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1. Abstract

Mucosal melanoma of the head and neck region (MM-H&N) is a rare disease, characterized by a
poor prognosis and limited therapeutic strategies, especially regarding targeted therapy (lower rate
of targetable mutations compared to cutaneous melanoma) and immunotherapy (lack of diagnostic
tools able to predict the response). Meanwhile, bright-field multiplex immunohistochemistry (BF-
mIHC) is emerging as a promising tool for characterizing tumor microenvironment (TME) and
predicting response to immunotherapy in several tumors, including melanoma. This PhD project
aims to develop a BF-mIHC protocol to evaluate the TME in MM-H&N, analyze the correlation
between immune markers/immune profiles and MM-H&N features (clinicopathologic and
molecular), and find new biomarkers useful for prognostic-therapeutic stratification of these
patients. Specific aims are: (1) describe the clinicopathological features of MM-H&N; (11) analyze
the molecular status of MM-H&N and correlate it with the clinicopathological features; (111)
analyze the molecular status of multiple specimens from the same patient to verify whether
molecular heterogeneity of MM-H&N could affect the results with relevant prognostic-therapeutic
implications; (IV) develop a BF-mIHC protocol to study TME in MM-H&N; (V) analyze the
correlation between immune markers/immune profiles and MM-H&N features (clinicopathologic
and molecular) to test whether BF-mIHC could be a promising tool for prognostic-therapeutic

characterization of these patients.
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2. Introduction

2.1 Epidemiology

The USA Cancer Database reported that mucosal melanoma (MM) represents approximately 1.3%
of all melanomas [1]. About 40-55% of all MM arise in the head and neck area (MM-H&N), with
the majority originating in the nasal cavity/nasal septum/turbinates (NC/NS/T) (70%) followed by
the oral cavity, namely tongue and palate (20%) [1-4]. The median age at diagnosis for MM-H&N
is about 60 years, with discordant results about the sex prevalence and both male and female
preponderances reported for NC/NS/T MM-H&N [1-4]. Recent studies and meta-analyses reported
a trend toward an increasing incidence of MM-HN, albeit less pronounced than that of cutaneous
melanoma [5, 6]. Marcus DM et al found an increase in the incidence of MM-HN in the USA
(1987-2009), with an annual percentage change of 2.4%, but exclusively for NC/NS/T MM-H&N
[6]. Furthermore, the epidemiology of MM shows remarkable differences among different
ethnicities [7-10]. One previous study analyzed the population-based California Cancer Registry
(1988-2013) and reported that MM represents only 0.5-1% of all melanomas in non-Hispanic
whites, but about 15% in Asian/Pacific Islanders, 9% in non-Hispanic blacks, and 4% in Hispanics
[10]. Notably, the highest incidence of MM is recorded in Asian countries; indeed, MM was
reported to account for 23% of all melanomas in China, and oral cavity MM-H&N for 7.5% of all

melanomas in Japan [7-10].

2.2 Risk factors
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The risk factors and pathogenesis of MM-H&N are largely unknown, and there is much less data if
compared to its cutaneous counterpart [11-14]. The major difference is that MM-H&N is not
associated with sun exposure and UV-signature, which markedly affects the epidemiology,
pathogenesis, and molecular landscape of MM-H&N (no C>T transitions UV-induced;
exceptionally rare BRAF p.V600E and TERTp mutations as in low-CSD melanoma, rare bi-allelic
inactivating NF1 and “not-canonical” BRAF mutations as in high-CSD melanoma; lower mutational
burden if compared to cutaneous melanoma) [15]. At the state-of-the-art, no well-established risk
factors have been identified for MM-H&N, but isolated studies reported that inhaled and ingested
carcinogens (smoke and formaldehyde), family history, viruses (HPV, HHV 1-2, and
polyomavirus), ill-fitting dentures, and pre-existing oral lesions could increase the risk of
developing MM-H&N [1-3, 11-14]. MM-H&N originates from melanocytes migrating to the oral
cavity, NC/NS/T, and salivary glands from 20-23 weeks of gestation [14]. It has been speculated
that the pathogenesis of MM-H&N could be linked to the early phases of this embryonal migration
because of the proximity of the most frequently affected H&N sites (lower portion of NC/NS/T,

maxillary sinus, hard palate, upper gingiva) [15].

