Mol Cancer. 2017;16(1):80.

146. Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo C, et al. A
Comparison of Cell-Free DNA Isolation Kits: Isolation and Quantification of Cell-Free DNA
in Plasma. J Mol Diagn. 2017;19(1):162-8.

147. Valpione S, Gremel G, Mundra P, Middlehurst P, Galvani E, Girotti MR, et al. Plasma
total cell-free DNA (cfDNA) is a surrogate biomarker for tumour burden and a prognostic
biomarker for survival in metastatic melanoma patients. EurJ Cancer. 2018;88:1-9.

148. StadlerJC, BelloumY, Deitert B, Sementsov M, Heidrich |, Gebhardt C, et al. Current
and Future Clinical Applications of ctDNA in Immuno-Oncology. Cancer Res.
2022;82(3):349-58.

149. Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F, Brenton JD, Caldas C, et al.
Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat Rev
Cancer. 2017;17(4):223-38.

150. Mouliere F, Chandrananda D, Piskorz AM, Moore EK, Morris J, Ahlborn LB, et al.
Enhanced detection of circulating tumor DNA by fragment size analysis. Sci Transl Med.
2018;10(466).

151. Revelo AE, Martin A, Velasquez R, Kulandaisamy PC, Bustamante J, Keshishyan S, et
al. Liquid biopsy for lung cancers: an update on recent developments. Ann Transl Med.
2019;7(15):349.

152. Szpechcinski A, Chorostowska-Wynimko J, Struniawski R, Kupis W, Rudzinski P,
Langfort R, et al. Cell-free DNA levels in plasma of patients with non-small-cell lung cancer
and inflammatory lung disease. Br J Cancer. 2015;113(3):476-83.

153. Tivey A, Britton F, Scott JA, Rothwell D, Lorigan P, Lee R. Circulating Tumour DNA in
Melanoma-Clinic Ready? Curr Oncol Rep. 2022;24(3):363-73.

154. Lee RJ, Gremel G, Marshall A, Myers KA, Fisher N, Dunn JA, et al. Circulating tumor
DNA predicts survival in patients with resected high-risk stage II/lll melanoma. Ann Oncol.
2018;29(2):490-6.

155. DanesiR, Lo YMD, Oellerich M, Beck J, Galbiati S, Re MD, et al. What do we need to
obtain high quality circulating tumor DNA (ctDNA) for routine diagnostic test in oncology? -
Considerations on pre-analytical aspects by the IFCC workgroup cfDNA. Clin Chim Acta.
2021;520:168-71.

156. Terp SK, Pedersen IS, Stoico MP. Extraction of Cell-Free DNA: Evaluation of
Efficiency, Quantity, and Quality. J Mol Diagn. 2024;26(4):310-9.

157. Lee H, Park C, Na W, Park KH, Shin S. Precision cell-free DNA extraction for liquid
biopsy by integrated microfluidics. NPJ Precis Oncol. 2020;4:3.

158. Naik PP. Role of Biomarkers in the Integrated Management of Melanoma. Dis
Markers. 2021;2021:6238317.

158



159. Fleshner L, Sayegh A, Atak MF, Hirani R, Farabi B, Safai B, et al. Molecular and
Genetic Markers for Malignant Melanoma: Implications for Prognosis and Therapy.
Dermatopathology (Basel). 2025;12(3).
160. DaoJ, Conway PJ, Subramani B, Meyyappan D, Russell S, Mahadevan D. Using cfDNA
and ctDNA as Oncologic Markers: A Path to Clinical Validation. Int J Mol Sci. 2023;24(17).
161. MohdKhair SZN, Abd Radzak SM, Mohamed Yusoff AA. The Uprising of Mitochondrial
DNA Biomarker in Cancer. Dis Markers. 2021;2021:7675269.
162. vander PolY, Moldovan N, Ramaker J, Bootsma S, Lenos KJ, Vermeulen L, et al. The
landscape of cell-free mitochondrial DNA in liquid biopsy for cancer detection. Genome
Biol. 2023;24(1):229.
163. van der Pol Y, Mouliere F. Toward the Early Detection of Cancer by Decoding the
Epigenetic and Environmental Fingerprints of Cell-Free DNA. Cancer Cell. 2019;36(4):350-
68.
164. Reznik E, Miller ML, Senbabaoglu Y, Riaz N, Sarungbam J, Tickoo SK, et al.
Mitochondrial DNA copy number variation across human cancers. Elife. 2016;5.
165. Ludwig LS, Lareau CA, Ulirsch JC, Christian E, Muus C, Li LH, et al. Lineage Tracing
in Humans Enabled by Mitochondrial Mutations and Single-Cell Genomics. Cell.
2019;176(6):1325-39 e22.
166. Hyland PL, Pfeiffer RM, Rotunno M, Hofmann JN, Liu CS, Cheng WL, et al.
Constitutive mitochondrial DNA copy numberin peripheral blood of melanoma families with
and without CDKN2A mutations. J Carcinog Mutagen. 2014;2014(Suppl 4).
167. Shen ), GopalakrishnanV, Lee JE, Fang S, Zhao H. Mitochondrial DNA copy number
in peripheral blood and melanoma risk. PLoS One. 2015;10(6):e0131649.
168. Thyagarajan B, Wang R, Nelson H, Barcelo H, Koh WP, Yuan JM. Mitochondrial DNA
copy number is associated with breast cancer risk. PLoS One. 2013;8(6):e65968.
169. Shen ), Platek M, Mahasneh A, Ambrosone CB, Zhao H. Mitochondrial copy number
and risk of breast cancer: a pilot study. Mitochondrion. 2010;10(1):62-8.
170. LanQ, LimU, Liu CS, Weinstein SJ, Chanock S, Bonner MR, et al. A prospective study
of mitochondrial DNA copy number and risk of non-Hodgkin lymphoma. Blood.
2008;112(10):4247-9.
171. Sourty B, Dardaud LM, Bris C, Desquiret-Dumas V, Boisselier B, Basset L, et al.
Mitochondrial DNA copy number as a prognhostic marker is age-dependent in adult
glioblastoma. Neurooncol Adv. 2022;4(1):vdab191.
172. Hosnijeh FS, Lan Q, Rothman N, San Liu C, Cheng WL, Nieters A, et al. Mitochondrial
DNA copy number and future risk of B-cell lymphoma in a nested case-control study in the
prospective EPIC cohort. Blood. 2014;124(4):530-5.
173. Yang Q, Zhao T, Han Y, Ji Z, Ye H. Dynamics of mitochondrial DNA copy number
regulation in relation to gastric cancer survival. Discov Oncol. 2025;16(1):1090.
174. Hofmann JN, Hosgood HD, 3rd, Liu CS, Chow WH, Shuch B, Cheng WL, et al. A
nested case-control study of leukocyte mitochondrial DNA copy number and renal cell
carcinoma in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial.
Carcinogenesis. 2014;35(5):1028-31.
175. Lynch SM, Weinstein SJ, Virtamo J, Lan Q, Liu CS, Cheng WL, et al. Mitochondrial
DNA copy number and pancreatic cancer in the alpha-tocopherol beta-carotene cancer
prevention study. Cancer Prev Res (Phila). 2011;4(11):1912-9.
176. Chiavarini M, Dolcini J, Firmani G, Brennan KJM, Cardenas A, Baccarelli AA, et al.
Mitochondrial DNA Copy Numbers and Lung Cancer: A Systematic Review and Meta-
Analysis. Int J Mol Sci. 2025;26(14).
177. MengsS, De Vivo |, Liang L, Giovannucci E, Tang JY, Han J. Pre-diagnostic leukocyte
mitochondrial DNA copy number and skin cancer risk. Carcinogenesis. 2016;37(9):897-
903.
178. Basu U, Bostwick AM, Das K, Dittenhafer-Reed KE, Patel SS. Structure, mechanism,
and regulation of mitochondrial DNA transcription initiation. J Biol Chem.
2020;295(52):18406-25.

