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ABSTRACT

Cutaneous malignant melanoma is a highly heterogencous disease.
Immunotherapy has revolutionized the treatment of stage IV disease and is
now successfully administered as adjuvant treatment in stage III. Important
prognostic features in the early phase of the disease are found within the
primary tumor and sentinel lymph node, but plenty is still to be investigated.
Sentinel lymph node biopsy (SLNB) status is one of the independent
prognostic factors guiding treatment decisions, but not without controversy.
Approximately 80% of the SLNB are negative, contrasting to a wide range of
prognosis in node-negative patients. In paper I, we explored the molecular
features of melanoma arising in chronic sun-damage skin showing that this
type of melanoma is a distinct molecular entity with a different progression
compared to the more common melanoma in intermittently sun-exposed skin.
In papers II and III, we evaluated a novel non-invasive prognostic test to be
utilized in primary cutaneous melanoma. The CP-GEP test was able to safely
identify the patients where the sentinel lymph node biopsy is unnecessary. The
same CP-GEP test was able to stratify the patients with high and low risk of
disease progression, but the algorithm still needs to be optimized for this
purpose in a clinical setting. In paper IV, we showed that digital quantification
of crucial inflammatory cells in the primary tumor microenvironment using
immunohistochemistry has the potential to further identify primary melanoma
at high risk of brain metastasis.

Keywords: Primary cutaneous melanoma, chronic sun-damage skin, gene
expression profiling, immunohistochemistry, tertiary lymphoid structures, B
cells, CD&8+ T cells, brain metastasis
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SAMMANFATTNING PA SVENSKA

Malignt melanom med ursprung i huden okar stadigt och dr en av de mest
aggressiva tumdrsjukdomarna med ca 4500 nya fall och 500 dodsfall per ér i
Sverige. UV stralningen utgdr den viktigaste orsaksfaktorn. Tumdrerna med
denna bendmning varierar stort betrdffande sitt makroskopiska och
mikroskopiska utseende, molekyldra karakteristika, samt inte minst tendensen
att sprida sig till andra dela av kroppen, svara pa given behandling och slutligen
leda till doden. Immunterapi med anvidndning av s k
immuncheckpointhimmare har revolutionerat behandlingen av spritt melanom
som tidigare varit mestadels obotligt. Immunterapi kan hos 40-50 % av
patienter med spridd sjukdom leda till en langvarig respons och ges nu dven
som tilldggsbehandling till patienter med melanom med hog risk for spridning.
Det &r viktigt att identifiera patienter som kommer att ha nytta av behandlingen
da denna kan ha allvarliga och langvariga biverkningar. Riskfaktorerna for en
mer allvarlig sjukdom med risk for vidare spridning star bland annat att finna
1 modertumdren som bortoperats fran huden. Tumorens tjocklek matt vid
mikroskopisk undersokning avgdr merparten av prognosen. Patienterna med
tumortjocklek overstigande 1 mm erbjuds dven en  undersékning av
portvaktkdrteln som bortorereras. Pavisning av dottertumdr i portvaktkorteln
indikerar en sdmre prognos. Denna undersdkning innebar ett kirurgiskt ingrepp
med risk for biverknigar. Dessutom sprider sig ménga melanom till ovriga
kroppen trots att portvaktkorteln varit negativ. 1 studie [ genomfordes
molekylédra studier av melanom som upkommer i kroniskt solskadad hud, den
nést vanligaste melanomtypen i Sverige. Resultaten visar att denna typ av
melanom drivs av andra mutationer och progredierar annorlunda &n
superficiellt spridande melanom, den vanligaste melanomtypen. I studierna II
och III har vi i ett stort kliniskt material fran Sahlgrenska sjukhuset utvarderat
ett nytt genetiskt test (CP-GEP) som kan identifiera melanompatienter som inte
behover genomga en portvaktkortelundersokning. En tredjedel av patienterna
med melanomtjocklek 1-2 mm skulle med hog grad av sékerhet kunna avsta
frén portvaktkortelundersokningen. Samma test har visat sig kunna sérskilja
patienter med hdg, respective lag risk for sjukdomséterfall men testmetodiken
behdver finjusteras innan det kan vara aktuellt med anvidndning i klinisk
rutinsjukvard. I studie IV har vi genomfort en digital analys av immunceller i
anslutning till hudmelanom i immunférgade histologiska snitt. [ vart material
var méngden CD8+ och CD20+ lymfocyter signifikant ldgre i melanom som
senare metastaserat till hjarnan jaimfort med tumdrer som inte spridits vidare
trots langtidsuppfoljning. = Metoden behdver utvdrderas i1 ett storre
patientmaterial avseende dess potential som prognostisk biomarkor.
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INTRODUCTION

Malignant melanoma is a feared disease constituting one of the most malignant
tumors in humans. It possesses the highest mortality rate among the common
skin cancer types, despite the commonly small size of the primary tumor.
Sometimes, it can be difficult to diagnose both macroscopically and
microscopically(1). Its most common form originates from the pigment-
synthesizing cells in the skin, the melanocytes. Queensland in Australia is
leading with an annual incidence of 72/100 000 (2, 3) but also in Sweden, the
incidence and prevalence are among the highest in the world(4). The Swedish
annual incidence is 43/100 000 in men and 36/100 000 in women, with a 5 %
constant annual increase for several decades. In Sweden, every year,
approximately 4500 new invasive melanomas are diagnosed, and 500 patients
die of the disease(5). Besides representing a devastating disease for the
individual patient, also the resources used in the management of melanoma
confer high healthcare costs ranging from a general practitioner and specialist
care, including biopsies, surgical excisions, skin grafts, radiology, sentinel
lymph node biopsy (SLNB) and completion lymphadenectomy, surgical
removal of metastases, immunotherapy, targeted systemic and local oncologic
therapies, and follow-up care. Immune checkpoint inhibitors (ICIs) have
greatly improved melanoma-specific survival, with approximately half of the
patients being long-term responders(6). Melanoma is highly curable by
surgical excision at an early stage, and the histopathologic evaluation of the
excised primary melanoma, in select cases, along with the SLNB(7), deliver
the most important but far from perfect prognostic factors for the management
of the early-stage disease. Selection of patients for various kinds of costly and
even life-threatening therapies benefits from specific and sensitive prognostic
and predictive factors to tailor the individual treatment, which makes the
purpose for further research in this field.

1.1 MELANOCYTES

Melanocytes are pigment-synthesizing cells located in the stratified squamous
epithelium in the epidermis, and in hair follicles, uvea, the inner ear, meninges,
the brain, and the heart(8-11).

111 EMBRYOGENESIS AND MELANOCYTIC LINEAGE GENES

Understanding the fundamental principles of embryogenesis, such as the
epithelial-mesenchymal transition (EMT) and the opposite process of the
mesenchymal-epithelial transition, is crucial for understanding important



Studies of molecular features and novel prognostic biomarkers of cutaneous melanoma

mechanisms in the evolution and progression of malignant tumors. Like other
forms of cancer, melanoma may adopt the embryonal mechanisms of EMT and
acquire the potential of leaving the original tissue site, moving through the
underlying mesenchyme, settling down in a new environment, and setting up
colonies through adaptation to the local metabolic conditions(12). Melanocytic
precursors, the melanoblasts, develop during embryogenesis within the neural
crest. Neural crest is a bilateral linear embryogenic structure that forms and
detaches from the neural tube through epithelial-mesenchymal transition at
embryonal week 4(13). The pluripotent progenitor cells (SOX10+) of
melanocytes, glia, and neurons within the neural crest undergo EMT and
become highly migratory and proliferative. The subsequent activation of MITF
separates the cells into two lineages, the melanoblasts (MITF+) and glial
neuronal precursors (MITF-)(14, 15). MITF is the main transcription factor in
the melanocytic lineage, governing the development, survival, and function of
melanocytes(16). Transcription factors PAX3 and SOX10
activate MITF transcription(17). Mutations in either MITF,
PAX3, or SOX10 result in Waardenburg syndrome with various changes in
facial appearance, pigmentation, and congenital hearing loss(18). The initial
activation of MITF is dependent on low levels of two additional transcription
factors, FOXD3 and SOX2 (upregulated in future glial cells and neurons and
downregulated during the development of melanoblasts)(19). Melanoblasts
migrate along the dorsolateral and ventral pathways through the mesenchyme
to reach their foremost final destination, the basal epidermis and the bulb of
hair follicles. Melanoblasts acquire KIT expression and differentiate to
pigment-producing melanocytes (TYR+) within the hair bulbs and the
epidermis. A subset of melanoblasts (MITF", KIT"°") form a reservoir of
melanocyte stem cells in the hair bulge to be activated during the hair cycle,
wound healing, and regeneration after vitiligo(20). Normal melanocytes share
many features with melanoma. Understanding the normal mechanisms
involved in the development, migration, differentiation, proliferation,
regeneration, interaction with surrounding cells, and apoptosis of the normal
melanocytes is necessary for understanding important skin diseases such as
melanoma, albinism, and vitiligo(21). TYR gene encodes tyrosinase, the
enzyme that catalyzes the initial steps in the conversion of tyrosine to melanin.
Mutations in this gene result in oculocutaneous albinism. PMEL gene encodes
GP-100, a glycoprotein involved in melanosome maturation, expressed in
normal melanocytes and a high proportion of melanoma(22). Targeting gp-100
by Tebentafusp has been recently implemented in the treatment of uveal
melanoma(23). MLANA gene encodes a surface protein MART-1, highly
specific for melanocytes. The expression of both MART-1 and GP-100 is
transcriptionally regulated by MITF(24). The KIT gene encodes a receptor
tyrosine kinase which, when activated, catalyzes phosphorylation of a number
of intracellular proteins involved in differentiation, proliferation, migration,
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and apoptosis of several cell types, including melanocytes. Activating genomic
alterations involving KIT have been found in melanoma in chronic sun-
damaged skin as well as the acral and mucosal subtypes. Imatinib, nilotinib,
and sunitinib are targeted drugs with efficacy in KIT overactive tumors(25).

112 NORMAL MELANOCYTES IN THE EPIDERMIS

Melanocytes are located within the basal epidermis, and their primary function
is to protect the DNA from the mutagenic effect of UV radiation. Melanin
pigment is synthesized during melanogenesis, and mature melanosomes are
transported via long dendritic processes into the cytoplasm of the neighboring
keratinocytes. The epidermal melanin unit consists of 36 keratinocytes that
receive melanin from one melanocyte(26).

Melanin is synthesized by melanocytes in response to alpha-melanocyte-
stimulating hormone (a-MSH), which increases mainly in response to DNA
damage by UV in the keratinocytes. Even other physiologic and
pathophysiologic mechanisms involve hypersecretion secretion of alpha-
melanocyte-stimulating hormone (a-MSH), resulting in hyperpigmentation in
pregnancy, Addison’s disease, and acanthosis nigricans in Cushing’s disease.
The common denominator in these processes is proopiomelanocortin (POMC),
which is synthesized in keratinocytes, melanocytes and anterior pituitary.
POMC is post-translationally cleaved into peptides, such as o-MSH, ACTH,
and B-endorphin(27-29). Synthetic analogs of a-MSH, such as afamelanotide
(Melanotan,) are used to enhance tanning for both aesthetic and medical
reasons(30, 31). Animal melanin is a polymeric protein synthesized from the
amino acid tyrosine in melanosomes. As a phylogenetically ubiquitous
biologic material, melanin has a very high refractive index and a broad
absorption spectrum for effective protection from ultraviolet, visible, and
infrared rays. In humans, three different melanins are produced from a
common precursor, eumelanin, pheomelanin, and neuromelanin(32).
Eumelanin and pheomelanin are always found in a combination of both in
various proportions, resulting in different hair and skin color(33).
Melanosomes are specialized organelles derived from endosomes and their
function is to synthesize and store melanin. Melanosomes are found at four
different stages, where stage Il contains a glycoprotein gp100 (recognized by
HMB-45 antibody). A visible, electron-dense protein is produced in later
stages III and IV. Stage IV melanosomes are subsequently transported to
keratinocytes through a hitherto unclear process(34). Lentigo solaris is an
example of a CSD"" skin lesion where disruption in normal melanin synthesis,
transfer, or turnover has occurred(35, 36).
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Melanocytes reside in the basal epidermis embedded between surrounding
basal keratinocytes in typical ratio of 1:10. The cells are oval with dendritic
processes. The nuclei are smaller with a more dense chromatin structure
compared to the surrounding keratinocytes. In formalin-fixed paraffin-
embedded sections, there is an artifactual halo around the nucleus. Normal
melanocytes are attached to surrounding keratinocytes and basal membrane
matrix via E-cadherin and Integrin beta 7. Loss of expression of adhesion
molecules is associated with the early steps of melanoma development and
metastasis. Additionally, some adhesion proteins ITGB3, MCAM, and ICAM1
are expressed in melanoma, enhancing proliferation, survival, and
metastasis(37).

Normal melanocytes are characterized by mutual contact inhibition in contrast
to neoplastic processes such as melanocytic nevi and melanoma, where
melanocytes coexist in apposition to each other. Mechanisms behind normal
contact inhibition are largely unknown. Chronic-sun damage skin shows an
increased density with some degree of confluence of epidermal melanocytes
even in the absence of a melanocytic neoplasm(38).