2.3 Biology and pathology

2.3.1 Biology and pathology: molecular landscape

MM-H&N is a rare disease and little is known about its molecular landscape, differently from its
cutaneous counterpart for which the amount of literature data is extremely wide and several targeted
therapies are available for advanced-stage, unresectable, and metastatic cases [15-33]. Cutaneous

melanoma can be divided into four molecular subgroups [BRAF-mutated, NRAS-mutated, NF1-
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mutated, and triple wild-type (WT)] with marked clinicopathological differences [33]. Specifically,
the latest World Health Organization (WHO) Classification of Skin Tumours (fifth edition, 2023)
introduced a combined (clinicopathologic and molecular) classification of melanocytic lesions
based on the degree of sun damage (low- and high-CSD) and reflected in divergent molecular
landscape, epidemiology, clinicopathological features [33]. By contrast, the molecular landscape of
MM-H&N is largely uncharacterized [15-33]. The first studies adopted Sanger sequencing limited
to few genes (BRAF, KIT, and NRAS), whereas very recent ones utilized detailed and combined
approaches [targeted and whole DNA- and RNA-next-generations sequencing (NGS) panels, PCR,
FISH, and Sanger sequencing)] partially limited by high costs preventing their routine application,
and by the finding of “non-canonical” mutations with prognostic-therapeutic implications not well-
known in melanoma [15-33]. Besides, the low number of cases and the marked heterogeneity of the
analyzed case series (MM vs MM-H&N; NC/NS/T vs oral cavity; Asian patients vs European and
American patients; primary vs metastatic cases) contributed to fragmentation and partial
obfuscation of the molecular data in this melanoma subtype [15-33]. What is certainly known is that
sun damage’s role is almost completely absent in MM-H&N, and this data reflects its molecular
landscape: a) no/paucity of UV-signature (C>T transition); b) low frequency of UV-induced
mutations (BRAF p.V600E, TERTp, NF1, “not-canonical” BRAF mutations, etc.); c) lower
mutational burden than its cutaneous counterpart [15-33]. The most frequently involved genes in the
pathogenesis of MM-H&N are NRAS and KIT but with mutation rates deeply varying among the
different studies (range: 0-55% for both genes), followed by a large plethora of rarely mutated
genes (SF3B1, TP53, GNAQ, GNA11, KRAS, etc.) [15-33]. Very curiously, although with different

frequencies and not UV-induced, the molecular profile of MM (and MM-H&N) is more similar to
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that of high-CSD (NF1, KIT, NRAS, and “not canonical” BRAF mutations) than low-CSD (BRAF
p.V600E and TERTp mutations) melanoma [15-33]. The majority of previous studies and recent
reviews suggest the predominant role of NRAS vs KIT oncogenesis in NC/NS/T MM-H&N, with a
reverse correlation for oral cavity MM-H&N (predominant KIT oncogenesis) [16, 17, 19, 21, 24,
25, 30, 32]. However, other studies failed to confirm these findings and reported results contrasting
with this "molecular status-site™ correlation, probably due to the above-mentioned reasons
(heterogeneity in case series and molecular tests) and combination of cases from NC/NS/T and oral
cavity in a single “H&N category” [18, 20, 22, 27-29]. Besides, the correlation between specific
mutations and clinicopathologic features, prognosis, and response to therapies in MM-H&N is still
lacking and/or contrasting among different studies [15-33]. As a result, our knowledge of the
molecular landscape of MM-H&N is partial and results in significant limitations of therapeutic
strategies, also considering the availability of targeted therapies (NRAS-, BRAF-, KIT-, and MEK-
inhibitors) in advanced-stage, unresectable, and metastatic cases [15-33]. In this PhD project, we
aimed to analyze the molecular status of MM-H&N and correlate it with clinicopathological
features, focusing on multiple specimens obtained from the same patient to verify whether
molecular heterogeneity of MM-H&N could affect the results with relevant prognostic-therapeutic

implications.