159



179. Boguszewska K SMK-BJKBT. The Similarities between Human Mitochondria and
Bacteria in the Context of Structure, Genome, and Base Excision Repair System. Molecules.
2020; 25(12):2857.

180. Vringer E, Tait SWG. Mitochondria and cell death-associated inflammation. Cell
Death Differ. 2023;30(2):304-12.

181. Lyu Y, Wang T, Huang S, Zhang Z. Mitochondrial Damage-Associated Molecular
Patterns and Metabolism in the Regulation of Innate Immunity. J Innate Immun.
2023;15(1):665-79.

182. Rodriguez-Nuevo A, Zorzano A. The sensing of mitochondrial DAMPs by non-immune
cells. Cell Stress. 2019;3(6):195-207.

183. Ye ), Hu X, Wang Z, Li R, Gan L, Zhang M, et al. The role of mtDAMPs in the trauma-
induced systemic inflammatory response syndrome. Front Immunol. 2023;14:1164187.
184. Zhoul,ZhuangZ,LiJ, FengZ. Significance of the cGAS-STING Pathway in Health and
Disease. IntJ Mol Sci. 2023;24(17).

185. Chauvin SD, Stinson WA, Platt DJ, Poddar S, Miner JJ. Regulation of cGAS and STING
signaling during inflammation and infection. J Biol Chem. 2023;299(7):104866.

186. Nakahira K, Hisata S, Choi AM. The Roles of Mitochondrial Damage-Associated
Molecular Patterns in Diseases. Antioxid Redox Signal. 2015;23(17):1329-50.

187. Garg M, Johri S, Chakraborty K. Immunomodulatory role of mitochondrial DAMPs: a
missing link in pathology? FEBS J. 2023;290(18):4395-418.

188. Marchi S, Guilbaud E, Tait SWG, Yamazaki T, Galluzzi L. Mitochondrial control of
inflammation. Nat Rev Immunol. 2023;23(3):159-73.

189. Heilig RLITS. Mitochondrial DNA in cell death and inflammation. Biochemical
Society Transactions, 2023. 51: pp. 457-472.

190. Bellizzi D, D'Aquila P, Scafone T, Giordano M, Riso V, Riccio A, et al. The controlregion
of mitochondrial DNA shows an unusual CpG and non-CpG methylation pattern. DNA Res.
2013;20(6):537-47.

191. Heilig R, Lee J, Tait SWG. Mitochondrial DNA in cell death and inflammation.
Biochem Soc Trans. 2023;51(1):457-72.

192. KimJ, Kim HS, Chung JH. Molecular mechanisms of mitochondrial DNA release and
activation of the cGAS-STING pathway. Exp Mol Med. 2023;55(3):510-9.

193. Zhao H, Wu L, Yan G, Chen Y, Zhou M, Wu Y, et al. Inflammation and tumor
progression: signaling pathways and targeted intervention. Signal Transduct Target Ther.
2021;6(1):263.

194. Chen YH, Wu KH, Wu HP. Unraveling the Complexities of Toll-like Receptors: From
Molecular Mechanisms to Clinical Applications. Int J Mol Sci. 2024;25(9).

195. Tao G, Liao W, Hou J, Jiang X, Deng X, Chen G, et al. Advances in crosstalk among
innate immune pathways activated by mitochondrial DNA. Heliyon. 2024;10(1):e24029.
196. Deb P, Dai J, Singh S, Kalyoussef E, Fitzgerald-Bocarsly P. Triggering of the cGAS-
STING Pathway in Human Plasmacytoid Dendritic Cells Inhibits TLR9-Mediated IFN
Production. J Immunol. 2020;205(1):223-36.

197. Lai YH, Liu HY, Huang CY, Chau YP, Wu S. Mitochondrial-DNA-associated TLR9
signalling is a potential serological biomarker for non-small cell lung cancer. Oncol Rep.
2019;41(2):999-1006.

198. Wang Q, Yu Y, Zhuang J, Liu R, Sun C. Demystifying the cGAS-STING pathway:
precision regulation in the tumor immune microenvironment. Mol Cancer. 2025;24(1):178.
199. Nishida A, Andoh A. The Role of Inflammation in Cancer: Mechanisms of Tumor
Initiation, Progression, and Metastasis. Cells. 2025;14(7).

200. Holzgruber J, Martins C, Kulcsar Z, Duplaine A, Rasbach E, Migayron L, et al. Type |
interferon signaling induces melanoma cell-intrinsic PD-1 and its inhibition antagonizes
immune checkpoint blockade. Nat Commun. 2024;15(1):7165.

201. Kwon J, Bakhoum SF. The Cytosolic DNA-Sensing cGAS-STING Pathway in Cancer.
Cancer Discov. 2020;10(1):26-39.

160



202. Fu XQ, Liu B, Wang YP, Li JK, Zhu PL, Li T, et al. Activation of STAT3 is a key event in
TLR4 signaling-mediated melanoma progression. Cell Death Dis. 2020;11(4):246.
203. LiuH, Pan M, LiY, Huang Z, Li H, Zhang C, et al. Recent advances and applications
of mitochondria in tumors and inflammation. J Transl Med. 2025;23(1):764.
204. Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO Rep.
2020;21(4):e49799.
205. Guo Q, JinY, Chen X, Ye X, Shen X, Lin M, et al. NF-kappaB in biology and targeted
therapy: new insights and translational implications. Signal Transduct Target Ther.
2024;9(1):58.
206. Scheid ABTWD. Roles of mitochondria in the hallmarks of metastasis. Br J Cancer,
2021.124:124-135.
207. Kumar PR, Saad M, Hellmich C, Mistry JJ, Moore JA, Conway S, et al. PGC-1alpha
induced mitochondrial biogenesis in stromal cells underpins mitochondrial transfer to
melanoma. Br J Cancer. 2022;127(1):69-78.
208. Maiorino L, Dassler-Plenker J, Sun L, Egeblad M. Innate Immunity and Cancer
Pathophysiology. Annu Rev Pathol. 2022;17:425-57.
209. JiZ, HelL, Regev A, Struhl K. Inflammatory regulatory network mediated by the joint
action of NF-kB, STAT3, and AP-1 factors is involved in many human cancers. Proc Natl Acad
SciUSA.2019;116(19):9453-62.
210. Singel KL, Grzankowski KS, Khan A, Grimm MJ, D'Auria AC, Morrell K, et al.
Mitochondrial DNA in the tumour microenvironment activates neutrophils and is associated
with worse outcomes in patients with advanced epithelial ovarian cancer. Br J Cancer.
2019;120(2):207-17.
211. Scheid AD, Beadnell TC, Welch DR. Roles of mitochondria in the hallmarks of
metastasis. BrJ Cancer. 2021;124(1):124-35.
212. Wu QTHiZHWD. The Entanglement between Mitochondrial DNA and Tumor
Metastasis. Cancers 2022, 14, 1862.
213. Giordano L, Ware SA, Lagranha CJ, Kaufman BA. Mitochondrial DNA signals driving
immune responses: Why, How, Where? Cell Commun Signal. 2025;23(1):192.
214. Filograna R, Mennuni M, Alsina D, Larsson NG. Mitochondrial DNA copy number in
human disease: the more the better? FEBS Lett. 2021;595(8):976-1002.
215. Shen M, Jiang X, Peng Q, OyangL, Ren Z, Wang J, et al. Correction: The cGAS—STING
pathway in cancer immunity: mechanisms, challenges, and therapeutic implications. J
Hematol Oncol. 2025;18(1):49.
216. Zhang Z, Zhou H, Ouyang X, Dong Y, Sarapultsev A, Luo S, et al. Multifaceted
functions of STING in human health and disease: from molecular mechanism to targeted
strategy. Signal Transduct Target Ther. 2022;7(1):394.
217. XuYy,lJin R, Zhou GP, Xu HG. Involvement of GATA1 and Sp3 in the activation of the
murine STING gene promoter in NIH3T3 cells. Sci Rep. 2017;7(1):2090.
218. Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-STING pathway in
health and disease. Nat Rev Genet. 2019;20(11):657-74.
219. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic DNA
sensor that activates the type | interferon pathway. Science. 2013;339(6121):786-91.
220. Genoveso MJ, Hisaoka M, Komatsu T, Wodrich H, Nagata K, Okuwaki M. Formation
of adenovirus DNA replication compartments and viral DNA accumulation sites by host
chromatin regulatory proteins including NPM1. FEBS J. 2020;287(1):205-17.
221. Takahashi A, Loo TM, Okada R, Kamachi F, Watanabe Y, Wakita M, et al.
Downregulation of cytoplasmic DNases is implicated in cytoplasmic DNA accumulation
and SASP in senescent cells. Nat Commun. 2018;9(1):1249.
222. Song X, Ma F, Herrup K. Accumulation of Cytoplasmic DNA Due to ATM Deficiency
Activates the Microglial Viral Response System with Neurotoxic Consequences. J Neurosci.
2019;39(32):6378-94.
223. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING pathway of
cytosolic DNA sensing. Nat Immunol. 2016;17(10):1142-9.