Differentiated mature cutaneous melanocytes constitute a stablecell population
characterized by an extremely low rate of proliferation. Mechanisms involved
in normal melanocytic proliferation arrest are unknown. The number of
melanocytes decreases with age by 10-20% for every decade after the age of
30(39). Normal melanocytes depend on trophic signaling through paracrine
factors and cell adhesion mediated by keratinocytes and dermal fibroblasts(40,
41), such as during physiological hyperplasia in melanocytes overlying
maturing scar-tissue or fibrous histiocytoma(42), as well as hyperplasia of
melanocytes within benign and malignant keratinocytic tumors.

Normal melanocytes are poorly distinguishable in routine histologic stains.
However, they may be clearly visualized using antibodies specific for proteins
such as melanosomal matrix proteins (MART-1), SOX10, tyrosinase (TYR),
tyrosinase-related proteins 1 and 2 (TYRP1, TYRP2/DCT), microphthalmia
transcription factor (MITF), and S-100(43).
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1.2 MELANOMA AND OTHER MELANOCYTIC
TUMORS

Malignant melanoma is a malignant tumor of melanocytes. Melanoma
represents the malignant end of the spectrum of melanocytic tumors with the
potential to metastasize and kill the patient. Melanocytic tumors are neoplastic
lesions fueled by mutations and epigenetic changes, shaped by the tumor
microenvironment. The tumor progression in melanocytic tumors is associated
with changes in cytomorphology, accumulation of mutations and structural
abnormalities of the DNA, changes in gene expression and in vitro
characteristics(44). Melanoma shows one of the highest numbers of mutations
among solid tumors, with a median of 10 mutations per Mb. Interestingly, even
non-lesional skin harbors 2-6 mutations per Mb(45, 46). This fact has at least
two immediate implications i.e., it makes melanoma a highly immunogenic
cancer, as well as it provides the background for the broad spectrum of
morphological appearances and biological behavior. Melanocytic tumors are
categorized as benign, intermediate, and malignant. Histologic examination is
the gold standard for the diagnosis of melanocytic tumors. Both early
superficial and late tumorigenic lesions may sometimes pose severe diagnostic
difficulties and remain ambiguous despite broad immunohistochemical panels
and use of molecular tests. In recent years, several categories of intermediate
lesions were defined through the integration of morphology, clinical features
and the molecular background. These lesions include deep penetrating
melanocytoma, BAP-1 inactivated tumor, pigmented epithelioid
melanocytoma, and BRAF-mutated spitzoid tumor.

1.21 RISK FACTORS OF MELANOMA

UV radiation is the most significant risk factor for the development of the
majority of melanomas, accounting for approximately 90 % of the tumors(47).
UVC is completely filtered by the atmosphere. Radiation with longer wave
lengths, UVB and UVA reach the surface of the Earth. The highest levels are
present at high altitudes, especially when reflected by snow and in places close
to the equator or underlying defects in the ozone layer. UVB is highly
mutagenic and penetrates the epidermis and superficial dermis, causing DNA
damage within the cells in the tissue. UVA penetrates deeper into the dermis
and is responsible for skin aging. Apart from outdoor exposure, indoor tanning
in solariums and sun lamps constitute another important source of UV
damage(48). Around 10% of the patients with melanoma exhibit a family
history of the disease, even though true hereditary melanoma is even more
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rare. The most common types of melanoma-predisposing germline gene
variants are found within CDKN2A, accounting for 40% of familial melanoma
cases. Additionally, CDKN2A mutations confer a high risk of pancreatic
cancer, head and neck cancer, and lung cancer(49). Mutations in
CDKA4(50), BAP1(51, 52), POT1(53), and TERT promoter(54), found in
sporadic melanoma, are very rare in a germline setting. Fair complexion,
freckles, blue eyes, multiple melanocytic nevi, immunosuppression, and DNA
repair defects predispose to melanoma development more complexly. Male
gender and truncal location are linked to higher mortality(55).

1.3 WHO CLASSIFICATION OF MELANOCYTIC
TUMORS 4™ EDITION

After a gap of nearly ten years, the fourth edition of the WHO classification of
melanocytic tumors was introduced in 2018. The classification took off from
the recent advances in molecular studies of the progression of melanocytic
tumors from benign precursors to melanoma. Nine pathways to melanoma
were outlined according to the clinical, histological, molecular,and,
epidemiological characteristics of the melanocytic neoplastic processes. Seven
pathways cover the primary cutaneous melanoma, and the resting two are uveal
melanoma and mucosal melanoma. In several pathways, intermediate lesions
were defined and diagnostically categorized between the clearly benign and
clearly malignant tumors. Due to UV being the main mutagenic factor in
melanoma, the majority of human melanomas originate in sun-exposed fair
skin, and these are described within classes I-III. Chronic sun damage is graded
according to the UV-related changes in elastin structure within the dermis(56)
(Figure 1). The other subtypes of melanoma in class IV-IX are not
etiologically related to UV exposure(57). Assigning a tumor to the correct
pathway is a critical and fundamental component of the diagnostical process,
as demonstrated by tumors with BAP1 loss. This phenomenon occurs both in
melanocytomas within pathway I and tumors on the malignant side of the
spectrum within pathways VIII and IX(58). P/6 is a commonly used
immunohistochemical marker in melanocytic pathology, and the loss of p16
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needs to be carefully evaluated within the context of the pathway where it had
occurred(59, 60).

Figure 1. Chronic sun damage skin with solar elastosis grade I1I, as proposed by
Landi et al. (H&E, original magnification x100).
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1.3.1  CSD**"W MELANOMA

CSD™" melanoma is synonymous with superficial spreading melanoma
(SSM), with a characteristic radial growth phase (RGP) even though a portion
exhibits a nodular architecture. This type of melanoma is the most common
and the best- understood type, accounting for more than 70% of melanoma. It
arises in non-glabrous fair skin in association with intermittent sun exposure.
It is associated with low-grade of chronic sun damage, pagetoid scatter,
epithelioid cytomorphology, frequent mitoses, nested growth pattern, and
frequent BRAF V600E mutations (Figure 2). The tumors are often well-
circumscribed and pigmented. The common precursors are acquired
melanocytic nevi. Dysplastic nevi, BAP-1 inactivated tumor, deep penetrating
melanocytoma and pigmented epithelioid melanocytoma represent
intermediate lesions within this class.
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Figure 2. Part of'éupei’ficial spreading melanoma, CSDlow melanoma. In dermis are
large nests of atypical pleomorphic elongated cells. The epidermis is acanthotic with
focal thinning. (H&E, original magnification x100).

132  CSD"“" MELANOMA

CSD"&" melanoma is synonymous with lentigo maligna melanoma. It is the
second most common melanoma in Western countries, corresponding to
approximately 10 % of melanoma in Sweden. It afflicts older persons than
SSM melanoma. The precursor lesion is poorly defined. Lentigo maligna,
which represents the melanoma in situ form within this pathway, is a slowly
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growing pigmented macule, most commonly on the face of the elderly.
Histologically, the intraecpidermal tumor cells grow in a lentiginous pattern,
small nests, and usually moderate to severe cytologic atypia (Figure 3). They
grow within a highly specific microenvironment with an atrophic flat
epidermis and a high grade of solar elastosis in the underlying dermis. The
characteristic genomic features are BRAF non V60OE, NF1, NRAS, and KIT
mutations in the context of a very high mutation burden and predominant UV
signature(61, 62).
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Figure 3. Lentigo maligna melanoma (CSDhigh melanoma), Breslow thickness 0.4
mm, pTla. Prominent lentiginous in situ component, a small area of dermal invasion
with minor nests and individual cells. No mitoses. Coarse melanin granules within
melanophages. (H&E, original magnification x400).

1.3.3  DESMOPLASTIC MELANOMA

Desmoplastic melanoma is a rare form of melanoma, accounting for 4 % of
cutaneous melanomas, most commonly slowly growing and arising in CSD"e"
skin. It may pose severe diagnostic difficulties due to the lack of pigmentation
and scar-like appearance both clinically and histologically. Pure (>90% of the
dermal component) desmoplastic melanoma has a good prognosis despite the
commonly pronounced Breslow thickness. This entity is defined by the dermal
component composed of spindled wavy melanocytes within a desmoplastic
scar-like stroma(63), immunohistochemical reactivity for S100 and SOX10
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but negative for MART-1 and HMB-45. The in situ component is often
inconspicuous or lentigo maligna. Desmoplastic melanoma has an extremely
high mutation burden, harboring inactivating NF1 mutations, NFKBIE
promoter mutations, and various activating mutations in MAPK and PIK3C
pathways (MAP2K1, MAP3K1, BRAF, EGFR, MET, RACI, PIK3CA,
NRAS)(64).

134  MALIGNANT SPITZ TUMOR (SPITZ MELANOMA)

Spitz melanoma is very rare, and the diagnosis requires both specific
cytomorphology and architecture together with driver mutations in HRAS or
kinase fusions typical for the Spitz trajectory (involving ALK, MET, ROSI1,
RET, NTRK1, NTRK3, BRAF and MAP3K8) commonly along with TERT
promoter mutations and homozygous loss of P16, P14 and P15. Cytologically
the tumor cells are large spindle and/or epithelioid with abundant amphophilic
hyaline cytoplasm, large irregular nuclei and prominent nucleoli. The term
“spitzoid melanoma” refers to bona fide SSM melanoma with spitzoid
cytomorphology and architecture(60).

135  ACRAL MELANOMA

Acral melanoma arises in the glabrous skin of palms and soles and the nail
apparatus and is unrelated to UV exposure. It occurs in all ethnic groups and
is the most common type of melanoma in non-Caucasian populations. It is
characterized by a few point mutations in BRAF, NRAS, KIT(65), and kinase
fusions of ALK and RET(66). The tumor mutation burden is characteristically
low compared to the UV-related melanoma subtypes and the tumors harbor
structural rearrangements and amplifications of KIT, TERT, CCND1, CDK4,
MITF and TERT(67). Repetitive trauma has been suggested as a predisposing
factor for the development of this kind of melanoma(68).

136  MUCOSAL MELANOMA

Mucosal melanoma is a rare form of melanoma, non-UV related, occurring at
equal frequency in all ethnic groups. The tumors arise on mucosal surfaces of
the oral and nasal cavity, genital and anal sites, and conjunctiva. It comprises
1% of all melanomas and carries a poor prognosis. The precursor lesion has
not been clearly defined. In likelihood with acral melanoma, the genetic
background encompasses a low mutation burden and various copy number
changes and structural variants, together with NRAS and KIT mutations(69).
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1.3.7  MELANOMA ARISING IN CONGENITAL NEVUS

This type of melanoma is uncommon and arises within giant congenital nevi,
typically during childhood. The majority of these melanomas harbor activating
NRAS mutations(70). TERT promoter methylation has been described as a
mechanism contributing to malignant transformation within this category(71).

1.3.8  MELANOMA ARISING IN BLUE NEVUS

This subtype of melanoma is extremely rare and arises within the uncommon
precursor lesion, the cellular blue nevus. It is characterized by an increased
number of chromosomal aberrations (>3), mutations in protein G signaling
pathway (GNAQ, GNA11, CYSLTR2, PLCB4), monosomy 3, gains of 8q and
copy number changes in SF3B1, EIF1AX.

139  UVEAL MELANOMA

Uveal melanoma is a rare type of melanoma arising in the eye’s choroidea,
ciliary body, and iris. In Sweden, approximately 80 persons per year are
affected by the disease. Metastases are most often localized to the liver and
carry a poor prognosis. The genetic background overlaps extensively with
those of melanoma arising in blue nevi. Typically, the driving mutations are
within the protein G pathway (GNAQ, GNA11, CYSLTR2, PLCB4), as well
as BAPI1, SF3B1, and EIF1AX(72).

14 AJCC VERSION 8

Melanoma staging describes the stages of tumor progression. It is associated
with disease prognosis (Fig.4). In clinical stage I, the tumor is confined to the
superficial skin, and the Breslow thickness underscores 1 mm. Stage II
encompasses tumors still localized to the skin but with a thickness over 1 mm
in the presence of ulceration. Stage Il is for tumors with a regional spread,
including satellites and in transit metastases, or with metastasis in regional
lymph nodes. Stage IV means tumors with distant metastasis. 5-years
melanoma-specific survival ranges from 99% in stage IA to 22% in stage
IV(73). The Eighth edition of the AJCC melanoma staging system was
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T Breslow and N M Clinical stage
T substage
Tis NO M 0
T1 <1.0 mm
T1a! NO MO IA
Tib? NO MO IB
T2 >1.0-2.0 mm
T2a NO MO IB
T2b NO MO A
T3 >2.0-4.0 mm
T3a NO MO A
T3b NO MO 1B
T4 >4mm
T4a NO MO 1B
T4b NO MO Ic
Any T, Tis >N1 MO 1]
Any T Any N M1 v
Node | Description M | Clinical stage
(N)
Nx Regional nodes cannot be assesed MO | -
NO No melanoma in regional nodes MO | IA-1IB
N1 Melanoma in one node Or in-transit/satellite/microsatellites MO | I
Nla | Microscopic metastasis in one node MO | IIA-IIC
N1b | Macroscopic metastasis in one node MO | IB-lIC
Nlc In-transit or satellite or microsatellite metastases MO | lIC
N2 Melanoma in two or three nodes MO | 1
N2a | Microscopic metastasis in two or three nodes MO | IIA-IIC
N2b | Macroscopic metastasis in two or three nodes MO | HIB-IIC
N2c In-transit or satellite lesions without nodal metastasis | MO | llIC
N3 Melanoma in four or more nodes, or matted nodes, or | MO | IlIID
in-transit or satellite lesions with nodal metastasis
Metastasis(M) | Description Clinical
stage
Mx Metastasis cannot be assessed -
MO No distant metastasis IA-I1ID
Mila Metastasis to skin, subcutis, muscle or distant nodes | IV
M1b Metastasis to lung v
Milc Metastasis to non-CNS visceral sites IV
M1d Metastasis to CNS v

Table 1. Clinical stages of melanoma are based on various combinations of
T, N and M stages. Adapted from Gershenwald et al.2018
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implemented in 2018(74), aiming to improve staging, risk-stratification,
prognostication and selection of patients with melanoma for treatment
modalities and clinical trials. The important changes compared to the previous
version were changes in the determinants of primary tumor status within the
T1 category, changes in the determinants of the N regional lymph node status,
new groups within stage III due to a wide range of melanoma-specific survival
rates (stage I11a 93% five-year MSS and stage 111D 32%) and a new designation
of brain metastasis M 1d within the M category.