2.3.2 Biology and pathology: tumor microenvironment and future perspectives

with multiplexing

Tumor microenvironment
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Tumor-infiltrating lymphocytes (TILs) are a crucial component of tumor microenvironment (TME)
and are frequently observed in different tumors, including cutaneous and mucosal melanoma [34-
43]. Their presence is generically considered a favorable prognostic factor in melanoma, regardless
of the lymphocyte subclass (CD3, CD20, CDS8, etc.), histologic subtype, and pT stage [33, 37-41].
Besides, other cells [tumor-associated macrophages (TAMS), fibroblasts, endothelial cells, etc.]
cooperate with TILs in establishing TME of melanoma, each of them with specific roles in its
biology and different clinicopathological implications [33, 37-41]. However, the real impact of
TILs, TAMs, and TME on prognosis and therapy [especially for immune checkpoint inhibitors
(ICls)], as well as the modality to investigate and report (qualitative or quantitative methods? Direct
visual or analogic visualization? Which lymphocyte subclasses? Peri-tumoral or intra-tumoral
evaluation?) are not well-established [33, 37-41]. This is a crucial limitation for the adoption of
ICls, which nowadays represent the standard-of-care for the treatment of unresectable and
metastatic melanoma [40, 41]. Historically, TME in tumors (and in cutaneous melanoma) has been
classified into four different subtypes, based on TILs and programmed death-ligand 1 (PD-L1)
expression: type I-adaptive immune resistance, type Il-immunological ignorance, type Ill-intrinsic
induction, type IVV-tolerance, with different response rates to ICIs and outcome [44]. Subsequently,
tumor classification based on the distribution of immune markers, namely “hot”/inflamed,
“cold”/desert, and “cold”/excluded, proved to correlate with prognosis and response to ICIs in
different tumors including melanoma [41]. Combined classification schemes adopting tumor
mutational burden (TMB) and gene expression profile (GEP) predicted response to ICls and
prognosis in several tumors, thus resulting in an expensive but promising tool for planning the

therapy [41, 45]. However, despite the massive efforts of the scientific community, at the state-of-
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the-art, no diagnostic tools are reliably able to identify responder patients, characterize mechanisms
of resistance, and predict toxicity to ICIs [39-41, 45]. As a result, in the current National
Comprehensive Cancer Network (NCCN) 2023 melanoma guidelines, PD-L1
immunocytochemistry, TMB, and GEP tests are not recommended for administering ICls and
should not guide clinical decisions [46]. Furthermore, these data and the corresponding guidelines
have been obtained in cutaneous melanoma and bona fide transferred to MM and MM-H&N [15,
33, 37, 40, 41, 46-49]; however, clinical trials focused on ICIs in MM (but not specifically in MM-
H&N) have been developed or are ongoing [15, 33, 37, 40, 41, 46-49]. Ledderose S et al showed
that TILs were associated with increased overall survival (OS), and brisk TILs with lower pT stage
and increased recurrence-free survival (RFS) and 5-year survival (5y-S) in “sino-nasal” melanoma
[42, 43]. The same working group found that high levels of CD3 and CD8 were associated with

lower pT stage, and increased OS and 5y-S in “sino-nasal” melanoma [42, 43].

Multiplexing

Historically, pathologists analyzed TME and TILs in melanoma tissues on hematoxylin and eosin
(H&E) slides and with immunohistochemistry (IHC) for specific markers (CD20, CD3, CD4, CDS8,
CD16, CD163, FoxP3, PD-L1) [37-39]. The advantages of these well-established methods are the
fast times, readily available, low cost, the possibility to evaluate cell density and location (intra-
tumoral and peri-tumoral), as well as the greater familiarity of pathologists with light microscopy
compared to other techniques [37-39]. However, visual direct interpretation is affected by low
interobserver reproducibility and the need to visualize different cells in consecutive sections,