161



224. Dunphy G, Flannery SM, Almine JF, Connolly DJ, Paulus C, Jonsson KL, et al. Non-
canonical Activation of the DNA Sensing Adaptor STING by ATM and IFI16 Mediates NF-
kappaB Signaling after Nuclear DNA Damage. Mol Cell. 2018;71(5):745-60 e5.
225. Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J, Sampath H, et al.
Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent channels to
activate NLRP3 inflammasome and interferon signaling. Immunity. 2022;55(8):1370-85 8.
226. SunY,HuH,LiuZz, XuJ, GaoY, Zhan X, et al. Macrophage STING signaling promotes
NK cell to suppress colorectal cancer liver metastasis via 4-1BBL/4-1BB co-stimulation. J
Immunother Cancer. 2023;11(3).
227. LiW, Lul, LuJ, Wang X, Yang C, Jin J, et al. cGAS-STING-mediated DNA sensing
maintains CD8(+) T cell stemness and promotes antitumor T cell therapy. Sci Transl Med.
2020;12(549).
228. Benoit-Lizon I, Jacquin E, Rivera Vargas T, Richard C, Roussey A, Dal Zuffo L, et al.
CD4 T cell-intrinsic STING signaling controls the differentiation and effector functions of
T(H)1 and T(H)9 cells. J Immunother Cancer. 2022;10(1).
229. Zhao K, HuangJ, Zhao Y, Wang S, Xu J, Yin K. Targeting STING in cancer: Challenges
and emerging opportunities. Biochim Biophys Acta Rev Cancer. 2023;1878(6):188983.
230. Thwe PM, Amiel E. The role of nitric oxide in metabolic regulation of Dendritic cell
immune function. Cancer Lett. 2018;412:236-42.
231. Klarquist J, Hennies CM, Lehn MA, Reboulet RA, Feau S, Janssen EM. STING-
mediated DNA sensing promotes antitumor and autoimmune responses to dying cells. J
Immunol. 2014;193(12):6124-34.
232. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ, Leung MY, et al. STING-
dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic
tumors. Immunity. 2014;41(5):830-42.
233. Marcus A, Mao AJ, Lensink-Vasan M, Wang L, Vance RE, Raulet DH. Tumor-Derived
cGAMP Triggers a STING-Mediated Interferon Response in Non-tumor Cells to Activate the
NK Cell Response. Immunity. 2018;49(4):754-63 e4.
234. DiamondJM, Vanpouille-Box C, Spada S, Rudqvist NP, Chapman JR, Ueberheide BM,
et al. Exosomes Shuttle TREX1-Sensitive IFN-Stimulatory dsDNA from Irradiated Cancer
Cellsto DCs. Cancer Immunol Res. 2018;6(8):910-20.
235. Laursen MF, Christensen E, Degn LLT, Jonsson K, Jakobsen MR, Agger R, et al.
CD11c-targeted Delivery of DNA to Dendritic Cells Leads to cGAS- and STING-dependent
Maturation. J Immunother. 2018;41(1):9-18.
236. Fyrstenberg Laursen M, Kofod-Olsen E, Agger R. Activation of dendritic cells by
targeted DNA: a potential addition to the armamentarium for anti-cancer immunotherapy.
Cancer Immunol Immunother. 2019;68(11):1875-80.
237. Kitai Y, Kawasaki T, Sueyoshi T, Kobiyama K, Ishii KJ, Zou J, et al. DNA-Containing
Exosomes Derived from Cancer Cells Treated with Topotecan Activate a STING-Dependent
Pathway and Reinforce Antitumor Immunity. J Immunol. 2017;198(4):1649-59.
238. de Mingo Pulido A, Hanggi K, Celias DP, Gardner A, Li J, Batista-Bittencourt B, et al.
The inhibitory receptor TIM-3 limits activation of the cGAS-STING pathway in intra-tumoral
dendritic cells by suppressing extracellular DNA uptake. Immunity. 2021;54(6):1154-67 e7.
239. DemariaO, CornenS, Daeron M, MorelY, Medzhitov R, Vivier E. Publisher Correction:
Harnessing innate immunity in cancer therapy. Nature. 2019;576(7785):ES.
240. Jiang X, Wang J, Zheng X, Liu Z, Zhang X, Li Y, et al. Intratumoral administration of
STING-activating nanovaccine enhances T cell immunotherapy. J Immunother Cancer.
2022;10(5).
241. Anastasiou M, Newton GA, Kaur K, Carrillo-Salinas FJ, Smolgovsky SA, Bayer AL, et
al. Endothelial STING controls T cell transmigration in an IFNI-dependent manner. JCI
Insight. 2021;6(15).
242. Campisi M, Sundararaman SK, Shelton SE, Knelson EH, Mahadevan NR, Yoshida R,
et al. Tumor-Derived cGAMP Regulates Activation of the Vasculature. Front Immunol.
2020;11:2090.