1.5 BIOMARKERS IN CUTANEOUS
MELANOMA

Biomarkers are objective, quantifiable characteristics of biological processes
and constitute the base of precision medicine. Biomarkers can be classified as
tumor-intrinsic (Breslow thickness, ulceration, mitotic density, mutational
status, TMB, RNA  expression profile, PD-L1 expression),
microenvironmental (TILs) and systemic (LDH, S100B, IL-6, IL-8, CXCL-5,
microbiota, inflammatory cell counts, TCR repertoire, ctDNA)(75).

Predictive biomarkers predict clinical outcomes associated with treatment.

Prognostic biomarkers inform the patient’s overall outcome, regardless of
treatment.

1.5.1 HISTOPATHOLOGIC PROGNOSTIC MARKERS IN
SURGICAL EXCISIONS OF PRIMARY CUTANEOUS
MELANOMA

Breslow thickness

Breslow thickness is the most important prognostic factor in primary
melanoma and a cornerstone of the eighth version of the AJCC staging of
melanoma. The method is a tribute to the late US pathologist Alexander
Breslow. He presented his research in 1970(76), and the method has kept its
leading position within melanoma diagnostics. It is an independent prognostic
factor for melanoma survival, also able to predict the risk of lymph node
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metastasis. The five years tumor-specific survival ranges from 95-100% in
patients with BD < Imm to 50% in patients with BD > 4 mm. Regarding T1
melanoma, there is a critical threshold for the survival risk at BD 0.7 to 0.8
mm, as already suggested by the original author more than 50 years ago. BD
measurement requires a histologic examination of the primary tumor. With
only a few caveats, it is a simple, robust, and readily reproducible tumor
parameter measured from the granular layer of the epidermis or from the
bottom of tumor ulceration to the deepest tumor cell in the underlying tissue.
Other closely related methods, such as Breslow density, have been proposed,
but these are not in clinical use yet(77).

Ulceration

Ulceration of the primary tumor represents another histologic staging
parameter in the current AJCC staging system. Ulceration implies a worse
prognosis and is histologically defined as a full-thickness loss of the covering
epidermal epithelium overlying the primary melanoma with melanoma cells
facing the surface. Ulcerated tumors are designated with the suffix “b” within
each T stage. The only exceptions are T1b tumors, where even non-ulcerated
tumors with Breslow thickness 0,75-1,04 mm (rounded up to 0,8 -1,0 mm) are
categorized as “b”. The interobserver agreement and reproducibility are
excellent regarding this parameter(78).

Mitotic rate

It is well established that a high mitotic rate in primary melanoma is an
independent prognostic factor associated with lower melanoma-specific
survival(79). In the previous (seventh) version of the AJCC staging, T1b
melanomas were defined as those with Breslow thickness < Imm and at least
one mitosis/mm?(80). Despite the evidence of the value of assessing this
parameter, mitotic rate was discharged from the eighth version of AJCC due
to results from the multivariate analysis showing that utilizing Breslow
thickness dichotomized at 0,8 mm outperforms mitotic rate as a dichotomous
variable for prediction of melanoma-specific survival(81). Mitotic rate
counting on H&E sections is labor-intensive and rather poorly
reproducible(82). It should be performed within a 1-mm? “hot spot”. Perhaps
the advent of routine digital pathology may initiate a renaissance of this
parameter(83).
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Sentinel lymph node status

Sentinel lymph node biopsy was introduced in 1992 by Morton and
Cochrane(84, 85). The method has been continuously refined, applied to a
wide range of malignancies, and also reevaluated in the management of
melanoma. At present, sentinel lymph node biopsy is an important staging tool
implemented in most national guidelines worldwide. The method requires
identification of the sentinel lymph node by lymphoscintigraphy with Tc*™ or
superparamagnetic iron oxide(86, 87). Upon surgical excision of the node with
the highest signal, a histopathological examination utilizing various standard
protocols with serial sectioning and immunohistochemistry is performed(88).
Approximately 80% of the SLNBs render negative results. The indication for
SLNB is the diagnosis of primary melanoma with Breslow thickness over 1
mm. When melanoma <1 mm is the subject for SLNB, the positivity frequency
is lower, around 5. Breslow thickness, mitotic activity, or presence of
ulceration do not safely predict SLNB positivity in thin melanomas. Younger
age was appointed as a significant predictor of SLNB metastasis(89, 90). The
utility of SLNB is an important staging instrument even for thick melanomas
where SLNB status was the only predictor of melanoma-specific survival(91).
Currently, patients with clinical stage IIIA are not eligible for adjuvant
systemic therapy. However, a large multi-center study by Moncrief et al.
showed that SN metastases >0.3 mm entails a higher risk of melanoma
progression, and these patients might benefit from adjuvant systemic
therapy(92).

152 PROGNOSTIC AND PREDICTIVE INSTRUMENTS

Several prognostic instruments available online are based on data from large
patient registries. The Swedish prognostic instrument is based on data from
7500 patients that underwent SLNB for melanoma and calculates melanoma-
specific survival at 1, 5, and 10 years after the primary melanoma excision.
The input variables in this tool are SLNB status (if available), gender, age,
tumor site, Breslow depth, presence of ulceration, and Clark level. The
favorable prognostic factors are female gender, younger age, little Breslow
depth, no ulceration, low Clark level and negative SLNB(93). Another online
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tool is the Melanoma nomogram from the Memorial Sloan Kettering Cancer
Center for the prediction of SLNB status. The input variables are Breslow
depth, age at diagnosis, Clark level, tumor site, and presence of ulceration. The
nomogram generates the percentage risk of having a positive SLNB(94, 95).
Melanoma Institute Australia (MIA) has presented five prognostic and
prediction tools, such as the Sentinel Node Metastasis risk tool, which requires
the input of Breslow thickness, melanoma subtype, ulceration, lymphovascular
invasion, number of mitoses/mm?, and the patient’s age. The output is the
percentage risk of having a positive SLNB(96-98). Another MIA instrument,
the Thin Melanoma Recurrence Risk, is based on data from the MIA patient
database and the Dutch national melanoma registry (PALGA) and requires the
input of the tumor site, Breslow thickness, melanoma subtype, presence of
mitoses, ulceration, the patient’s age, gender, and SLNB status to generate the
percentage risk score for a local, regional and distant recurrence
respectively(99, 100).

153 DNA SEQUENCING AND GENE EXPRESSION PROFILING IN
MELANOCYTIC LESIONS

Molecular tests used in melanocytic tumors have been designed for different
purposes and use various techniques.

1. Ancillary tests for the diagnosis of ambiguous melanocytic lesions where
histopathology may not clearly distinguish between benign and malignant
lesion: Comparative genomic hybridization (CGH) and single nucleotide
polymorphism array (SNP) are based on the fact that most melanomas harbor
multiple chromosomal abnormalities in contract to nevi or low-risk lesions
which usually show <3(59). FISH is useful for the same purpose, especially in
situations where the amount of available tumor DNA is limited. The presence
of TERT promoter mutations analyzed by Sanger sequencing indicates a high-
risk lesion or melanoma(101). Gene expression profiling (GEP) utilizing
reverse transcription of RNA to ¢cDNA and real-time PCR is the basis of
several commercially available tests(102).

2. Prognostic tests for melanoma encompass algorithm-based computation of
risk of disease recurrence or sentinel lymph node positivity using gene
expression profiling, sometimes in combination with various clinical
parameters: Decision Dx melanoma(103), MelaGenix(104), CP-GEP test(105,
106).
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3. Predictive tests for response to targeted therapy include the detection of
actionable mutations crucial for indicating BRAF, MEK, and KIT inhibitors
(107, 108). Sequencing of parts of the melanoma genome is routinely
performed in stage III and IV melanoma. A minority of detected mutations
have clear therapeutic implications. The rest of the output from large NGS
panels has a less well-defined relevance.

1.54 TUMOR MUTATIONAL BURDEN (TMB)

Total mutation burden represents the total number of somatic mutations per
million bases (Mb) of a tumor genome and is a measure of all non-synonymous
coding mutations in the tumor exome. The mutation rate varies widely between
various tumor types. Pediatric and hematologic malignancies harbor a low
number of mutations (< 1 mutation/Mb), and melanoma is located on the
opposite side of the spectrum (>10 mutations/Mb).

Highly mutated tumors such as melanoma produce numerous neoantigens,
some of which activating T cells. This provides a rationale for high TMB as a
biomarker for response to PD-1/PD-L1 inhibitors. High TMB is associated
with improved response to immune checkpoint inhibitors. The degree of TMB
may be assessed by whole-genome sequencing, whole-exome sequencing, and
targeted panel sequencing. The highly mutagenic effect of UV exposure is the
cause of the high TMB in subsets of melanoma. Low sensitivity in the
determination of TMB may be caused by low tumor cell purity(46, 109).

1.5.5 PD-L1 TESTING

The immunologic synapse within the tumor microenvironment is highly
complex. The interaction between PD-Lland PD-1 molecules is one of the
major modulators of the immune system aiming to avoid autoimmunity in a
normal host. PD-L1 is important in the regulation of immune surveillance of
the tumor microenvironment dynamics and kinetics. Cancer cells may
upregulate PD-L1, leading to immune suppressive signals and evasion of
immune surveillance. Previous studies have characterized the PD-LI
expression using immunohistochemistry, believing that an expression of PD-
L1 protein would be strongly associated with response rates to immune
checkpoint  inhibitors (nivolumab, pembrolizumab, atezolizumab).
Unfortunately, PD-L1 is neither a highly specific nor sensitive biomarker due
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to tumor intrinsic PD-L1 heterogeneity and its plasticity during tumorigenesis
in an individual patient(110, 111). Many patients with the expression of PD-
L1 do not respond to immunotherapy, and contrariwise some patients without
PD-L1 expression do benefit. Hence, this marker does not function well as a
stratifier of patients who will benefit from ICI treatment(112). There are
multiple caveats in PD-L1 testing, such as a significant variability (7-15%) in
the scoring of PD-L1 staining between the different IHC assays. The
retrospective studies evaluating the potential interchangeability are rather
small and few. Further validation in prospective studies, including samples of
patients with immune checkpoint inhibition, is still needed(113). Apart from
the PD-1-PD-L1 system, additional immune checkpoints have been identified
(Figure 4).

T cell Antigen presenting cell

0x40
CcD27

CD137
1CO8

cD2g

CTLA-4

PD1
CD80
BTLA

Tcell Tm3

Figure 4. Co-stimulatory (+) and co-inhibitory (-) checkpoints involved in T cell
activation. Adapted from Coana et al. Created with Biorender.com

1.5.6 IMMUNE RESPONSES IN MELANOMA

Immune surveillance is a vital physiologic mechanism protecting the body
against the establishment of malignancy. Immune-compromised individuals
are prone to develop cancer(114). Inflammation in association with melanoma
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is an important constituent of the tumor microenvironment where the tumor
and inflammation continuously shape each other. Tumor-infiltrating
lymphocytes (TILs), dendritic cells, macrophages, neutrophils, and natural
killer cells interact with the tumor cells and each other through intricate
mechanisms (Figure 6). There are several approaches for evaluating of the
inflammatory tumor microenvironment; histologically by simply reporting the
presence or absence of the certain cell types, by quantifying of the cells, or by
spatial analyses with various degrees of the complexity of the phenotypic
characterization of the inflammatory cells and their interactions. The presence
of tertiary lymphoid structures in primary and metastatic melanoma was
associated with a better prognosis and response to immunotherapy(115).
Another approach involves predictive gene signatures concerning antigen
presentation, T-cell genes, immune checkpoints, chemokine and cytokine
profiles of the inflammatory environment. Single-cell RNA sequencing reveals
the diversity of the inflammatory cell phenotypes and cell states. Markers of
both inflammatory cell activation, dysfunction, and exhaustion are studied.
Preclinical evidence has been emerging, but to date, no method safely
identifies responders and non-responders to immunotherapy. Melanoma
arising in chronic sun damage skin is commonly highly inflamed already in the
in situ stage (Figure 5).