making it difficult to compare cells to each other [37-39]. Multiplexing [bright-field multiplex
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immunohistochemistry (BF-mIHC) and multiplex immunofluorescence (mIF)] has emerged as a
revolutionary diagnostic tool to characterize TME, allowing the simultaneous detection of > 2
markers in a single section and an in-depth characterization of the TME [50-52]. Multiplexing has
become useful assays in research investigations and proved to be better performing than other
methods (TMB, standard IHC, GEP, etc.) for predicting the response to ICIs of several tumors [50-
52]. Furthermore, several issues (times, costs, expertise, choice of the immune markers to
investigate, etc.) and methodological aspects (chromogens and fluorophores, visualization and score
systems, etc.) still deserve to be clarified [50-52]. Two of the most crucial aspects are visualization
and score systems [50-52]. The approach for interpreting BF-mIHC and mIF could vary depending
on the adopted technique and the main target of the analysis [50-52]. Direct visual interpretation by
a pathologist (glass slide for BF-mIHC and digitized slide for mIF) could be sufficient for easy and
straightforward tasks, such as TME immunophenotyping [50-52]. More sophisticated analyses
(quantitative-spatial profiling, cellular density, and spatial relationships between cell types) may
require digital analyses and dedicated software. In conclusion, although multiplexing offers
unprecedented opportunities for elucidating biology and guiding the therapy of melanoma, several
aspects need to be still clarified [50-52]. In this PhD project, we aimed to characterize TME in MM-
H&N using a low-plex four-label BF-mIHC protocol (CD3, CD20, CD68, and SOX10), visual
direct interpretation, and “easy-to apply” score (previously tested by our group, familiar to
pathologists, and not requiring sophisticated instrumentation) to analyze the correlations between
immune markers (CD3, CD20, and CD68) and clinicopathological features or molecular landscape

in MM-H&N.
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2.4 Diagnosis

2.4.1 Diagnosis: signs and symptoms

Clinical signs and symptoms at diagnosis depend by the site [47-49, 53-55]. In NC/NS/T MM-
H&N, signs and symptoms at diagnosis (epistaxis, facial pain, nasal obstruction, and discharge) are
not specific and it could be misdiagnosed as an inflammatory condition [47-49, 53-55]. By contrast,
more specific signs and symptoms (skin infiltration and ulceration, exophthalmos, ophthalmoplegia,
etc.) are usually observed in advanced-stage cases [47-49, 53-55]. Oral cavity MM-H&N is a
variably-pigmented (frequently presenting as bluish colored nodule) and asymptomatic (except for
advanced-stage cases showing ulceration and hemorrhage) lesion, but usually diagnosed earlier than
NC/NS/T MM-H&N due to greater accessibility for clinical exams [56, 57]. Furthermore, up to 10-
30% of oral cavity MM-H&N are amelanotic with a more challenging diagnosis [56, 57]. In MM-
H&N of other sites (hypopharynx, nasopharynx, oropharynx, larynx, maxillary sinus, etc.), the
clinical presentation does not differ from other tumors (squamous cell carcinoma, sarcomas,
salivary gland tumors, etc.) and encompass hoarseness, dysphagia, dysphagia, and dyspnea [58, 59].
Local recurrence and/or residual tumor at the surgical site is extremely common in MM-H&N due
to the peculiar anatomical conditions that favor infiltration of relevant anatomical structures and
discourage aggressive surgery [47-49, 53-59]. For the same reasons, as well as issues related to
surgical approaches, local recurrence and/or residual tumor is much more common in NC/NS/T
than in oral cavity MM-H&N [47-49, 53-59]. The risk of lymph-node involvement at diagnosis is
higher in the oral cavity (25-40%) rather than NC/NS/T MM-H&N (<10%), and previous studies
found that clinicopathologic features associated with an increased risk: a) diameter > 4 cm; b)

nodular histotype; c) depth of invasion > 5 mm [47-49, 53-59]. For these reasons, some authors
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suggested elective neck dissection in MM-H&N with these features, and close observation in the
other cases [47-49, 53-59]. The occurrence of distant metastases at diagnosis (mainly brain and
lungs) is about 5-10% with no discrepancies among different sites, even if some authors reported a
higher percentage in NC/NS/T cases [47-49, 53-59]. The risk of lymph-node and distant metastases

increases over the years, especially in case of local recurrence and/or residual tumor [47-49, 53-59].

2.4.2 Diagnosis: imaging

The gold standard for the radiological diagnosis of MM-H&N is the 3-D magnetic resonance
imaging (MRI), allowing an accurate delineation of the site and extension of the tumor, as well as
the relationships with all the surrounding anatomic structures [47-49, 60, 61]. The MRI signal in
MM-H&N is strongly influenced by the amount of melanin and hemorrhage (intrinsic paramagnetic
properties and free radicals produced by the interaction with the metals) and accounts for a mixed
pattern composed of T1-hyperintensity and T2-hypointensity [47-49, 60, 61]. However, the rarity of
MM-H&N limits the collection of large case series and the detailed collection of MRI data on this
entity [47-49, 60, 61]. Recent studies showed that the apparent diffusion coefficient measured with
diffusion-weighted sequences could be a promising MRI parameter for the radiologic diagnosis of
MM-H&N, but the amount of data is still limited and future studies are needed to verify its effective

diagnostic potential [47-49].