162



243. Lee SJ, YangH, Kim WR, Lee YS, Lee WS, Kong SJ, et al. STING activation normalizes
the intraperitoneal vascular-immune microenvironment and suppresses peritoneal
carcinomatosis of colon cancer. J Immunother Cancer. 2021;9(6).
244. Yang H, Lee WS, Kong SJ, Kim CG, Kim JH, Chang SK, et al. STING activation
reprograms tumor vasculatures and synergizes with VEGFR2 blockade. J Clin Invest.
2019;129(10):4350-64.
245. Cheng H, Xu Q, Lu X, Yuan H, Li T, Zhang Y, et al. Activation of STING by cGAMP
Regulates MDSCs to Suppress Tumor Metastasis via Reversing Epithelial-Mesenchymal
Transition. Front Oncol. 2020;10:896.
246. Ager CR, Boda A, Rajapakshe K, Lea ST, Di Francesco ME, Jayaprakash P, et al. High
potency STING agonists engage unique myeloid pathways to reverse pancreatic cancer
immune privilege. J Immunother Cancer. 2021;9(8).
247. Starzer AM, Preusser M, Berghoff AS. Immune escape mechanisms and therapeutic
approaches in cancer: the cancer-immunity cycle. Ther Adv Med Oncol.
2022;14:17588359221096219.
248. Tang S, Ning Q, Yang L, Mo Z, Tang S. Mechanisms of immune escape in the cancer
immune cycle. Int Immunopharmacol. 2020;86:106700.
249. ZhaoR,Zhangl,Mal,QuY,YangZ, YinZ, et al. cGAS-activated endothelial cell-T cell
cross-talk initiates tertiary lymphoid structure formation. Sci Immunol.
2024;9(98):eadk2612.
250. Chelvanambi M, Fecek RJ, Taylor JL, Storkus WJ. STING agonist-based treatment
promotes vascular normalization and tertiary lymphoid structure formation in the
therapeutic melanoma microenvironment. J Immunother Cancer. 2021;9(2).
251. Nakamura T, Miyabe H, Hyodo M, Sato Y, Hayakawa Y, Harashima H. Liposomes
loaded with a STING pathway ligand, cyclic di-GMP, enhance cancerimmunotherapy against
metastatic melanoma. J Control Release. 2015;216:149-57.
252. Nicolai CJ, Wolf N, Chang IC, Kirn G, Marcus A, Ndubaku CO, et al. NK cells mediate
clearance of CD8(+) T cell-resistant tumors in response to STING agonists. Sci Immunol.
2020;5(45).
253. Maiuri MC, Tasdemir E, Criollo A, Morselli E, Vicencio JM, Carnuccio R, et al. Control
of autophagy by oncogenes and tumor suppressor genes. Cell Death Differ. 2009;16(1):87-
93.
254. Botti J, Djavaheri-Mergny M, Pilatte Y, Codogno P. Autophagy signaling and the
cogwheels of cancer. Autophagy. 2006;2(2):67-73.
255. Nassour J, Radford R, Correia A, Fuste JM, Schoell B, Jauch A, et al. Autophagic cell
death restricts chromosomal instability during replicative crisis. Nature.
2019;565(7741):659-63.
256. LiC, Zhang, Liu J, Kang R, Klionsky DJ, Tang D. Mitochondrial DNA stress triggers
autophagy-dependent ferroptotic death. Autophagy. 2021;17(4):948-60.
257. Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. J Intern Med.
2013;273(2):114-27.
258. Daei Farshchi Adli A, Jahanban-Esfahlan R, Seidi K, Samandari-Rad S, Zarghami N.
An overview on Vadimezan (DMXAA): The vascular disrupting agent. Chem Biol Drug Des.
2018;91(5):996-1006.
259. Zhaol, Ching LM, Kestell P, Kelland LR, Baguley BC. Mechanisms of tumor vascular
shutdown induced by 5,6-dimethylxanthenone-4-acetic acid (DMXAA): Increased tumor
vascular permeability. Int ) Cancer. 2005;116(2):322-6.
260. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, et al. Cytoplasmic
chromatin triggers inflammation in senescence and cancer. Nature. 2017;550(7676):402-6.
261. Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is essential for cellular senescence.
Proc Natl Acad Sci US A. 2017;114(23):E4612-E20.
262. Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, et al. Senescence-
associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS
and the p53 tumor suppressor. PLoS Biol. 2008;6(12):2853-68.

163



263. Gluck S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke NA, et al. Innate immune
sensing of cytosolic chromatin fragments through cGAS promotes senescence. Nat Cell
Biol. 2017;19(9):1061-70.
264. TakashimaKk, Takeday, OshiumiH, Shime H, Okabe M, Ilkawa M, et al. STING in tumor
and host cells cooperatively work for NK cell-mediated tumor growth retardation. Biochem
Biophys Res Commun. 2016;478(4):1764-71.
265. Ho SS, Zhang WY, Tan NY, Khatoo M, Suter MA, Tripathi S, et al. The DNA Structure-
Specific Endonuclease MUS81 Mediates DNA Sensor STING-Dependent Host Rejection of
Prostate Cancer Cells. Immunity. 2016;44(5):1177-89.
266. Fu J, Kanne DB, Leong M, Glickman LH, McWhirter SM, Lemmens E, et al. STING
agonist formulated cancer vaccines can cure established tumors resistant to PD-1
blockade. Sci Transl Med. 2015;7(283):283ra52.
267. Cai H, Yan L, Liu N, Xu M, Cai H. IFI16 promotes cervical cancer progression by
upregulating PD-L1 in immunomicroenvironment through STING-TBK1-NF-kB pathway.
Biomed Pharmacother. 2020;123:109790.
268. Antonangeli F, Natalini A, Garassino MC, Sica A, Santoni A, Di Rosa F. Regulation of
PD-L1 Expression by NF-kappaB in Cancer. Front Immunol. 2020;11:584626.
269. GaoV,LiY,LinZ,ZengY, Huang Z, Han L, et al. Ataxia telangiectasia mutated kinase
inhibition promotes irradiation-induced PD-L1 expression in tumour-associated
macrophages through IFN-1/JAK signalling pathway. Immunology. 2023;168(2):346-61.
270. Li X, Wenes M, Romero P, Huang SC, Fendt SM, Ho PC. Navigating metabolic
pathways to enhance antitumour immunity and immunotherapy. Nat Rev Clin Oncol.
2019;16(7):425-41.
271.  Wang XF, Wang HS, Wang H, Zhang F, Wang KF, Guo Q, et al. The role of indoleamine
2,3-dioxygenase (IDO) in immune tolerance: focus on macrophage polarization of THP-1
cells. Cell Immunol. 2014;289(1-2):42-8.
272. Liang D, Xiao-Feng H, Guan-Jun D, Er-Ling H, Sheng C, Ting-Ting W, et al. Activated
STING enhances Tregs infiltration in the HPV-related carcinogenesis of tongue squamous
cells via the c-jun/CCL22 signal. Biochim Biophys Acta. 2015;1852(11):2494-503.
273. Field CS, Baixauli F, Kyle RL, Puleston DJ, Cameron AM, Sanin DE, et al.
Mitochondrial Integrity Regulated by Lipid Metabolism Is a Cell-Intrinsic Checkpoint for Treg
Suppressive Function. Cell Metab. 2020;31(2):422-37 e5.
274. Helmink BA, Reddy SM, Gao J, Zhang S, Basar R, Thakur R, et al. B cells and tertiary
lymphoid structures promote immunotherapy response. Nature. 2020;577(7791):549-55.
275. Meylan M, Petitprez F, Becht E, Bougouin A, Pupier G, Calvez A, et al. Tertiary
lymphoid structures generate and propagate anti-tumor antibody-producing plasma cells in
renal cell cancer. Immunity. 2022;55(3):527-41 e5.
276. CuiC,WangJ, Fagerberg E, Chen PM, Connolly KA, Damo M, et al. Neoantigen-driven
B cell and CD4 T follicular helper cell collaboration promotes anti-tumor CD8 T cell
responses. Cell. 2021;184(25):6101-18 e13.
277. Hong S, Zhang Z, Liu H, Tian M, Zhu X, Zhang Z, et al. B Cells Are the Dominant
Antigen-Presenting Cells that Activate Naive CD4(+) T Cells upon Immunization with a Virus-
Derived Nanoparticle Antigen. Immunity. 2018;49(4):695-708 e4.
278. Pylayeva-Gupta Y, Das S, Handler JS, Hajdu CH, Coffre M, Koralov SB, et al. IL35-
Producing B Cells Promote the Development of Pancreatic Neoplasia. Cancer Discov.
2016;6(3):247-55.
279. Zhang B, Vogelzang A, Miyajima M, Sugiura Y, Wu Y, Chamoto K, et al. B cell-derived
GABA elicits IL-10(+) macrophages to Llimit anti-tumour immunity. Nature.
2021;599(7885):471-6.
280. Li S, Mirlekar B, Johnson BM, Brickey WJ, Wrobel JA, Yang N, et al. STING-induced
regulatory B cells compromise NK function in cancer immunity. Nature.
2022;610(7931):373-80.
281. Mahin J, Xu X, Li L, Zhang C. cGAS/STING in skin melanoma: from molecular
mechanisms to therapeutics. Cell Commun Signal. 2024;22(1):553.