,x.

Figure 5. Chronic inflammation in association with CSD"¢" melanoma in situ. Note
the dense lymphocytic infiltrate with melanophages and stromal reaction in
papillary dermis. (H&E original magnification 200x).
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Figure 6. Activation of T and B cells in lymph nodes. Created with Biorender.com.

T cells

T lymphocytes are involved in continuous anti-tumor surveillance in
the body, and upon activation, they migrate toward evolving
neoplastic lesions (Figure 6). T-cell activation requires antigen
presentation on MHC molecules interacting with the TCR and is fine-
tuned through numerous co-stimulatory and co-inhibitory signals
(Figure 4). Two major subtypes of T lymphocytes, CD4+ and CD8+,
have different roles within anti-tumor immunity. CD4+ T helper
lymphocytes recognize melanoma-neoantigens as peptides presented
on MHC class II surface molecules of dendritic cells, macrophages,
and B-lymphocytes, and become activated. Cytotoxic CD8+ T-
lymphocytes recognize peptides presented on MHC class I molecules
present on all cells with nucleus. When activated, CD8+ cell may kill
the cells with a matching MHC I-bound peptide by secreting toxic
molecules granzyme B and perforin (Figure 7). Tumor cells are
continuously shaped by the inflammatory environment which exerts
selection pressure on the tumor. There are multiple immune
checkpoints on the surface of T cells modulating the immune
responses (Figure 4).
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Figure 7. Activation of cytotoxic CD8+ T lymphocytes by neoantigen presented on
dendritic cells. Effector mechanism in melanoma. Abbreviation: APC, antigen
presenting cell; MHC, major histocompatibility complex; PRF, perforin, GzmB,
granzyme B. Created with Biorender.com

molecules preventing a final cytotoxic attack. PD-L1 molecule that
interacts with PD-1 on the surface of T lymphocytes, leads to
deactivating of the T lymphocytes. This mechanism is crucial for
physiologic prevention of autoimmunity but has been hijacked by
multiple tumor types, including melanoma. Therapeutic immune
checkpoint blockade unleashes the CD8+ cells that may then proceed
with the cytotoxic activity. Regulatory T cells (Tregs) can with their
CTLA-4 molecules capture CD80 ligands from the APC (mostly
migratory dendritic cells). This process is called transendocytosis ,
thus preventing a T-cell stimulatory synapse between CD28 and
CD80(116).
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B cells

B cells are a crucial component of humoral immunity but elicit even cellular
responses. The role of B cells in the tumor microenvironment is complex due
to concurrent pro-tumor and anti-tumor activities and the activation of other
cell types with the same spectrum of activities. They recognize antigens by
membrane-bound surface immunoglobulins and when differentiated to plasma
cells, also secrete immunoglobulins that attach to antigens in extracellular
space (Figure 8). Naive B cells harbor membrane bound IgM and IgD
receptors. Upon binding of an antigen, the cell proliferates and differentiates
to generate a few thousand of plasma cells with the same antigen specificity as
the original naive B cell. In contrast to T cells, antibodies are produced not
only against peptides but also against polysaccharides, nucleic acids, lipids,
and small molecules. Upon their differentiation process, B cells undergo
heavy-chain isotype (class) switch and affinity maturation leading to the
production of antibodies with an increasing affinity for the antigen. This
process only, when involving protein-antigens is facilitated by CD4+ T helper
cells with the same antigen specificity as the B cells. Most B cells (follicular
B cells) reside in follicles in lymph nodes and take part in the intricate T-cell
dependent high-affinity immunity involving protein antigens with the
generation of plasma cells and memory B cells. The less common type,
marginal B cells, reside within the spleen and govern more simple immunity
against non-protein antigens (117). Extensive infiltration of B cells is
associated with longer progression-free survival, overall survival, and
improved outcomes of immunotherapy in several solid tumor types(115, 118,
119).

TCR/MHC I
complex

B cell

follicular
T helper
cell

Figure 8. Activation of B cells by follicular T helper cells in lymphoid follicle.
Created with Biorender.com.
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Tertiary lymphoid structures

Tertiary lymphoid structures (TLS) are ectopic lymphoid organs with a
function and architecture reminiscent of lymphoid follicles within lymph
nodes. TLS develop at sites of chronic inflammation, both in tumors,
autoimmune diseases, and infection. Hence, TLS do not develop in all
patients(120). The initial immunological synapses between B and T helper cell
generate low levels of low-affinity antibodies and short-lived plasma cells. To
boost a robust immune response, some B cells move into germinal centers to
interact with follicular T-helper cells and become activated (Fig. 8). B cells
divide rapidly and form a light zone within the germinal center where the
affinity maturation generates long-lived plasma and memory cells. TLS in
cancer demonstrate various maturation states culminating in the formation of
germinal centers. TLS have been appointed as a promising predictive and
prognostic biomarker, but their value as such and the exact mechanisms of
how the TLS stimulate T cells in the anti-cancer actions are still unclear(121).

1.6 THERAPY

1.6.1 SURGICAL THERAPY

Surgical removal of primary melanoma at the earliest possible stage has the
highest impact on melanoma-specific survival of all possible treatments.

Lesions clinically suspicious for melanoma should be promptly removed by
complete excision with a 2 mm clinical margin and sent for histological
examination. When verified as invasive melanoma, further management is
guided by the pathological stage of the excised lesion. For pT1la lesions, the
next step is a wide local excision with a 1 cm margin. Patients with tumors pT2
and higher are offered further staging with sentinel lymph node biopsy. pT1b
tumors are in most instances not an indication for SLN due to the low rate of
positive findings in this category(122).

Until recently, completion lymph node dissection (CLND) was performed as
the standard of care for patients with a positive sentinel lymph node. The
rationale behind the automatic CLND was to increase the staging accuracy,
better regional disease control, and improve the melanoma-specific survival.
CLND is associated with postoperative morbidities, such as lymphedema,
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pain, and tissue scarring, but there is still some staging value in uncovering the
non-sentinel lymph node status. Metastasis in non- sentinel lymph nodes is an
independent prognostic factor associated with higher recurrence rates and
worse melanoma-specific survival(123). Two seminal clinical trials, DeCOG-
SLT(124) and MSLT-II(125), did not demonstrate any difference in survival
between patients treated with standard CLND and those monitored by nodal
observation. CLND proved to be associated with a minor improvement of the
local disease control and a small but significantly higher rate of disease-free
survival at the three-year follow-up. DeCOG-SLT was criticized due to the
small sample size (N=483) and short follow-up (35 months). The majority of
patients in both studies had a low tumor burden (<1 mm) in the SLNs, which
may represent a substantial selection bias. Despite the criticism, the immediate
CLND was abandoned as the standard of care for melanoma in most cases.

162 TARGETED THERAPY

Extensive data from the Cancer Genome Atlas (TCGA) on the genomic
landscape of cutaneous melanoma enabled a genomic classification of
melanoma into four subtypes (BRAF, RAS, NF1, and triple wild-type) that
may guide clinical management with targeted therapies(126). BRAF mutations
occur in approximately 50% of melanomas. Mutations in BRAF resulting in
constitutive activation of the MAPK signaling pathway (Fig.9), BRAF V600E,
V600K, V600M, and V60OR are effectively targeted by BRAF inhibitors,
often in combination with MEK inhibitors. BRAF non V600 mutations occur
in less than 5% of melanoma and have a less clear clinical significance with
variable responses to BRAF and MEK inhibitors(127). NRAS mutations occur
in approximately 20-25% of melanoma and are associated with a poor response
to MEK inhibitors. Q61R is the most common mutation. MEK inhibitors alone
or combined with MAPK, PIK3, or CDK4 inhibition are under
development(128). KIT is a receptor tyrosine kinase that, after ligand binding,
activates the KIT protein with subsequent activation of multiple underlying
signaling pathways. Mutations in KIT are rare, mostly occurring in acral,
mucosal, and CSD"e" melanoma. Receptor tyrosine kinase (RTK) inhibitors
may be effective in up to 50% of KIT-mutated (exon 11) melanomas, but
unfortunately, resistance to treatment occurs within one year. KIT-amplified
melanomas do not respond to RTK inhibitors(129). For patients with NF/
mutated melanoma, there are no established targeted therapies.
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Figure 9. MAPK pathway with mutated BRAF protein resulting in activation of the
pathway independent of signaling from the cell surface receptor. Created with
Biorender.com

163 IMMUNOTHERAPY

Immune attack by the adaptive immune system is one of the most potent tools
for eliminating cancer. Tumor cells can prevent cytotoxic cell actions of CD8+
T lymphocytes by synthesizing cell surface immune checkpoint molecules that
inactivate the T cells trying to make an immunologic synapse with the tumor.
Blocking of the immune checkpoint molecules by monoclonal antibodies leads
to the reactivation of tumor-specific T cells and cytotoxic tumor cell death.
Agents that target PD-1 (Programmed cell death protein 1) (Figure 10), PD-
L1 (Programmed death ligand 1), and CTLA-4 (cytotoxic T-lymphocyte
antigen 4) have revolutionized the therapy of a broad group of cancers,
including melanoma. Approximately 40-50% of the patients with stage IV
melanoma respond to immune checkpoint inhibitors (ICI), and the therapy may
result in durable responses.
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Apart from the development of antibodies targeting other immune checkpoint
molecules (TIM-3, TIGIT, LAG3, VISTA), there are multiple other
experimental and therapeutic principles to restore or enhance the host immune
response to melanoma, such as chimeric antigen receptor (CAR)T cells,
adoptive cell therapies (ACT), IL-2, bispecific antibodies, and cancer vaccines.

kpoint inhibits T-cell activation : Anti-PD-1 antibodies permit T cell activation
H Activated
cD8+ T cell Melanoma : Immune attack Melanoma
cell CD8+ T cell —— Celldeath

Anti-PD-1
ﬁ antibody

Figure 10. Principles of immune checkpoint blockade by monoclonal antibody
directed toward PD-1 molecule. Created with Biorender.com.

1.7 BRAIN METASTASIS OF MELANOMA

Brain metastasis (BM) is a severe complication of cutaneous melanoma
occurring in up to 50 % of patients with stage IV disease. The prevalence is up
to 75% in autopsy series, indicating a high frequency of asymptomatic
metastases(130, 131). Prognosis is inferior, with a median survival of 4-5
months after the BM diagnosis, even though the introduction of targeted
therapy and ICI has improved the disease course and survival(132, 133).
Treatment decisions are guided by the location, size, and number of the lesions
in the brain(134). Stereotactic surgery, ICI and targeted therapy, sometimes in
combination with radiotherapy, represent the current therapeutic strategies.
The intact blood-brain barrier (BBB) prevents the uptake of molecules > 400
Da constituting an obstacle to drug delivery. Along with the disease
progression, the BBB becomes compromised with an enhanced potential for
drug delivery. Cerebrotropic melanoma acquires a specific phenotype with
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expression of PLEKHAS, MMP2, and CD271 and down-regulation of
MITEF(135). Soluble factors secreted by astrocytes may play an essential role
in phenotype switch, initiation, and maintenance of brain metastasis(136). In a
study by Gardner et al., the risk factors predisposing to brain metastasis were
scalp location, Breslow thickness> 4mm, nodular growth and ulceration. There
was no difference between the outcomes of patients with asymptomatic and
symptomatic BM(135, 137). Ideally, a specific biomarker predicting the risk
of BM would be detected in the early stage of the disease, but the search for
such has not been fruitful yet.
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2 AIM

This thesis aims to contribute to the increasing knowledge of cellular
clonality and malignant transformation of cutaneous melanoma in chronic
sun-damage skin and evaluate new biomarkers for early-stage cutaneous
melanoma.

SPECIFIC AIMS

Paper I

To explore the molecular features of the transition from in situ to invasive
melanoma of high chronic sun-damage type and to investigate the intra-
tumoral and early metastatic heterogeneity of this type of primary
melanoma.

Paper 11

To evaluate whether a novel test method for primary cutaneous melanoma
using clinicopathologic and gene expression variables (CP-GEP; Merlin
Assay) can identify patients who may safely forgo SLNB.

Paper II1

To evaluate whether the same test method as in paper II (CP-GEP; Merlin
Assay) can predict the risk of disease recurrence in patients with stage I-II
melanoma.

Paper IV
To evaluate the potential of using subgroups of TILs as a histological

biomarker for high-risk primary melanoma with immunohistochemistry and
digital image analysis.
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3 PATIENTS AND METHODS

3.1 PATIENT SAMPLES

3.1.1 PAPER |

Patient inclusion and the method for collection of samples were approved by
the Regional Ethical Committee (Dnr 101/2013). Biopsies from primary
cutaneous melanomas, both invasive and in situ, (n=72) in this study were part
of BIoMEL, a prospective study in Southern Sweden. Additionally, one patient
without prior treatment to surgery for a large primary melanoma and
surrounding in-transit metastases was included in the study. The patient had an
ulcerated 25 mm diameter spindle cell melanoma arising in chronic sun-
damaged skin on the shoulder, with a Breslow thickness of 16 mm, and
multiple satellite and in-transit metastases.