2.4.3 Diagnosis: WHO classification and histology
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In the latest WHO Classification of Head and Neck Tumours (5th edition, 2022), MM-H&N is
defined as a "malignant neoplasm of mucosal melanocytes” [15]. MM-H&N has distinct
clinicopathologic, prognostic, and molecular features depending on the site (NC/NS/T, oral cavity,
pharynx, etc.) and it may be simplistic to group them all as one disease [15, 47-49]. However, there
is a single chapter for MM-H&N in the latest WHO edition, due to similar histologic features
regardless of site [15]. The WHO recognizes three main histologic subtypes (nodular, mucosal
lentiginous, and desmoplastic) and three main cellular phenotypes (epithelioid, fused, and mixed)
[15]. Histologic diagnosis of MM-H&N on surgical resections (excision of primary tumor and
excision of local recurrence and/or residual tumor) could be straightforward for pathologists
specialized in H&N pathology [15]. MM-H&N is characterized by nodular, solid, diffuse, and/or
fascicular proliferation of highly atypical melanocytes (pleomorphic and densely packed cells,
prominent nucleoli, mitoses, and apoptotic bodies) with variable cellular phenotypes (epithelioid,
spindle, plasmacytoid, and mixed) [15]. MM-H&N usually shows ulceration, necrosis, lympho-
vascular invasion, perineural infiltration, bone and/or cartilage involvement, and a destructive
pattern [15]. Furthermore, immunohistochemical analysis is always required to confirm the
melanocytic nature of the lesion and to differentiate it from potential histologic mimickers
(sarcomas, squamous cell carcinomas, salivary gland tumors, metastases, etc.) and it is based on the
expression of melanocytic markers commonly adopted for its cutaneous counterpart (MiTF, S-100,
HMB45, Melan A, and SOX10) [15, 62]. Due to possible negative staining for these markers, it is
strongly recommended to use more than one and in combination with other lineage markers
(cytokeratin cocktail, specific mesenchymal lineage markers, etc.) [15, 62]. In not uncommon

clinical scenarios (poorly cellular incisional biopsies, fragmented and/or necrotic specimens, etc.),
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the diagnosis may be challenging and require additional immunohistochemical and molecular tools
[15, 62-64]. Recently, our group tested PRAME in MM-H&N and found that it could be very useful
for differentiating malignant from benign melanocytic lesions in H&N (especially in small biopsies,
highly fragmented and/or necrotic specimens, and for evaluating resection margins) [62-63]. We
found that the best-performing cutoff of PRAME-positive cells was that proposed by Raghavan SS
et al (<60%/>60%), with 100% and 77.8% of specificity and sensitivity, respectively [63, 64]. In
addition, our study showed that: a) high PRAME expression (>60%) was associated with specific
sites (NC/NS/T, nasopharynx, and maxillary sinus), nodular histotype, and female sex; b) PRAME-
negative MM-H&N was mainly located in the palate; however, other authors found that PRAME
could be a reliable tool for the diagnosis of oral cavity MM-H&N, and future studies are needed to
investigate this issue in larger case series [32, 63, 65-67]. Molecular biology techniques (FISH and
NGS) are rarely required for the diagnosis of MM-H&N and are mainly used for prognostic-
therapeutic stratification [15-32]. However, they could be used to clarify the metastatic and/or
primary nature of a malignant melanocytic lesion in H&N. Specifically, a UV-induced molecular
profile (BRAF p.V600E and TERTp mutations) strongly supports the metastatic nature and primary
cutaneous origin, whereas NRAS and KIT mutations favor a primary H&N nature [15-32]. However,
molecular results should always be integrated with clinicopathologic and radiologic features for a

definitive diagnosis [15-32].