164



282. Ohkuri T, Kosaka A, Ishibashi K, Kumai T, Hirata Y, Ohara K, et al. Intratumoral
administration of cGAMP transiently accumulates potent macrophages for anti-tumor
immunity at a mouse tumor site. Cancer Immunol Immunother. 2017;66(6):705-16.

283. WangH, HuS, ChenX, ShiH, ChenC, SunL, etal. cGAS s essential for the antitumor
effect of immune checkpoint blockade. Proc Natl Acad Sci US A. 2017;114(7):1637-42.
284. Santana Carrero RM, Beceren-Braun F, Rivas SC, Hegde SM, Gangadharan A, Plote
D, et al. IL-15 is a component of the inflammatory milieu in the tumor microenvironment
promoting antitumor responses. Proc Natl Acad Sci U S A. 2019;116(2):599-608.

285. Yamada S, Kitai Y, Tadokoro T, Takahashi R, Shoji H, Maemoto T, et al. Identification
of RPL15 60S Ribosomal Protein as a Novel Topotecan Target Protein That Correlates with
DAMP Secretion and Antitumor Immune Activation. J Immunol. 2022;209(1):171-9.

286. AnX, ZhuY, Zheng T, Wang G, Zhang M, Li J, et al. An Analysis of the Expression and
Association with Immune Cell Infiltration of the cGAS/STING Pathway in Pan-Cancer. Mol
Ther Nucleic Acids. 2019;14:80-9.

287. Song S, Peng P, Tang Z, Zhao J, Wu W, Li H, et al. Decreased expression of STING
predicts poor prognosis in patients with gastric cancer. Sci Rep. 2017;7:39858.

288. Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A. Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability. Carcinogenesis.
2009;30(7):1073-81.

289. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002;420(6917):860-7.
290. Grivennikov Sl, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell.
2010;140(6):883-99.

291. Ahn J, Xia T, Konno H, Konno K, Ruiz P, Barber GN. Inflammation-driven
carcinogenesis is mediated through STING. Nat Commun. 2014;5:5166.

292. Bakhoum MF, Francis JH, Agustinus A, Earlie EM, Di Bona M, Abramson DH, et al.
Loss of polycomb repressive complex 1 activity and chromosomal instability drive uveal
melanoma progression. Nat Commun. 2021;12(1):5402.

293. Bakhoum SF, Cantley LC. The Multifaceted Role of Chromosomal Instability in
Cancer and Its Microenvironment. Cell. 2018;174(6):1347-60.

294. Wormann SM, Zhang A, Thege FI, Cowan RW, Rupani DN, Wang R, et al. APOBEC3A
drives deaminase domain-independent chromosomal instability to promote pancreatic
cancer metastasis. Nat Cancer. 2021;2(12):1338-56.

295. Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy CJ, Ly P, et al. Chromosomal
instability drives metastasis through a cytosolic DNA response. Nature.
2018;553(7689):467-72.

296. Hong C, Schubert M, Tijhuis AE, Requesens M, Roorda M, van den Brink A, et al.
cGAS-STING drives the IL-6-dependent survival of chromosomally instable cancers. Nature.
2022;607(7918):366-73.

297. Cheradame L, Guerrera IC, Gaston J, Schmitt A, Jung V, Goudin N, et al. STING
protects breast cancer cells from intrinsic and genotoxic-induced DNA instability via a non-
canonical, cell-autonomous pathway. Oncogene. 2021;40(49):6627-40.

298. Vasiyani H, Mane M, Rana K, Shinde A, Roy M, Singh J, et al. DNA damage induces
STING mediated IL-6-STAT3 survival pathway in triple-negative breast cancer cells and
decreased survival of breast cancer patients. Apoptosis. 2022;27(11-12):961-78.

299. Ranoa DRE, Widau RC, Mallon S, Parekh AD, Nicolae CM, Huang X, et al. STING
Promotes Homeostasis via Regulation of Cell Proliferation and Chromosomal Stability.
Cancer Res. 2019;79(7):1465-79.

300. GulenMF,KochU, HaagSM, SchulerF, Apetoh L, Villunger A, et al. Signalling strength
determines proapoptotic functions of STING. Nat Commun. 2017;8(1):427.

301. Toso A, Revandkar A, Di Mitri D, Guccini I, Proietti M, Sarti M, et al. Enhancing
chemotherapy efficacy in Pten-deficient prostate tumors by activating the senescence-
associated antitumor immunity. Cell Rep. 2014;9(1):75-89.