312 PAPERII

The study was conducted in accordance with valid regulations upon approval
of the Swedish Ethical Review Authority (Dnr 908-14). The patients were
selected from a clinical database with patients undergoing SLNB after excision
of primary cutaneous melanoma between 2006 and 2014 at the Sahlgrenska
University Hospital, Gothenburg, Sweden (n = 489). The cohort included
cutaneous melanoma from all body regions, except for the head and neck
region. All primary tumors were reviewed and when necessary, re-staged
according to valid AJCC and WHO criteria.

Of the 489 patients, a total of 425 patients met the inclusion criteria. The
included patients had a single cutaneous melanoma, were >18 years, provided
a written consent to research, had no history of Jacob Creutzfeldt disease, had
primary tumor paraffin blocks containing a sufficient residual tumor tissue,
and had no distant metastatic disease at primary melanoma diagnosis or within
90 days post diagnosis, no clinically positive nodes, full SN pathology report
available and having a successful SLNB procedure.

3.1.3  PAPERIII

The study was conducted as an international collaboration between two tertiary
melanoma centers in Sweden and the Netherlands under approval by the
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Swedish Ethical Review Authority (Dnr 908- 14 and addendum 2020-00267),
the Erasmus MC Ethics Committee (MEC-2018-1183), the Privacy Committee
of the Nationwide Network and Registry of Histopathology and Cytopathology
(PALGA). We included 535 SLNB-negative patients >18 years treated for
cutaneous melanoma at the Sahlgrenska University Hospital (2006 - 2014) and
Erasmus MC Cancer Institute (2007 - 2017). Exclusion criteria were multiple
primary melanomas, missing data regarding age or Breslow thickness,
insufficient FFPE material from the primary tumor, and failed quality control
of the quantitative polymerase chain reaction (qQPCR). The cases were
reviewed and re-staged according to AJCC version 8 staging system.

314  PAPERIV

Ethical approval for the study was rendered by the Swedish Ethical Review
Authority (Dnr 908-14, 2020-00267, 477-18, and 2021-02315). We selected
the patients from two different cohorts, based on the disease course after the
excision of the primary melanoma: (I) patients in a stable clinical stage Ila-Ilc
until the end of follow up in June 2022, who underwent sentinel lymph node
biopsy (SLNB) between 2006 and 2014, at the Sahlgrenska University
Hospital, Gothenburg, Sweden; and (II) patients operated for melanoma brain
metastasis at the Sahlgrenska University Hospital between 2013 and 2019,
previously diagnosed with a single primary cutaneous melanoma between
1992 and 2015. All patients were treatment-naive prior to surgery of the
primary tumor. Only patients with available tissue blocks containing sufficient
tumor material from both brain metastases and primary tumors were included
in the “brain metastasis cohort” (I), resulting in 21 patients. In the second step,
21 control patients with T3-T4 melanomas (I), matched for age and gender
were identified within the Sahlgrenska SLNB cohort.

3.2 TISSUE COLLECTION

3.2.1 PAPER|

Full-skin tumor biopsies (1 mm in diameter) were collected under guidance of
dermoscopy, by specially trained dermatologists from the clinically suspected
melanomas immediately after the excision of the tumor, thereafter snap frozen
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and stored at —80°C. All melanocytic tumors were studied preoperatively
according to standard dermoscopic algorithms(138, 139). The clinical
examination and the dermoscopic view guided the involved investigator to
where the suspected melanoma might be thickest or most "aggressive"-
looking. This part of the lesion must be avoided from biopsy prior to histologic
examination. This step is a deliberate departure from current praxis and
instructions in the national guidelines for handling of melanocytic tumors and
requires a close co-operation with the diagnosing dermatopathologists, so that
diagnostics of the primary lesion is not compromised. Additionally, one thick,
locally advanced primary melanoma in chronic sun-damaged skin was
biopsied to generate five primary tumor fragments (PT) and seven in-transit
metastases (IT). The biopsies were immediately stored at —80°C. Normal skin
from the vicinity of the primary tumor was used as a control.

322 PAPERIIAND I

The primary tumor material used in the study was formalin-fixed paraffin
embedded tissue retrieved from the archival blocks. The blocks were cut on a
rotary microtome under rigorous RNase-free conditions and prevention of
RNA contamination between the cases. The microtome knife was changed for
every block, and the whole cutting instrument was cleaned. We selected
representative blocks with the deepest tumor to produce 4 um sections for
routine hematoxylin and eosin (H&E) staining and five 10 um section for RNA
extraction. All cases were reviewed histologically using both archival (if
available) and novel H&E slides. In case of discrepancy with the original
report, the latest reviewer’s diagnosis became decisive. The 10 um sections
dedicated for RNA were kept refrigerated and shipped in 1.5 ml sterile
Eppendorf tubes to SkylineDx (Rotterdam, the Netherlands) for RNA
extraction and qPCR analysis. The samples were anonymized and blinded
concerning SLNB outcomes. Tumor RNA was extracted from whole sections
present in the tubes without macrodissection.

31



Studies of molecular features and novel prognostic biomarkers of cutaneous melanoma

323 PAPERIV

All material used in this study consisted of archival formalin-fixed paraffin-
embedded (FFPE) tissue blocks with excised primary cutaneous melanoma.
The tumor blocks were obtained from pathology biobanks in Western Sweden
, and cut to 4 pm consecutive sections for routine hematoxylin and eosin
(H&E) staining and immunohistochemical stains. Diagnosis of melanoma,
including tumor characteristics, were reviewed for all primary tumors and
brain metastases. Patients without representative or insufficient residual tumor
in the archival material were excluded.

3.3 NUCLEIC ACID EXTRACTION AND
SEQUENCING

3.3.1 PAPERI

NUCLEIC ACID EXTRACTION

From the 1mm biopsies stored in -80°C, tumor tissue was hurriedly separated
from adjacent dermis or subcutaneous fat using sterile scalpel and magnifying
glass. The tissue was homogenized using a Tissue Lyser (Qiagen), followed
by DNA and RNA extraction using the All Prep DNA/RNA Mini Kit (Qiagen).
RNA quality was controlled by Agilent Bioanalyzer 2100 (Agilent). Only
samples with RIN >6 were included.

NGS, TARGETED GENE SEQUENCING AND WHOLE EXOME
SEQUENCING

The haploid human genome contains 23 chromosomes with approximately 3 x
10° base pairs and 30 x 10° genes. The genes within human nuclear DNA
encode for proteins and are organized as exons and introns. After transcription,
introns are removed from the RNA transcript by splicing to generate the mature
mRNA. We analyzed the genetic material from the tumors using several
techniques, covering selected parts of the genome.

NGS (Next generation sequencing) has completely revolutionized the genome
analysis. With NGS, the entire human genome may be sequenced in just one
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day. NGS encompasses several sequencing techniques that allow a rapid broad
investigation of the whole genome, exome or transcriptome through
simultaneous sequencing of millions of clusters, or a detailed deep study of a
small part of the DNA but at a high resolution. The common NGS method is
based on initial clonal amplification of oligonucleotides with cluster generation
and sequencing by synthesis (SBS) principle. During sequencing, one base
with a fluorescent terminator is added at a time. The fluorescent agent is
excited by laser and the signal is recorded. The four bases are labeled with four
different fluorescent dyes and the genetic code is read step-by step cluster-
wise. Millions of reads are generated in a parallel fashion and the technique
requires analysis with bioinformatics through alignment to the reference
genome.

Targeted sequencing (ultra-deep mode) covered 40 selected genes and was
performed using TruSeq Custom Amplicon Low Input workflow and
NextSeq500 (Illumina). A mean coverage of 5,758x was achieved (838 x —
12,958x). PT1 and IT3 were excluded from the dataset due to low mutant allele
frequency. Targeted sequencing examines selected parts of the selected genes,
allowing for a sensitive identification of somatic mutations in cancer-related
genes.

Whole exome sequencing (WES) covering the protein coding part of the DNA
was performed on the DNA samples from the tumor and matched normal DNA
from the CSD"¢" case. The samples were sequenced using a HiSeq 2500 or
NextSeq. Median target coverage was 68x — 126x. WES uncovers genetic
variants within all exons of the genome(140).

RNA SEQUENCING

This technique enables investigation of the transcribed RNA molecules. RNA
was isolated and purified, and in the next step used for synthesizing cDNA that
to be sequenced by NGS. RNA-seq was performed on all samples from the
CSD"e" case, including tumor and normal tissue(141).
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3.32  PAPERIIAND IlI

QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR)

Tumor cell RNA was isolated from histological tissue sections without
previous macrodissection (142). RNA extraction was performed using the
RNeasy FFPE kit and QIAcube (Qiagen, Hilden, Germany). The resulting
RNA fragments >70 nucleotides were reverse transcribed into cDNA using the
SuperScript VILO Master Mix (Thermofisher, Waltham, MA, USA). Gene
expression levels were measured by q-PCR using SYBR-green chemistry
(PowerUp™ SYBR™ Green Master Mix, Thermofisher). Amplification was
performed using a QuantStudio 5Dx qPCR instrument (Thermofisher,
Waltham, MA, USA) with 7.5 pl diluted cDNA as input per reaction. Each
sample was measured as a single sample using 20 uM of forward and reverse
primers. Each run was added a 1:100 diluted human reference cDNA sample
obtained from Agilent (human reference RNA, Agilent Cat. No. 750500) and
a negative (no cDNA) control. Cycle threshold (Ct) values were calculated
automatically using a fixed threshold for the fluorescent signal for individual
gene. The Ct values for the target genes (GDF15, CXCLS8, LOXL4, TGFBR1,
ITGB3, PLAT, SERPINE2 and MLANA) were normalized to the Ct-value
average of two housekeeping genes RLPO and beta-actin, yielding the ACt.

To calculate the CP-GEP probability score, the ACt values were added to
additional clinicopathologic data: Breslow thickness and age, both included as
linear related continuous variables. This data was used as input for the logistic
regression model. The CP-GEP model generates a binary output: CP-GEP
High Risk and CP-GEP Low Risk. Patients whose CP-GEP score was higher
than the predefined cut-off value of 0.063 were considered High Risk, whereas
the remaining were regarded as Low Risk.

34 STATISTICAL ANALYSIS

3.4.1 PAPER|

R was used for all statistics, the tests were non-parametric. The p-value was
calculated using Wilcoxon signed-rank test and p <0.05 was considered
statistically significant.
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342  PAPERII

All statistical analyses concerning the test performance were done using IBM
SPSS Statistics (version 26) and R (version 3.6.1). The CP-GEP model
rendered binary results, either high-risk or low-risk for SLN metastasis. To
calculate the accuracy of the test, the SLN outcome was used as the gold
standard, also in a binary fashion, either SLN positive or SLN negative. All
patients had clinically negative nodes prior to SLNB. SLN metastases
regardless size were considered as positive lymph nodes. Sensitivity,
specificity, negative predictive value (NPV), and positive predictive value
(PPV) were calculated for the various T stages. Percentage of patients
classified as CP-GEP Low Risk was presented as the “SLNB reduction rate”
(SLNB-RR).

Additionally, the CP-GEP model was compared to existing on-line nomograms
that had been constructed for the same purpose, the MIA and MSKCC
nomograms. Of note is that the two alternative nomograms do not provide a
binary risk estimate, whereas CP-GEP has a fixed cut-off. To create
comparable conditions, a cut-off of 5% was set for the online nomograms to
binarize the risk probabilities which would most likely meet the clinical
decisions according to the NCCN guidelines(143).

CP-GEP MODEL IN PAPER II and III

The CP-GEDP test is a hybrid test with the input of clinical and histopathological
parameters (patient’s age and Breslow thickness), and the expression of eight
target genes in the FFPE primary cutaneous melanoma (ITGB3, PLAT,
SERPINE2, GDF15, TGFBR1, LOXL4, CXCL8, and MLANA) using qPCR
and the ACt method (105). For each patient, the CP-GEP score was rendered
as either low risk or high risk based on a cut-off value of 0.063. The model was
originally developed by Bellomo et al. for calculating of the risk of clinically
occult sentinel lymph node metastasis of any size and number(105).

343  PAPERIII

In this study, the CP GEP test with the same input of parameters as in paper 11
was evaluated with regards to S-year recurrence-free survival (RFS) as a
primary endpoint. The study cohort was enlarged by fusion of eligible patients
from the Swedish and Dutch cohorts from previous studies. All patients with
stage I-1I melanoma from the Swedish and Dutch cohorts were included (106,
142). RFS was calculated from the excision of primary melanoma until the last
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follow-up visit, death or first metastasis. Distant metastasis-free survival
(DMFS) was calculated from the excision of primary melanoma to the last
follow-up visit, death or first distant metastasis. Metastases beyond the
regional lymph nodes were considered as distant metastases. Overall survival
(OS) was established from the time of excision of primary melanoma to the
last follow-up visit or death. For the Swedish part of the cohort originating
from the Sahlgrenska University Hospital, the patients were continuously
followed clinically after SLNB and the mortality data were obtained from the
Swedish Cause of Death Registry. For the Dutch patients from Erasmus MC
Cancer Institute, data on metastases were gathered from medical journals and
PALGA registry. Mortality data were retrieved from The Netherlands Cancer
Registry (NCR). Additionally, for patients in stage I and Il we compared the
CP-GERP results with the EORTC nomogram to predict the risk of recurrence.
in patients with a negative SN (stage I/1I) (144).