2.5 Prognosis

The prognosis of MM-H&N is poor (5y-S less than 35%), mainly due to local recurrence and/or

residual tumor, lymph-node, and distant metastases [47-49, 53-59]. Recent reviews indicated that
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local and distant failures are detected to occur in up to 80-85% of patients, regardless of the
radicality of surgery and adjuvant therapies [47-49, 53-59]. pT4 stage, infiltration of specific
anatomic structures (carotid, cranial nerves, and skull base), positive surgical margins, lympho-
vascular invasion, and metastases (lymph-node and distant) are associated with poorer prognosis

[47-49, 53-59].

2.6 Staging

In the latest American Joint Committee on Cancer (AJCC) Cancer Staging Manual (8th edition,
2017), the pT stage of MM-H&N comprises pT3 (tumor limited to the mucosa and immediately
underlying soft tissue, regardless of thickness or greatest dimension) and pT4 [pT4a: infiltration of
deep soft tissue, cartilage, bone, or overlying skin; pT4b: infiltration of the brain, dura, skull base,
lower cranial nerves (1X, X, X1, XII), masticator space, carotid artery, pre-vertebral space, or
mediastinal structures] stages, regardless of the primary site and omitting pTis/pT1/pT2 to reflect
the poor survival also in “superficial” tumors [68]. pN and pM stages are classified as follows: a)
NX (regional lymph-nodes cannot be assessed), NO (no regional-lymph node metastases), and N1
(regional lymph-node metastases present); MO (no distant metastases), and M1 (distant metastases
present) [68]. Notably, pT, pN, and pM stages are not grouped to obtain AJCC prognostic stage
groups able to predict survival as for other tumors [68]. Several authors argued that AJCC staging is
not effective in predicting prognosis in MM-H&N, and proposed to include the primary site and
other clinicopathologic features for subclassification of the the pT stage [68-70]. In addition, future

studies are needed to investigate the AJCC staging for rare pharyngeal and laryngeal MM-H&N and
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to validate the potential role of nomograms incorporating multiple and independent risk predictors

of survival [68-70].

2.7 Therapy

2.7.1 Therapy: surgery

Surgery is the gold standard for the treatment of MM-H&N, but the surgical approach must be
individually tailored according to the site, AJCC stage, and infiltration of specific anatomic
structures [46-49, 71, 72]. In a significant percentage of patients, especially those with advanced-
stage disease, complete surgical resection may not be possible or possible with very minimal
surgical margins [46-49, 71, 72]. Consequently, local recurrence and/or residual tumor are common
and warrant surgical procedures focused on local disease control and reduction of metastatic risk
[46-49, 71, 72]. Failure of local disease control is associated with an increased risk of metastasis
and decreased survival (patients with local recurrence and/or residual tumor have a 21-fold
increased risk of death of disease) [47-49]. For patients with local recurrence and/or residual tumor,
surgery is still considered the best option, but could not be performed in all patients due to frequent
infiltration of relevant anatomical structures and the high morbidity of surgical procedures [46-49].
In addition, patients who achieve local disease control after surgery and/or adjuvant radiotherapy
often develop lymph-node and/or distant metastases [47-49]. Minimally-invasive endoscopic
approaches have recently been proposed as a valid alternative for local disease control, but they
need to be validated with long-term follow-up, and at the current state-of-the-art, conventional

surgery remains the gold standard [46-49, 71, 72]. Elective treatment of the neck is usually not
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performed due to the relatively low incidence of lymph-node metastases at onset (NC/NS/T: 6%,
oral cavity: 25%) [46-49]. However, the incidence of lymph-node metastases increases significantly
during the course of the disease (NC/NS/T: 20%, oral cavity: 42%), which often justifies surgical
removal of the lymph-nodes at a later stage [46-49]. The risk of lymph-node metastasis has been
correlated with certain clinicopathologic features (oral cavity, diameter > 4 cm, nodular histotype,
and depth of invasion > 5 mm), and some authors have suggested prophylactic neck dissection only

in these patients, and close follow-up or sentinel lymph-node biopsy in the others [47-49, 53-59].