165



302. Georgilis A, Klotz S, Hanley CJ, Herranz N, Weirich B, Morancho B, et al. PTBP1-
Mediated Alternative Splicing Regulates the Inflammatory Secretome and the Pro-
tumorigenic Effects of Senescent Cells. Cancer Cell. 2018;34(1):85-102 9.
303. Chen Q, Boire A, Jin X, Valiente M, Emrah Er E, Lopez-Soto A, et al. Corrigendum:
Carcinoma-astrocyte gap junctions promote brain metastasis by cGAMP transfer. Nature.
2017;544(7648):124.
304. Gentili M, Kowal J, Tkach M, Satoh T, Lahaye X, Conrad C, et al. Transmission of
innate immune signaling by packaging of cGAMP in viral particles. Science.
2015;349(6253):1232-6.
305. Lazear HM, Schoggins JW, Diamond MS. Shared and Distinct Functions of Type | and
Type lll Interferons. Immunity. 2019;50(4):907-23.
306. Bakrim S, Fessikh ME, Elhrech H, Omari NE, Amanullah M, Ming LC, et al. Targeting
inflammation in cancer therapy: from mechanistic insights to emerging therapeutic
approaches. J Transl Med. 2025;23(1):588.
307. Vera-Ramirez L, Vodnala SK, Nini R, Hunter KW, Green JE. Autophagy promotes the
survival of dormant breast cancer cells and metastatic tumour recurrence. Nat Commun.
2018;9(1):1944.
308. LiY, Yang Q, Chen H, Yang X, Han J, Yao X, et al. TFAM downregulation promotes
autophagy and ESCC survival through mtDNA stress-mediated STING pathway. Oncogene.
2022;41(30):3735-46.
309. Sundararajan STA, Yadlapati S, et al. . Metastatic Melanoma. 2024 [Available from:
Available from: https://www.ncbi.nlm.nih.gov/books/NBK470358/.
310. Rowcroft A, Loveday BPT, Thomson BNJ, Banting S, Knowles B. Systematic review of
liver directed therapy for uveal melanoma hepatic metastases. HPB (Oxford).
2020;22(4):497-505.
311. Huibers A, Wong A, Burgmans M, Ny L, Stalhammar G, Kapiteijn E, et al.
Management of liver metastases from uveal melanoma. BrJ Surg. 2025;112(8).
312. PagetS. The distribution of secondary growths in cancer of the breast. 1889. Cancer
Metastasis Rev. 1989;8(2):98-101.
313. LeeJW, Stone ML, Porrett PM, Thomas SK, Komar CA, LiJH, et al. Hepatocytes direct
the formation of a pro-metastatic niche in the liver. Nature. 2019;567(7747):249-52.
314. RoncaV, Gerussi A, Collins P, Parente A, Oo YH, Invernizzi P. The liver as a central
“hub” of the immune system: pathophysiological implications. Physiological Reviews.
2025;105(2):493-539.
315. Zhao J, Zhang X, Li Y, Yu J, Chen Z, Niu Y, et al. Interorgan communication with the
liver: novel mechanisms and therapeutic targets. Front Immunol. 2023;14:1314123.
316. Guilliams M, Scott CL. Liver macrophages in health and disease. Immunity.
2022;55(9):1515-29.
317. Horn P, Tacke F. Metabolic reprogramming in liver fibrosis. Cell Metab.
2024;36(7):1439-55.
318. ZhangX, He B, Lu J, Bao Q, Wang J, Yang Y. The crucial roles and research advances
of cGAS-STING pathway in liver diseases. Ann Med. 2024;56(1):2394588.
319. van Weverwijk A, de Visser KE. Mechanisms driving the immunoregulatory function
of cancer cells. Nat Rev Cancer. 2023;23(4):193-215.
320. Mellman I, Chen DS, Powles T, Turley SJ. The cancer-immunity cycle: Indication,
genotype, and immunotype. Immunity. 2023;56(10):2188-205.
321. Cassetta L, Pollard JW. A timeline of tumour-associated macrophage biology. Nat
Rev Cancer. 2023;23(4):238-57.
322. Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to synergize
tumor immunotherapy. Sighal Transduct Target Ther. 2021;6(1):75.
323. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and targets
in cancer therapy. Nat Rev Drug Discov. 2022;21(11):799-820.
324. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and
immunotherapy. Nat Rev Immunol. 2019;19(6):369-82.

166



325. Locati M, Curtale G, Mantovani A. Diversity, Mechanisms, and Significance of
Macrophage Plasticity. Annu Rev Pathol. 2020;15:123-47.
326. Tsilimigras DI, Brodt P, Clavien PA, Muschel RJ, D'Angelica Ml, Endo I, et al. Liver
metastases. Nat Rev Dis Primers. 2021;7(1):27.
327. Su X, Liang C, Chen R, Duan S. Correction: Deciphering tumor microenvironment:
CXCL9 and SPP1 as crucial determinants of tumor-associated macrophage polarity and
prognostic indicators. Mol Cancer. 2025;24(1):87.
328. Donadon M, Torzilli G, Cortese N, Soldani C, Di Tommaso L, Franceschini B, et al.
Macrophage morphology correlates with single-cell diversity and prognosis in colorectal
liver metastasis. J Exp Med. 2020;217(11).
329. Zhang, You WH, Li X, Wang P, Sha B, Liang Y, et al. Single-cell RNA-seq reveals
transcriptional landscape and intratumor heterogenicity in gallbladder cancer liver
metastasis microenvironment. Ann Transl Med. 2021;9(10):889.
330. LiuY,ZhangQ, Xing B, Luo N, Gao R, Yu K, et al. Immune phenotypic linkage between
colorectal cancer and liver metastasis. Cancer Cell. 2022;40(4):424-37 €5.
331. HeY, HanY, Fan AH, Li D, Wang B, Ji K, et al. Multi-perspective comparison of the
immune microenvironment of primary colorectal cancer and liver metastases. J Transl Med.
2022;20(1):454.
332. Yoshida T, Ohe C, lto K, Takada H, Saito R, Kita Y, et al. Clinical and molecular
correlates of response to immune checkpoint blockade in urothelial carcinoma with liver
metastasis. Cancer Immunol Immunother. 2022;71(11):2815-28.
333. ZhuC, Liao JY, Liu YY, Chen ZY, Chang RZ, Chen XP, et al. Immune dynamics shaping
pre-metastatic and metastatic niches in liver metastases: from molecular mechanisms to
therapeutic strategies. Mol Cancer. 2024;23(1):254.
334. Nielsen SR, Quaranta V, Linford A, Emeagi P, Rainer C, Santos A, et al. Macrophage-
secreted granulin supports pancreatic cancer metastasis by inducing liver fibrosis. Nat Cell
Biol. 2016;18(5):549-60.
335. Raymant M, Astuti Y, Alvaro-Espinosa L, Green D, Quaranta V, Bellomo G, et al.
Macrophage-fibroblast JAK/STAT dependent crosstalk promotes liver metastatic outgrowth
in pancreatic cancer. Nat Commun. 2024;15(1):35983.
336. YuJ, Green MD, Li S, Sun Y, Journey SN, Choi JE, et al. Liver metastasis restrains
immunotherapy efficacy via macrophage-mediated T cell elimination. Nat Med.
2021;27(1):152-64.
337. Freire Valls A, Knipper K, Giannakouri E, Sarachaga V, Hinterkopf S, Wuehrl M, et al.
VEGFR1(+) Metastasis-Associated Macrophages Contribute to Metastatic Angiogenesis and
Influence Colorectal Cancer Patient Outcome. Clin Cancer Res. 2019;25(18):5674-85.
338. ChenW, Zhou M, Guan B, Xie B, Liu Y, He J, et al. Tumour-associated macrophage-
derived DOCK7-enriched extracellular vesicles drive tumour metastasis in colorectal
cancer viathe RAC1/ABCA1 axis. Clin Transl Med. 2024;14(2):e1591.
339. Grossman JG, Nywening TM, Belt BA, Panni RZ, Krasnick BA, DeNardo DG, et al.
Recruitment of CCR2(+) tumor associated macrophage to sites of liver metastasis confers
a poor prognosis in human colorectal cancer. Oncoimmunology. 2018;7(9):e1470729.
340. WuY,YangS, Mal,ChenZ, Song G, Rao D, et al. Spatiotemporal Immune Landscape
of Colorectal Cancer Liver Metastasis at Single-Cell Level. Cancer Discov. 2022;12(1):134-
53.
341. YangP,QinH,LiY, XiaoA,ZhengE, Zeng H, et al. CD36-mediated metabolic crosstalk
between tumor cells and macrophages affects liver metastasis. Nat Commun.
2022;13(1):5782.
342. Zhang XL, Hu LP, Yang Q, Qin WT, Wang X, Xu CJ, et al. CTHRC1 promotes liver
metastasis by reshaping infiltrated macrophages through physical interactions with TGF-
beta receptors in colorectal cancer. Oncogene. 2021;40(23):3959-73.
343. Yang M, Shao JH, Miao YJ, Cui W, Qi YF, Han JH, et al. Tumor cell-activated CARD9
signaling contributes to metastasis-associated macrophage polarization. Cell Death Differ.
2014;21(8):1290-302.