Kaplan—Meier curves regarding 5-year RFS, DMFS, and OS were constructed
using the binary output of the CP-GEP test. Hazard ratio (HR) was calculated
using a Cox proportional hazard regression model. The p-value<0.05 was
considered statistically significant. For comparison with the EORTC
nomogram in stage I and II patients(145), the input of clinical and
histopathological parameters Breslow thickness, ulceration and anatomical site
generated three prognostic EORTC risk groups: low, intermediate and high.
Patients without data on ulceration and/or primary tumor site were excluded.
Analyses were performed using R version 3.6.1 (R Core Team, Vienna,
Austria; 2021), gtsummary R package (version 1.3.3) and survminer (version
3.1.8 and version 0.4.6) R packages.

344  PAPERIV

Statistical analyses for calculating the differences between the cohorts were
performed using IBM SPSS Statistics (version 28.0.1.0) and R (version 3.6.1).
Statistical testing for differences between groups was non-parametric (two-
sided Mann-Whitney test and Chi square test).

3.5 IMMUNOHISTOCHEMISTRY
351  PAPERIV

4 pm sections from the archival FFPE tumor were pretreated using a Dako PT-
Link with EnVision FLEX Target Retrieval Solution (high pH). Dako
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Autostainer Link 48 with EnVision FLEX reagents (DakoCytomation,
Glostrup, Denmark).

were utilized for immunohistochemistry.

Primary antibodies used for immunohistochemistry were:
Mouse anti-CDS (ready-to-use, IR623, Dako, Glostrup, Denmark)
Mouse anti-CD20 (ready-to-use, IR604, Dako, Glostrup, Denmark)
Mouse anti-BCL2 (ready-to-use, [R614, Dako, Glostrup, Denmark)
Mouse anti-BCL6 (ready-to-use, IR625, Dako, Glostrup, Denmark)
Mouse anti-CD138 (ready-to-use, IR642, Dako, Glostrup, Denmark)
Mouse anti-Ki67 (ready-to-use, IR626, Dako, Glostrup, Denmark)
Mouse anti-CD23 (ready-to-use, IR781, Dako, Glostrup, Denmark)
Mouse anti-SOX10 (ready-to-use, BC-API3099H, Biocare Medical,
Pacheco, CA, USA). Magenta chromogen.
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Figure 11. Principles of indirect immunohistochemistry. Abbreviation: HPR, horse-
radish peroxidase. Created with Biorender.com

3.6 DIGITAL IMAGE ANALYSIS

3.6.1 PAPER IV

The whole tissue immune stained slides were scanned at 40x magnification
(Hamamatsu NanoZoomer S210. The study cases were blinded for patient
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outcome during analysis using image analysis software from Visiopharm
version 2021.09.1.10842. The image analysis application was trained to count
cells with nuclei and cytoplasm of a specific size and color intensity. The color
intensity level was fine-tuned to include the visually verified positive cells and
excluded the non-specifically stained subjects. The analysis was performed for
both CD8+ and CD20+ lymphocytes with magenta chromogen. CD8+ T
lymphocytes and CD20+ B lymphocytes were counted around the deep
invasive margin of the primary tumor. The region of interest (ROI) was defined
individually for every tumor and the number of lymphocytes per mm? was
calculated for each cell type, (Fig. 13). ROI for CD8+ cells included the deep
portion of the tumor and the infratumoral stroma in equal proportions. ROI for
CD20+ cells included the immediate infratumoral stroma. Each tumor was
evaluated twice, and a mean count of the cellular density was calculated. In
addition, the tertiary lymphoid structures (TLS) were counted and evaluated
regarding their spatial distribution in association with the deep invasive tumor
border.

PR ) ;»‘\r

Figure 12. H&E and CD8 immunohistochemistry. Example of ROI demarcation for
counting of CD8+cells.
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4 RESULTS

41 PAPERI

184 patients from tertiary dermatology clinics in Southern Sweden with
melanocytic lesions highly suspicious for melanoma or melanoma in situ were
enrolled in this study. All tumors were completely excised and 72 were
histologically diagnosed as melanoma in situ or invasive primary melanoma,
constituting the study cohort. Tumors were categorized clinically as either
CSD"eh or CSD'¥, based on anatomic site and age at diagnosis. 1 mm biopsies
from each melanoma or melanoma in situ were further analyzed by ultra-deep
targeted sequencing of 40 melanoma-relevant genes. Four categories of tumors
were sequenced: CSD'Y melanoma in situ (n=20), CSD'* melanoma (n=29),
CSD"¢" melanoma in situ (n=13) and CSD"#" melanoma (n=10).

BRAF and NRAS mutations were present in both types of melanoma

BRAF mutations were the most frequent mutations found in the entire cohort
(n = 35, 49%); the majority were V60OE (n = 20, 57%) with less frequent
V600K (n =7, 20%), K601E (n = 4, 11%), and complex hotspot mutations
(T599dup and V600 K601delinsE). BRAF mutations were found in equal
equal proportions among the CSD"&" and CSD™™ tumors (39% and 53%,
respectively, p = .45), but the proportion of V600K mutations was higher
(17%) in CSD"¢" vs 6% in CSD'°" group. BRAF V600E was more common in
the CSD™" group (39%) than in CSD"¢" (4%)), in concordance with previous
studies(146, 147). All NRAS (n = 13, 18%) were found in the Q61 codon,
mutually exclusive to BRAF mutations. They were equally prevalent among
the groups.

TERT promoter mutations were more frequent among the invasive
CSD'*" melanomas

We found frequent TERT promoter mutations in both histological types.

Invasive CSD'" lesions demonstrated a higher frequency of TERT promoter
mutations compared to in situ lesions (p = .002). Furthermore, we detected
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three KIT -mutated cases (two CSD™" melanomas (V474A and T666L) and
one CSDMe" melanoma (L576P)). The former not present in COSMIC,
suggesting a passenger role, while the latter found in 124 samples and
suggested as pathogenic, indicating a driver role. Additionally, three RAC1-
mutated cases in co-occurrence with BRAF or NRAS hotspot mutations, were
identified.

In CSD"#" melanoma, the mutational load is higher and BRAF V600K,
NF1, and TPS53 are frequently mutated

Mutations in NF1 (n =12, 17%) and TP53 (n = 17, 24%) were more frequent
in CSD"e" as compared to CSD"Y melanoma (NF1: 35% vs. 8%, p = .007;
TP53: 48% vs. 12%, p = .002). Not surprisingly, there was a significantly
higher mutational load in CSD"¢" compared to CSD™" lesions (p = .0048). In
our cohort, this difference is most pronounced in the in-situ lesions of the two
CSD type respectively (p = .008) than between the invasive subtypes (p =.16).
Driver mutations within the two stages of the CSD"¢" melanomas were equally
frequent, as was the extent mutational load (p = .93).

Mutational load is higher in invasive CSD'Y melanoma compared to
CSD'"" in situ stage

The mutational load in invasive CSD'" lesions was higher than in the in situ
forms (p = .05).

CSD"g" melanoma reveals a high degree of similarity at the mutational,
transcriptional, and copy number levels both within the primary tumor
and in-transit metastases

One case of CSD"&" primary tumor with multiple satellite and in-transit
metastases was subjected to a triple molecular analysis to address the
mutational and transcriptional heterogeneity in this entity. The patient
presented clinically with a primary melanoma (PT) on the head and neck.
Histological examination revealed a dense atypical spindled pigmented
melanocytic proliferation in a background of severe solar elastosis and chronic
inflammation in association with the tumor(148). Five regions of the primary
tumor and seven synchronous in-transit metastases were analyzed by ultra-
deep targeted sequencing, whole exome sequencing (WES) and RNA
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sequencing. There were no differences in gene expression between the primary
tumor and in-transit metastases. The specimens had a similar expression of the
genes related to cell cycle, DNA repair, pigmentation, and immune responses.
One PT and one IT sample showed high levels of antigen presentation and
immune genes, due to dense inflammation. PT and IT specimens were similar
concerning the expression of biologically important gene modules.

The ultra-deep sequencing with a median coverage (13,000x) discovered six
mutations in cancer-related genes in all samples and one heterogeneous
mutation (CTNNB1 P4925S) confined to two PT samples and one IT.

Thereafter, WES was performed on the tumor samples, and the nearby normal
skin sample, with an average target coverage of 68—126%. One PT and one IT
sample were excluded due to low tumor purity. In total, we identified 1,844
somatically acquired mutations in all tumor specimens, including 1,819 SNVs,
seven insertions, and 18 deletions. Of the SNVs, 163 (9%) were at adjacent
genomic positions (DNVs, di-nucleotide substitutions), including 141 (87%)
CC > TT substitutions, a feature of UV-related mutagenesis (149). 96% of the
mutations, 1,774 were trunk mutations with KIT L576P and CTNNB1 S33Y.
Only 3.8% of the mutations were heterogeneously present between the samples
(branch and private, or non-trunk) and the majority of these were considered
passenger mutations. All samples exhibited a predominant UV-induced DNA
damage signature(150).

We used WES data for the DNA copy number analysis. The aberration profiles
were mostly similar, with gains and losses common to all samples. CDKN2A
was lost exclusively in three IT. The otherwise ubiquitous copy number gain
on chromosome 14 was absent from one PT and one IT.

4.2 Paperll

425 patients who underwent SLNB for primary cutaneous melanoma were
included in the evaluation study of the CP-GEP test. Additional four cases were
excluded, not fulfilling the quality control criteria for the detection of the
housekeeping genes. After exclusion, 421 patients constituted the final study
cohort. The median age was 60 years and 49% of the patients were females.
Melanomas of head and neck were not present. The tumors originated most
commonly from the skin of the trunk (48%) and leg (31%), displaying a median
Breslow thickness of 1.8 mm. The majority of melanomas were T2 and T3
(50% and 28%, respectively) and ulceration was present in 32%. The most
prevalent histologic types were WHO class I, CSD'°Y (SSM) melanoma (47%)
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and nodular melanoma (39%). The overall SLN positivity in the study group
was 13%.

The CP-GEP test classified 335 patients (80%) as CP-GEP High Risk and 86
(20%) as CP-GEP Low Risk for nodal metastasis. 83 of the 86 CP-GEP Low
Risk patients (96.5%) were true negative patients, being SLNB negative. For
T1-T2 patients, the negative predictive value (NPV) was 96.5% (95% CI: 90.0-
99.3) and the SLNB reduction rate was 35.4% (95% CI: 29.4-41.8). Only one
T3 and all T4 tumors were classified as CP-GEP High Risk. Patients > 65 years
and T1-T3 tumors (n = 171), had a SLNB reduction rate of 29.5% (95% CI:
22.1-37.8) with an NPV of 97.6% (95% CI: 87.1-99.9) (Table 2 -4).

All samples n = 421 SN positive n = 54 (13%) SN negative n = 367 (87%) CP-GEP high n = 335 (80%) CP-GEP low n = 86 (20%)
Gender, female 207 (49%) 26 (48%) 181 (49%) 164 (49%) 43 (50%)

Age at diagnosis (years), median (IQR) 60 (49—71) 57 (47—68) 61(50—72) 60 (49—70) 62 (51-74)
Breslow (mm), median (IQR) 18(1.3-3.2) 2.8(1.8-43) 1.8 (1.3-3.0) 22(1.5-3.6) 1.2 (1.1-14)
Ulceration, present 133 (32%) 27 (50%) 106 (29%) 117 (35%) 16 (19%)
pT stage

T1 30 (7%) 1(2%) 29 (8%) 14 (4%) 16 (19%)

T2 210 (50%) 19 (35%) 191 (52%) 141 (42%) 69 (80%)

T3 118 (28%) 18 (33%) 100 (27%) 117 (35%) 1(1%)

T4 63 (15%) 16 (29%) 47 (13%) 63 (19%) 0 (0%)
Anatomical site

Arm 87 (21%) 7(13%) 80 (22%) 71 (21%) 16 (19%)

Trunk 202 (48%) 26 (48%) 176 (48%) 160 (48%) 42 (49%)

Leg 132 (31%) 21 (39%) 111 (30%) 104 (31%) 28 (32%)
Histologic type

SSM 197 (47%) 17 (32%) 180 (49%) 138 (41%) 59 (69%)

LMM 7(2%) 2 (4%) 5(1%) 5(2%) 2(2%)

NM 165 (39%) 27 (50%) 138 (38%) 156 (47%) 9(10%)

ALM 7(2%) 3(6%) 4(1%) 4(1%) 3 (3%)

Other/NOS 45 (11%) 5(9%) 40 (11%) 32 (9%) 13 (15%)

Table 2. Patient characteristics. Abbreviation: SSM, superficial spreading
melanoma; LMM, lentigo maligna melanoma; NM, nodular melanoma; ALM, acral
lentiginous melanoma; NOS, not otherwise specified. (Reproduced with permission
from Johansson I et al; Validation of a clinicopathological and gene expression
profile model to identify patients with cutaneous melanoma where sentinel lymph
node biopsy is unnecessary, EJSO 2022. Copyright, The Author(s)).

pTln=30 pT2 n =210 pf3n=118 pT4n =63 pT1-T2 n = 240 pT1-T3 n =358
CP-GEP high risk
True positive 0 17 18 16 17 35
False positive 14 124 99 47 138 237
CP-GEP low risk
True negative 15 67 1 0 82 83
False negative 1 2 0 0 3 3
PPV, % (95% C1) 0(0-232) 12,1 (7.2-18.6) 154 (9.4-232) 25.4(153-379) 11,0 (65-17.0) 129(9.1-17.4)
NPV, % (95% CI) 93,8 (69.8-99.8) 97.1 (89.9-99.6) 100 (2.5-100) - 96.5 (90.0-99.3) 96.5 (90.1-99.3)
SLNB-RR, % (95% CI) 53.3(34.3-71.7) 32.9(26.5-39.7) 0.8 (0-4.6) 0(0-57) 354(29.4-41.8) 24(19.7-28.8)
Sensitivity, % (95% CI) 0(0-97.5) 895 (66.9-98.7) 100 (81.5-100) 100 (79.4-100) 85.0 (62.1-96.8) 92.1(78.6-98.3)
Specificity, ¥ (95% Cl) 51.7 (325 70.6) 35.1(283 42.3) 1(0-5.4) 0(0-75) 373 (309 44.0) 259(212 31.1)

Table 3. Performance metrics of the CP GEP model. Abbreviation: PPV, positive
predictive value; NPV, negative predicitive value; SLNB RR, sentinel lymph node
biopsy reduction rate. (Reproduced with permission from Johansson I et al;
Validation of a clinicopathological and gene expression profile model to identify
patients with cutaneous melanoma where sentinel lymph node biopsy is unnecessary;,

EJSO 2022. Copyright, The Author(s)).
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Parameter Definition Calculation , Explanation

TP True positive CP GEP High risk and SLNB positive
TN True negative CP GEP Low risk and SLNB negative
FN False negative CP GEP Low risk and SLNB positive

FP False positive CP GEP High risk and SLNB negative
SY Sensitivity TP/(TP+FN)

SP Specificity TN/(TN+FP)

NPV Negative predictive value TN/(TN+FN)

PPV Positive predictive value TP/(TP+FP)

SLNB RR SLNB reduction rate (TN+FN)/(TP+TN+FN+FP)

Table 4. Overview of the performance metrics parameters.