167



344. Papachristoforou E, Ramachandran P. Macrophages as key regulators of liver health
and disease. Int Rev Cell Mol Biol. 2022;368:143-212.

345. Kimura, Inoue A, Hangai S, Saijo S, Negishi H, Nishio J, et al. The innate immune
receptor Dectin-2 mediates the phagocytosis of cancer cells by Kupffer cells for the
suppression of liver metastasis. Proc Natl Acad Sci US A. 2016;113(49):14097-102.

346. GulN, BabesL, Siegmund K, Korthouwer R, Bogels M, Braster R, et al. Macrophages
eliminate circulating tumor cells after monoclonal antibody therapy. J Clin Invest.
2014;124(2):812-23.

347. Bied M, Ho WW, Ginhoux F, Bleriot C. Roles of macrophages in tumor development:
a spatiotemporal perspective. Cell Mol Immunol. 2023;20(9):983-92.

348. Tang D, Wang H, Deng W, Wang J, Shen D, Wang L, et al. Mechanism of bufalin
inhibition of colon cancer liver metastasis by regulating M2-type polarization of Kupffer cells
induced by highly metastatic colon cancer cells. Apoptosis. 2024;29(5-6):635-48.

349. Wangy, Zhong X, He X, Hu Z, Huang H, Chen J, et al. Liver metastasis from colorectal
cancer: pathogenetic development, immune landscape of the tumour microenvironment
and therapeutic approaches. J Exp Clin Cancer Res. 2023;42(1):177.

350. Gerovska D, Larrinaga G, Solano-Ilturri JD, Marquez J, Garcia Gallastegi P, Khatib AM,
et al. An Integrative Omics Approach Reveals Involvement of BRCA1 in Hepatic Metastatic
Progression of Colorectal Cancer. Cancers (Basel). 2020;12(9).

351. Liu W, Zhou X, Yao Q, Chen C, Zhang Q, Ding K, et al. In situ expansion and
reprogramming of Kupffer cells elicit potent tumoricidal immunity against liver metastasis.
J Clin Invest. 2023;133(8).

352. Heymann F, Peusquens J, Ludwig-Portugall |, Kohlhepp M, Ergen C, Niemietz P, et al.
Liver inflammation abrogates immunological tolerance induced by Kupffer cells.
Hepatology. 2015;62(1):279-91.

353. Yangy, ChenY, Liu Z, Chang Z, Sun Z, Zhao L. Concomitant NAFLD Facilitates Liver
Metastases and PD-1-Refractory by Recruiting MDSCs via CXCL5/CXCR2 in Colorectal
Cancer. Cell Mol Gastroenterol Hepatol. 2024;18(2):101351.

354. LiuZ, Chen H, Ta N, Shi Z, Zhan L, Han T, et al. Anti-CD47 Antibody Enhances the
Efficacy of Chemotherapy in Patients with Gastric Cancer Liver Metastasis. J Cancer.
2023;14(3):350-9.

355. RESOURCE GCB. Sting1# Bar Harbor, Maine.: Mouse Genome Informatics, The
Jackson Laboratory; 2013 [Available from:
https://www.informatics.jax.org/reference/allele/MGI1:4939597 ?typeFilter=Literature.

356. Sauer JD, Sotelo-Troha K, von Moltke J, Monroe KM, Rae CS, Brubaker SW, et al. The
N-ethyl-N-nitrosourea-induced Goldenticket mouse mutant reveals an essential function of
Sting in the in vivo interferon response to Listeria monocytogenes and cyclic dinucleotides.
Infect Immun. 2011;79(2):688-94.

357. Danciu C, Oprean C, Coricovac DE, Andreea C, Cimpean A, Radeke H, et al.
Behaviour of four different B16 murine melanoma cell sublines: C57BL/6J skin. Int J Exp
Pathol. 2015;96(2):73-80.

358. Perdas E, Stawski R, Kaczka K, Nowak D, Zubrzycka M. Altered levels of circulating
nuclear and mitochondrial DNA in patients with Papillary Thyroid Cancer. Sci Rep.
2019;9(1):14438.

359. AustynJM, Gordon S. F4/80, a monoclonal antibody directed specifically against the
mouse macrophage. EurJ Immunol. 1981;11(10):805-15.

360. GordonS, Roberti A, Yona S, Lin HH. F4/80, the plasma membrane antigen of mouse
macrophages, an historic journey. J Leukoc Biol. 2025;117(9).

361. YumS,LiM, Fangy, ChenZJ. TBK1 recruitment to STING activates both IRF3 and NF-
kappaB that mediate immune defense against tumors and viral infections. Proc Natl Acad
SciUSA.2021;118(14).

362. Kozera B, Rapacz M. Reference genes in real-time PCR. J Appl Genet.
2013;54(4):391-406.

168



363. Kumar V, Bauer C, Stewart JHt. Targeting cGAS/STING signaling-mediated myeloid
immune cell dysfunction in TIME. J Biomed Sci. 2023;30(1):48.

364. Allam M, Hu T, Lee J, Aldrich J, Badve SS, Gokmen-Polar Y, et al. Spatially variant
immune infiltration scoring in human cancer tissues. NPJ Precis Oncol. 2022;6(1):60.

365. LuoX, LiH, Mal, Zhou J, Guo X, Woo SL, et al. Expression of STING Is Increased in
Liver Tissues From Patients With NAFLD and Promotes Macrophage-Mediated Hepatic
Inflammation and Fibrosis in Mice. Gastroenterology. 2018;155(6):1971-84 e4.

366. Thomsen MK, Nandakumar R, Stadler D, Malo A, Valls RM, Wang F, et al. Lack of
immunological DNA sensing in hepatocytes facilitates hepatitis B virus infection.
Hepatology. 2016;64(3):746-59.

367. Chen C, Yang RX, Xu HG. STING and liver disease. J Gastroenterol. 2021;56(8):704—
12.

368. Yang K, Tang Z, Xing C, Yan N. STING signaling in the brain: Molecular threats,
signaling activities, and therapeutic challenges. Neuron. 2024;112(4):539-57.

369. Abd Radzak SM, Mohd Khair SZN, Ahmad F, Patar A, Idris Z, Mohamed Yusoff AA.
Insights regarding mitochondrial DNA copy number alterations in human cancer (Review).
IntJ Mol Med. 2022;50(2).

370. Afrifal, ZhaoT, Yu J. Circulating mitochondria DNA, a non-invasive cancer diagnostic
biomarker candidate. Mitochondrion. 2019;47:238-43.

371. Pekarek L, Sanchez Cedra A, Jaudenes YDY, Ospino LR, Iglesias Pedrejon B, Bernier
L, et al. Paradigm of biomarkers in metastatic melanoma (Review). Oncol Lett.
2025;29(2):78.

372. Digital. N. National Disease Registration Service, GRAIL, NHS Digital. 2026
[Available from: Available at: https://digital.nhs.uk/ndrs/our-work/ncras-
partnerships/grail#the-nhs-galleri-trial. .

373. Natera. A personalized, tumor-informed approach to detect molecular residual
disease. . Natera Clinical Resources. 2020.

374. Shaw JA, Page K, Wren E, de Bruin EC, Kalashnikova E, Hastings R, et al. Serial
Postoperative Circulating Tumor DNA Assessment Has Strong Prognostic Value During
Long-Term Follow-Up in Patients With Breast Cancer. JCO Precis Oncol. 2024;8:€2300456.
375. Monson KR, Ferguson R, Handzlik JE, Morales L, Xiong J, Chat V, et al. Inherited
mitochondrial genetics as a predictor of immune checkpoint inhibition efficacy in
melanoma. Nat Med. 2025;31(7):2385-96.