Comparison with the MSKCC and MIA nomograms

The MSKCC nomogram is a on-line tool commonly used in the United States
to guide SLNB decision making(94, 95). It utilizes five clinicopathologic
variables: age, Breslow thickness, Clark level, primary tumor site and presence
of ulceration. The MSKCC risk score could not be calculated for 20 patients
(4.8%), due to Breslow depth > 10 mm (n = 5) or missing Clark level (n=16).

We also exposed our cohort for an Australian on-line nomogram tool available
from MIA, aimed for prediction of the sentinel lymph node status(96, 98). This
tool requires the input of the patient’s age, histologic subtype, Breslow
thickness, ulceration, mitotic rate and lymphovascular invasion. MIA risk
score could not be rendered for 45 of our patients (10.7%), due to discrepancies
in valid histologic subtype. Also, mitotic count is not compulsory in the
Swedish pathology reports for melanoma and could not be used for input in

pT1-T3 n = 303

CP-GEP MSKCC MIA
PPV, % (95% CI) 12 (8.1-16.9) 11.5 (7.8—16.1) 10.3 (7.1-14.3)
NPV, % (95% CI) 95.7 (88—99.1) 96.1 (86.5—99.5) 100 (2.5—100)
SLNBRR, % (95% CI) 23.1 (18.5-28.3) 16.8 (12.8-21.5) 0.3 (0—1.8)
Sensitivity, % (95% CI) 90.3 (74.2—98) 93.5 (78.6—99.2) 100 (88.8—100)
Specificity, % (95% CI) 246 (19.6-30.2) 18 (13.6—23.1) 0.4 (0-2)

Table 5. Comparison of the performance of the CP- GEP model and the
MSKCC and MIA nomograms. (Reproduced with permission from Johansson
1 et al; Validation of a clinicopathological and gene expression profile model
to identify patients with cutaneous melanoma where sentinel lymph node
biopsy is unnecessary; EJSO 2022. Copyright, The Author(s)).
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the tool. Hence, the performance of MIA nomogram might be underestimated.
MSKCC and MIA nomogram risk scores were established for 358 patients, of
which 303 patients had pT1-T3 melanoma. The performances of the MIA,
MSKCC and CP-GEP were calculated for comparison. In the pT1-T3
subgroup, CP-GEP demonstrated a SLNB reduction rate of 23.1%, compared
to MSKCC 16.8% and MIA 0.3%. The NPV was 95.7% for the CP-GEP
compared to MSKCC 96.1% and MIA 100% (Table 5).

We included 535 patients from Sweden and the Netherlands, all with stage I
and Il melanoma. Median age was 60 years, median Breslow depth of 1.8 mm,
and ulceration was present in 28.4 %. The most prevalent stages were IB
(42.2%) and A (27.7%) and 52.5% were SSM melanomas. The majority of
the tumors were located on the trunk (47.9%), and the lower extremities
(31.2%).

The 5-year recurrence-free survival (RFS) was 83.5%. The S-year distant
metastasis-free survival (DMFS) was 88.8% and 5-year overall survival (OS)
86.7%. 75.7% of the patients were followed for more than 5 years and 26.4%
were followed up to 10 years after the PT diagnosis.

122 (22.8%) were classified as CP-GEP low-risk and 413 (77.2%) as CP-GEP
high-risk. Subsequently, the patients were stratified by their CP-GEP test
outcomes, resulting in a 5-year and 10-year RFS of 92.9% and 90.6% for the
CP-GEP low-risk versus 80.7% and 74.9% for the CP-GEP high-risk patients
(p <0.004). HR 2.84, 95%CI 1.47-5.45, p<0.002.

The EORTC nomogram (151) classified 25% (n=130) of the patients in our
cohort as a ‘low risk’ of recurrence (96.8% 5-year RFS). 49% (n=261) were
‘intermediate risk’ (88.4% 5-year RFS), and 26% (n=137) ‘high risk’ (Figure
13).
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Figure 13. Recurrence-free survival in CP-GEP low risk and high-risk patients and MSKCC
subgroups. Reproduced with permission from Johansson I et al; Using a Clinicopathologic and
Gene Expression (CP-GEP) Model to Identify Stage I-1I Melanoma Patients at Risk of Disease
Relapse; Cancers 2022. Copyright, The Author(s)).
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In total, 42 patients were included in the study. All patients had undergone a
complete excision of a single primary cutaneous melanoma. Of these patients,
21 had subsequently developed brain metastasis and were operated at the
Sahlgrenska University Hospital; we assigned this group the” Brain
metastasis” group. Availability of sufficient FFPE material from both primary
tumor and brain metastasis was a limiting factor while identifying the study
subjects for the “Brain metastasis” group. All eligible patients with the
diagnosis of melanoma brain metastasis at the Sahlgrenska University hospital
were included. 50% of the patients were women, and the median age at the
diagnosis of the primary tumor was 61 years. Median Breslow depth was 2.3
mm, and 48% displayed ulceration, compared to Breslow 2.7 mm and 29%
ulceration in the” Control” group. The” Control” patients were identified
within the Sahlgrenska SLNB cohort, and consisted of 21 gender and age-
matched patients with previous T3-T4 melanoma without evidence of
recurrence or death until the end of follow-up. Patients in both groups were
systemic treatment- naive at the time of excision of the primary tumor. All
patients in the”” Control” group were alive by the end of the follow-up, and the
median follow-up time in this group was 11.4 years (IQR 8.4-13.2). During
follow-up, 16 patients (76%) in the” Brain metastasis” group had died of
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melanoma, with a median time from the primary tumor diagnosis to death of
6.4 years (IQR 3.1-9.1).

Density of melanoma- associated CD8+ and CD20+ lymphocytes.

Primary melanoma tissue from archival FFPE blocks from 42 patients was
stained with immunohistochemistry. Both CD8+ and CD20+ demonstrated a
dominating infiltration within the deep invasive margin and adjacent infra-
tumoral stroma. This interface area was chosen for the measurements of the
cellular density of the lymphocytes. High densities of CD8+ T cells and CD20+
B cells in the deep invasive part of the primary melanoma, and the immediate
infratumoral stroma were closely associated with good outcomes. Median
densities of CD8+ T cells in the” Control” group were 4894 (IQR 3365-6388)
and 1412 (IQR 498-2184) in the” Brain metastasis” group, there was a
statistically significant difference between the two groups, p<0.001. Median
densities of CD20+ were also statistically significantly higher in the” Control”
group compared to the” Brain metastasis” group (1123 (IQR 503-2095) and
280 (IQR 120-402)), respectively (p<0.001).

Tertiary lymphoid structures

Early-stage tertiary lymphoid structures (TLS) were present in the infra-
tumoral stroma in close association to the tumor-stromal interface. The highly
mature forms of TLS characterized by germinal centers and high endothelial
venules (HEV) were not observed in our material. TLS were present in 67% of
the tumors in the” Control” group and 48% of the” Brain metastasis” group,
the difference between group was not statistically significant. Four of the
tumors within the” Control” group showed a distinct architectural pattern, ”
String of pearls” with TLS located in a linear fashion below the tumor, with
equal distances between the individual cell clusters (Figure 14).

Figure 14. Nodular melanoma Breslow 3.3 mm, pT3a, without recurrence
(“Control” group). TLS arranged as a String of pearls. CD20 immune stain. Arrows
indicate the TLS.
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Another distinct histological pattern was noted in one tumor in the “Control”
group, displaying a diffuse infiltration of single B cells within the tumor and
the infra-tumoral stroma, a” Snowfall pattern”, without formation of any TLS.
The tumors in the” Brain metastasis” group did not show any of these two
patterns in any tumor.
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5 DISCUSSION AND CONCLUSIVE
REMARKS

5.1 PAPERI

In this paper, we focused on the molecular features of the CSD"¢" melanoma,
both in situ and invasive phases. Previous studies were primarily based on
metastatic CSD'°Y melanoma(152-156). The study cohort contained both
CSD"e" and CSD"V melanoma, allowing for a comparison of these two
entities.

Our results confirmed that the CSD"#" melanoma contains more mutations than
the CSD™" tumors(64, 152, 157) with a high frequency of NF1 and BRAF
V600K mutations(146, 147). Ultra-deep sequencing did not reveal differences
in mutation frequencies between in situ and invasive CSD"#" melanoma. The
technique was selected to allow the detection of melanoma-related mutations
despite admixture with the normal surrounding tissue. We conclude that
CSD"&" melanoma acquires numerous oncogenic mutations already in the
intragpidermal phase and may not need additional mutations to progress into
the invasive phase. Epigenetic alterations and inferior immunologic responses
may drive the transition of the intraepidermal to invasive dermal population.
This process is probably rather slow, mainly resulting in broad colonization of
the epidermis, as supported by the classical clinical description of lentigo
maligna: a slowly growing pigmented macule located mainly on the face of
fair-skinned elderly (i.e.CSD"&" skin) individuals. In addition, some of the
early invasive CSD"¢" lesions pose diagnostic problems for pathologists due
to their resemblance to more benign dermal processes.

This data needs to be interpreted with some caution due to the fact that the
epidermal keratinocytes in the CSD"¢" skin harbor a high number of UV-
related mutations that may contribute to the overall high mutational load when
analyzing the CSD"&" melanoma in situ. Also, many of the detected mutations
in the CSD"#" melanoma may represent passenger mutations that do not result
in an increased malignant capacity compared to the CSD'®” melanoma.

On the other hand, CSD"Y melanoma shows an accumulation of somatic
mutation during progression from the in situ to the invasive phase, as reported
previously(158).

We also investigated the tumor heterogeneity within one primary CSD!e"
tumor and its synchronous satellite and in-transit metastases. We found an
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overall similarity in transcriptional and mutational patterns and DNA copy
numbers as if a single lesion was analyzed. Macroscopically, the primary
tumor was surrounded by a symmetrical scatter of small metastases, suggesting
a central origo giving rise to off-springs with similar temporal and spatial
kinetics. The tumors exhibited trunk mutations with a UV signature. On the
other hand, the non-trunk mutations were less related to UV. Another feature
was a heterogeneous loss of CDKN2A, suggesting subclonality associated
with progression, as previously reported(64, 158)

To conclude, our analysis of CSD"#" melanoma revealed a limited variation in
mutational patterns and copy number changes during the transition from in situ
to the invasive and the early metastatic phase. These findings suggest that the
acquisition of mutations does not orchestrate early tumor progression in this
subtype of melanoma. CSD'°" and CSD"¢" melanoma are separate entities both
histologically and biologically, with variations in the tumor-initiating events
and progression.

Our case was deeply analyzed, and the results expand the knowledge of tumor
heterogeneity of the early stages of CSD"&" melanoma but is limited to one
case. Continued investigation is necessary to unravel the true extent of
heterogeneity within CSD"€" tumors.