376. Wohlfeil SA, Hafele V, Dietsch B, Weller C, Sticht C, Jauch AS, et al. Angiogenic and
molecular diversity determine hepatic melanoma metastasis and response to anti-
angiogenic treatment. J Transl Med. 2022;20(1):62.

377. Olsen CM, Pandeya N, Miranda-Filho A, Rosenberg PS, Whiteman DC. Does Sex
Matter? Temporal Analyses of Melanoma Trends among Men and Women Suggest Etiologic
Heterogeneity. J Invest Dermatol. 2025;145(1):135-43.

378. Tumeh PC, Hellmann MD, Hamid O, Tsai KK, Loo KL, Gubens MA, et al. Liver
Metastasis and Treatment Outcome with Anti-PD-1 Monoclonal Antibody in Patients with
Melanoma and NSCLC. Cancer Immunol Res. 2017;5(5):417-24.

379. Xia T, Konno H, Barber GN. Recurrent Loss of STING Signaling in Melanoma
Correlates with Susceptibility to Viral Oncolysis. Cancer Res. 2016;76(22):6747-59.

380. Falahat R, Berglund A, Perez-Villarroel P, Putney RM, Hamaidi I, Kim S, et al.
Epigenetic state determines the in vivo efficacy of STING agonist therapy. Nat Commun.
2023;14(1):1573.

381. Marcut L, Brata RD, Barb AC, Manole A, Stef DG, Dumitru CS, et al. Targeting DNA
Damage Response and Immune Crosstalk in Cancer: Mechanistic Insights and Therapeutic
Opportunities. International Journal of Molecular Sciences. 2025;26(23):11271.

382. LiuY, Sun Q, Zhang C, Ding M, Wang C, Zheng Q, et al. STING-IRG1 inhibits liver
metastasis of colorectal cancer by regulating the polarization of tumor-associated
macrophages. iScience. 2023;26(8):107376.

169



170



	Declaration
	Acknowledgment
	List of Figures
	List of Tables
	List of abbreviations
	1 Introduction
	1.1 Melanoma
	1.1.1 Melanoma: diagnosis and management
	1.1.2 Treatment: surgical and systemic therapy

	1.2 Biomarkers in Melanoma
	1.2.1 Mitochondrial DNA
	1.2.2 Mitochondria and mitochondrial DNA
	1.2.3 mtDNA: innate immune activator
	1.2.4 mtDNA and the cGAS-STING signalling pathway
	1.2.5  mtDAMPs and cancer

	1.3 The cGAS -STING pathway in cancer
	1.3.1 The role of cGAS-STING pathway in cancer immunity
	1.3.1.1 Enhanced antigen presentation
	1.3.1.2 T-cell activation and infiltration
	1.3.1.3 Reprogramming of the tumour microenvironment

	1.3.2 Non-immune anti-tumour effects of STING
	1.3.3 Tumour promoting role of STING activation

	1.4 The cGAS-STING immune cells related role in melanoma
	1.5 Chronic STING activation
	1.6 cGAS-STING and metastatic melanoma
	1.6.1 STING and liver metastases
	1.6.2 The liver metastatic niche and the immune cells role
	1.6.2.1 Macrophages
	1.6.2.2 Monocyte-derived macrophages (MoMs)
	1.6.2.3 Liver resident macrophages


	1.8 Hypothesis
	1.9 Objectives

	2 Materials and Methods
	2.1 Materials
	2.2 Patient recruitment
	2.2.1 Human metastatic melanoma blood

	2.3 Animal maintenance and models
	2.3.1 Wildtype C57BL/6 mice
	2.3.2 C57BL/6J-Sting1gt/J

	2.4 Animal procedures
	2.4.1 Subcutaneous injections (SC)
	2.4.2 Intravenous injections (IV)
	2.4.3 Melanoma mice model
	2.4.4 Schedule 1

	2.5 Cell culture
	2.5.1 Murine Melanoma B16 cell line
	2.5.2 Alpha Mouse Liver 12 (AML12) cells
	2.5.3 Cell cryopreservation

	2.6 Murine tissue collection and processing
	2.6.1 Serum extraction
	2.6.2 Murine liver isolation
	2.6.3 Bone marrow isolation
	2.6.4 Murine bone marrow derived macrophages
	2.6.5 Mitochondrial DAMPs (mtDAMPs) isolation
	2.6.6 Mitochondrial DNA (mtDNA) isolation

	2.7 Cell culture assays
	2.7.1 Cell counting
	2.7.2 BMDM stimulation with mtDNA

	2.8 Flow cytometry
	2.8.1 Bone marrow derived macrophage panel
	2.8.2 Liver immune cell isolation panel
	2.8.3 F4/80 enrichment

	2.9 Molecular biology
	2.9.1 DNA extraction
	2.9.2 RNA extraction
	2.9.3 Quantification of RNA and DNA
	2.9.4 cDNA extraction
	2.9.5 Real-time quantitative PCR (qPCR)
	2.9.6 SYBR Green gene analysis
	2.9.7 TAQMAN mtDNA analysis

	2.10 Statistical analysis

	3 Results - Circulating cell free mitochondrial DNA is elevated in metastatic melanoma human cases
	3.1 Introduction
	3.2 Cell-free mtDNA is elevated in serum samples from patients with metastatic melanoma
	3.2.1 Tumor size and mtDNA level
	3.2.2 BRAF mutation associated with higher mtDNA

	3.3 mtDNA detected distinguished remission and relapsing groups
	3.4 Summary

	4 Results - Establishment of in vivo Melanoma Mouse Models and Circulating mtDNA Levels
	4.1 Introduction
	4.2 Cell-free mtDNA levels are elevated in primary and metastatic mouse models of melanoma
	4.3 Summary

	5 Results – Melanoma engraftment induces a down regulation in STING pathway in liver resident macrophages which exhibit an M2 phenotype
	5.1 Introduction
	5.2 Melanoma engraftment results in downregulation of STING-associated gene expression in whole liver lysates
	5.3 STING-associated gene expression in hepatocytes have no response to mtDNA
	5.4 STING-associated gene expression in BMDM in response to mtDNA
	5.5 Immune Cell Profiling in Liver Following Melanoma Engraftment
	5.6 Down regulation of STING pathway in liver macrophages following melanoma engraftment
	5.7 M2 phenotype in liver resident macrophages in melanoma engrafted mice
	5.8 M2 phenotype observed in BMDM challenged with melanoma-derived mtDNA
	5.9 STING -/- BMDM exhibit no response to melanoma-derived mtDNA stimulation
	5.10 mtDNA stimulation mediates M2 phenotype in BMDM
	5.11 Macrophage Phenotype Polarisation in WT vs STING-/- BMDMs
	5.12 Summary

	6 Discussions and Conclusions
	6.1 General discussions
	6.2 Key findings
	6.2.1 Cell free circulating mtDNA is elevated in the serum of metastatic melanoma
	6.2.2 Establishment of in vivo Melanoma Mouse Models and Circulating mtDNA Levels
	6.2.3 Melanoma engraftment induces a down regulation in STING pathway in liver resident macrophages which exhibit an M2 phonotype

	6.3 Limitations
	6.4 Future work
	6.5 Conclusions

	7 References