5.2 PAPERII

In Sweden, SLNB is most commonly meant for patients with >T1 melanoma.
In paper II, we evaluated the CP-GEP model for the prediction of SLNB
metastasis in a cohort of Swedish patients with primary cutaneous melanoma.
Studies of melanoma in the Swedish population are fueled by the high
incidence of cutaneous melanoma, the long tradition of standardized clinical
management, including SLNB(159), as well as the population-based tumor
registry with high coverage. After being developed in a patient cohort at the
Mayo Clinic in the United States, the CP-GEP test was initially validated in an
independent Dutch patient cohort at the Erasmus Medical Center in the
Netherlands (EMC)(105, 142). Our results revealed a negative predictive value
of 96.5% in pT1-T2 tumors and a possibility to reduce SLNB by 35.4%.
Patients with thicker melanomas (T3 and T4) demonstrated less or no utility of
the test as only one T3 tumor was classified as CP-GEP Low Risk (0.8%), and
all pT4 tumors were classified as CP-GEP High Risk for sentinel lymph node
metastasis. We conclude that the T2 subgroup benefits most from the test if the
focus is the safe avoidance of SLNB in the case of CP-GEP low-risk results.
SLNB is mainly offered to risk groups with an estimated SLNB positivity >
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5%; in Sweden, primarily to patients with pT2-pT4 tumors, corresponding to
50% of primary cutaneous melanomas.

To compare the three patient cohorts, we found that the prevalences of the CP-
GEP Low-Risk patients were similar in the two Swedish and Dutch cohorts
(20%) but 40% in the Mayo cohort. We conclude that the differences in the
prevalence of low-risk CP-GEP are based on the prevalence of pT1 melanoma
in the three cohorts, EMC 4.8%, Sahlgrenska 7.1%, and Mayo 24.9%, as well
as by the differences in pT4 tumors: EMC 16.7%, Sahlgrenska 15.0%, and
Mayo 3.7%. In addition, SLNB positivity differed between the cohorts, in
Sahlgrenska, with 13% positivity rate and a higher percentage in the Mayo and
EMC cohorts, 19% and 29%, respectively. This variation in SLNB positivity
rate may originate in true differences between the patient cohorts or the
technical or methodological variation within lymphoscintigraphy, surgery, or
pathology at the time of the biopsy. Melanomas of the head and neck region
were not included in the Sahlgrenska cohort, and in the EMC cohort, only a
few patients were.

SLNB is a resource-demanding procedure necessitating a multidisciplinary
organization with anesthesiology, scintigraphy, surgery, and pathology. It
constitutes a specific but poorly sensitive prognostic marker with negative
findings in approximately 80% of the patients. SLNB may also cause
iatrogenic harm to the patient (160, 161). Followingly, finding a safe
alternative to SLNB may be beneficial both for the patients and healthcare
providers.

According to National guidelines (122), the selection of the patients for SLNB
is based on stage according to the AJCC version 8. Histologic parameters
Breslow thickness and ulceration are crucial risk determinants. There are
alternative ways to predict the risk of sentinel lymph node metastasis, such as
online nomograms. We compared the results of the CP_GEP test with two
nomograms from the MSKCC nomogram and the MIA and showed a similar
NPV, but CP-GEP indicated a higher SLNB reduction rate in pT1-T3 patients.
Among the patients > 65 years with pT1-T3 melanomas, the NPV and SLNB
reduction rates were even higher. To conclude, patients > 65 years may benefit
even more from the CP-GEP since they have a higher risk for SLNB
complications.

To summarize, CP-GEP is a highly specific non-invasive method to identify

patients at low risk for nodal metastasis and safely deselect them from the
SLNB procedure, enriching the SLNB group for positive outcomes. In our
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study cohort, 35.4% of the SLNB in the pT1-T2 group may have been safely
unperformed due to the very low risk (144)of SLN metastasis.

5.3 PAPERIII

SLNB positivity identifies 20% of patients at higher risk of disease recurrence
and melanoma-specific mortality. The patients in stage IIIB-C are currently
eligible for adjuvant systemic treatment (162-164). Nevertheless, >40% of the
patients initially diagnosed with stage I-II melanoma, with or without SLNB
investigation, will eventually experience disease recurrence or die of
melanoma(165, 166). Melanoma-specific survival is comparable in patients
with stage I[A-C and IIA/B melanoma (93-83%) and (94-82%),
respectively(167). There is a need for another prognostic marker beyond
Breslow and ulceration for node-negative patients or those who do not undergo
SLNB. In paper III, we combined Swedish and Dutch patient cohorts with
negative SLNB and showed that the CP-GEP test could identify stage I-II
patients with a high risk of recurrence and a lower 5-year RFS, DMFS, and
OS.

Using the EORTC nomogram as a benchmark, the CP-GEP and EORTC
nomograms resulted in comparable numbers of patients with a low risk of
recurrence: 22.8% (122/535) and 24.6% (130/528), respectively. One crucial
difference is that the EORTC nomogram requires an input of SLNB data, and
the CP GEP test does not(144).

Examples of alternative tools for survival prediction are the Swedish
prognostic instrument, MIA nomogram for thin melanoma, and 31-GEP assay.

The Swedish prognostic instrument needs the input of age, gender, tumor
site, Breslow thickness, ulceration, Clark’s level of invasion, and, when
applicable, SLNB status(168). In this tool, Breslow thickness has the greatest
prognostic impact; the presence of ulceration almost doubles, and a positive
SN triples the risk of melanoma-specific mortality.

MIA prognostic instrument for thin melanoma uses age, gender, Breslow
thickness, ulceration, melanoma subtype, tumor localization, mitoses, and
SLNB status (100). Albeit, counting mitoses is problematic and often not
reported.

A novel GEP presented by Thakur et al. has a prognostic value similar to the
AJCC staging but with an added value in stage [ melanomas (169).
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The 31-GEP assay (28 discriminating and three control genes, DecisionDx-
Melanoma) has been evaluated in thin melanomas(103). During validation, the
31-GEP assay was a significant predictor of the RFS and DMFS in patients
with stage I and II melanoma. The 31-GEP has been investigated in several
studies (170-173), but its value for clinical use in thin melanomas still needs
to be clarified(174).

The 11-GEP (MelaGenix) assay (175) is a nine-gene signature assessing six
protective genes KRT9, DCD, PIP, SCGB1D2, SCGB2A2, and COL6A6 and
three risk genes KBTBD10, ECRG2, and HES6. Nevertheless, a systematic
review and meta-analysis examining the use of 31-GEP and 11-GEP assays
in stage I disease demonstrated disappointing results for both assays (176).

CAM-121 signature is another promising GEP utilizing the expression of
121 genes. It was developed using transcriptomic data from stage IIB and III
melanoma in the AVAST-M study(177). The signature was externally
validated in a patient cohort with I and IIA melanoma stages showing that
this GEP is associated with melanoma-specific survival.

In paper II, we showed that the CP-GEP test is highly specific and could be
utilized as a “rule-out” test to identify patients with pT1-T2 melanoma at low
risk of recurrence and for whom SLNB could safely be forgone(106).
Changing the indication of the CP GEP test to a “rule-in” test to identify
patients at high risk of recurrence or melanoma-specific death requires further
adjustments to the test algorithm.

The KEYNOTE-716 trial showed that pembrolizumab in the adjuvant setting
might significantly prolong the recurrence-free survival in stage IIB/C patients
(178). The desire to move adjuvant therapy to the earlier stages of melanoma
urges the need for additional prognostic testing to better stratify the patients at
high risk for recurrence.

Prediction of stage I melanoma is difficult due to the small number of events
in this subgroup. It requires a very large sample size to stratify a study cohort
by stage and gene expression analysis. No GEP tools are currently included in
the NCCN guidelines® for melanoma (143). To evaluate the clinical utility of
the novel tests in precision medicine, validation in independent cohorts,
preferentially within the frame of prospective randomized trials, would be
desirable(179).

Our results show that the prediction of survival using genetic information in
primary melanoma combined with clinical and histological variables is
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promising. However, the current CP-GEP algorithm labels the majority of the
patients with stage I-II melanoma as having a high risk of disease recurrence.
It would result in overtreatment if used for selecting stage I and II patients for
adjuvant treatment. The test algorithm needs to be further adjusted by adding
other histological, clinical, and gene expression variables to decrease the false
positive rate.

54 PAPERIV

This study aimed to evaluate the utility of a limited immunohistochemical
panel with digital quantification of immune cells as a biomarker in primary
melanoma. We used FFPE primary melanoma material from two patient
cohorts with 21 patients in each: 1. patients with thick T3 and T4 melanomas
without recurrence on a long-term follow-up, and 2. patients whose melanomas
metastasized to the brain, leading to rapid death in most of the cases. Clark has
proposed tumor-infiltrating lymphocytes (TILs) as an independent prognostic
factor for melanoma-specific survival(180, 181). Histologically assessed TILs
have never been implemented broadly in clinics due to being poorly
reproducible and labor-intensive. The original designation of the TILs concept
was a semi-quantitative approach characterizing the presence of TILs as
absent, present/non-brisk, or present/brisk. Although TILs are associated with
better prognosis(182), their assessment is not a part of the current staging. The
traditional histologic TILs evaluation has persisted so far despite the more
nuanced approaches that came with various complex analyses of TILs
subclasses, cell functional states, and gene expression(183, 184).
Unfortunately, TILs assessment using categorical grading systems is poorly
reproducible, where many cases become under- or overstaged, and alternative
histologic approaches have been proposed to improve the reproducibility(185).
The emergence of digital pathology may enhance the cell quantification and
re-open for introduction of TILs in the routine evaluation of primary
melanoma.

In our study, we selected CD8+ T lymphocytes and CD20+ B lymphocytes
associated with primary melanoma for quantification. CD8+ cells are crucial
effector cells specifically targeting melanoma cells with cytotoxic actions. B
cells” roll in the tumor microenvironment of primary melanoma is more
complicated, with both pro- and anti-inflammatory effects. The role of tumor-
associated B cells in melanoma is essential for sustaining inflammation(186).
In the primary follicles, naive B cells recognize the tumor antigens and move
toward the edge of the follicle to connect with the activated CD4+ and CD8+
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T cells that have the same antigen specificity. The activated B cells may
differentiate into immunoglobulin-producing plasma cells, others proliferate
and form germinal centers within lymph nodes, and yet others target the
primary tumor site to form tertiary lymphoid structures. As previously shown
in metastatic melanoma, co-localization of both CD20+ cells and CD8+ cells
is beneficial for the anti-tumoral cytotoxic action of CD8+ T cells. (115).

The results of our study showed significant differences between CD8+ and
CD20+ cell densities in the tumor-stromal interface. Low densities of both
CD8+ and CD20+ cells pointed towards a dismal prognosis and risk of brain
metastasis, as indicated by the composition of the cohorts.

TLSs were present in both cohorts, but the difference was not significant.
Nevertheless, we made a previously undescribed observation regarding the
architectural pattern of distribution of TLS: in the” Control”’group, we
identified four tumors with TLS organized in an orderly linear pattern at equal
distances from each other, reminiscent of a ”string of pearls”, as well as one
tumor with an unusual diffuse intratumoral B cell infiltration ”a snowfall
pattern”. None of these distinctive patterns were observed in the” Brain
metastasis” group. These findings indicate a better outcome and should be
investigated in a larger cohort.

The major limitation of this study is the fact that the cohorts were matched for
age and gender, not for primary prognostic factors, Breslow thickness, and
ulceration. Also, the size of the study cannot result in any absolute cut-off
value. A more extensive study including stratified patient groups with various
outcomes would be beneficial. Another limitation is that metastatic spread of
melanoma commonly occurs at extracranial sites, and this category of patients
was not included.
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6 FUTURE PERSPECTIVES

We are in the era of a paradigm shift concerning cancer diagnostics, treatment,
and follow-up. Nuancing the diagnosis of primary melanoma and fine-tuning
prognostication of melanocytic tumors within the frames of personalized
medicine has been fueled by the advent of effective but costly and potentially
harmful therapies. Due to numerous clinical trials with promising outcomes,
systemic treatments have become available to a growing group of patients.

Histopathological evaluation has so far kept the position of a gold standard for
the diagnosis and prognosis of melanocytic tumors. However, it is becoming
more and more apparent that the best approach encompasses the integration of
histologic, clinical, immunological, and molecular features that cover the
essential aspects of melanomagenesis and tumor progression.

The fast-growing field of novel laboratory, imaging, and digital techniques will
generate new biomarkers to tailor the individual patient treatment and follow-
up strategies. The development of GEP tests is highly attractive due to their
reproducibility and non-invasive approach. Also, the characterization of tumor
microenvironment with translational applications is highly promising. With
the current developmental pace of melanoma treatment and diagnostics in
mind, close to zero melanoma mortality is achievable, especially in
combination with the prevention and early detection of melanoma.
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8 APPENDIX

PAPER II and 111

Real-life examples from the Sahlgrenska patient cohort

Patient 1: Male 62, SSM melanoma on the back, Breslow thickness 1.4 mm,
no ulceration, pT2a. Follow up: SLNB negative, no recurrence

Skyline CP-GEP: low risk

MIA: 12 % risk of positive SLNB
MSKCC: 10% risk of positive SLNB
Swedish prognostic instrument: 5 years MSS 94-96%

10 years MSS 84-89%
EORTC: 5 years recurrence risk 10.78%

5 years MSS 95.59 %

Patient 2: Male 40, nodular melanoma on the back, Breslow thickness 2.7 mm,
no ulceration, pT3a. Follow up: SLNB negative, no recurrence

Skyline CP-GEP: high risk

MIA: 25% risk of positive SLNB
MSKCC: 24% risk of positive SLNB
Swedish prognostic instrument: 5 years MSS 91-94%

10 years MSS 79-84%
EORTC: 5 years recurrence risk 17.45%

5 years MSS 92.3%
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