2.7.2 Therapy: radiotherapy

Recent meta-analyses have shown that radiotherapy as definitive treatment has a lower 5y-S
compared to surgery alone [73-75]. New radiotherapy modalities (carbon-ion, neutron and proton
radiotherapy) showed comparable efficacy and lower toxicity than conventional surgery, but need
to be further investigated in larger case series [76]. In clinical practice, radiotherapy is mainly
adopted in two scenarios: a) adjuvant therapy for advanced-stage MM-H&N, local recurrence
and/or residual tumor, and high risk of lymph node involvement according to NCCN guidelines
(recommendation on a type 3 basis); b) definitive treatment for unresectable MM-H&N and patients
who refuse surgery (recommendation on a type 3 basis) [46]. It should be noted that adjuvant
radiotherapy significantly improves the local disease control but not the OS, which has been
attributed to the high risk of systemic relapse (lymph-node and distant metastases) [46, 73-76].
Finally, radiotherapy could be adopted for local recurrence and/or residual tumor in combination or
not with surgery (recommendation on a type R basis) and as a palliative strategy for metastatic

disease (recommendation on a type R basis) [46].
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2.7.3 Therapy: systemic therapy

2.7.3.1 Therapy: systemic therapy-chemotherapy and interferon

Dacarbazine chemotherapy has historically been the standard of care for metastatic melanoma,
despite a lack of survival benefit and poor response rates [46, 77]. The role of chemotherapy has
diminished with the advent of ICIs and is now rarely adopted [46, 77]. Interferon (IFN) is
recommended for the adjuvant treatment of cutaneous melanoma (based on type 1 evidence as an
individualized option) with improvements in both RFS and OS [46, 78]. However, a phase Il trial
showed that IFN is less effective than chemotherapy as adjuvant therapy in MM, suggesting that

alternative adjuvant approaches should be adopted in this subset of melanoma [46, 79].

2.7.3.2 Therapy: systemic therapy-targeted therapy

MM-H&N has different rates of BRAF, NRAS, and KIT mutations than cutaneous melanoma,
justifying a different response to BRAF-inhibitors (dabrafenib, vemurafenib, etc.) alone or in
combination with MEK-inhibitors (mekinist, binimetinib, etc.) [26, 46, 80-82]. Due to the relatively
high frequency of NRAS mutations in NC/NS/T MM-H&N, MEK-inhibitors could be promising
drugs for this tumor [26, 46, 81, 82]. Binimetinib was the first agent adopted for NRAS-mutated
melanoma, with clear evidence that combinations of BRAF- and MEK-inhibitors lead to improved
clinical outcomes in both NRAS- and BRAF-mutated melanoma [46-49, 82]. Oral cavity MM-H&N
showed KIT mutations in up to 40% of cases, providing a rationale for the use of KIT-inhibitors

(imatinib, dasatinib, etc.) in this subset of melanoma [26, 46, 80]. However, a recent meta-analysis
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comparing four KIT-inhibitors in patients with advanced-stage MM showed low response rates and
high toxicity, suggesting that KIT-inhibitors should be adopted in combination with other agents in
MM [80]. Sheng X et al. recently combined axitinib (VEGF inhibitor) and ICls in patients with
metastatic MM and found benefits in RFS and OS [83]. It should be emphasized that MM (and
MM-H&N) has been excluded from the majority of past and ongoing trials on targeted therapies
and ICls in melanoma (mucosal site is often an exclusion criterion in these trials), with results
obtained in cutaneous melanoma being bona fide translated to MM [46-49]. This is the major
limitation of MM therapy, but recent and ongoing trials focused on MM will be able to provide
more reliable results than isolated case reports and small and heterogeneous (cutaneous melanoma

and MM) case series [46-49, 83].

2.7.3.3 Therapy: systemic therapy-immunotherapy

Since 2011, when a phase 111 trial showed that ipilimumab [anti-cytotoxic T-lymphocyte antigen 4
(anti-CTLA-4)] in combination with dacarbazine improved OS compared to dacarbazine alone, ICls
have radically changed the therapy of advanced-stage, unresectable and metastatic melanoma [84].
Although clinical trials focused on MM (and MM-H&N) have been hindered by its rarity, the data
on the efficacy and safety of ICls for MM are growing [46, 85-89]. Three ICIs are approved in
Australia and the USA for the treatment of unresectable and metastatic MM: ipilimumab,
nivolumab, and pembrolizumab [46]. The analysis of five clinical trials [CA209-003, CA209-038,
CheckMate066, CheckMate037, CheckMate067] showed longer RFS and OS with the combination
of nivolumab and ipilimumab compared to nivolumab and/or ipilimumab alone in MM [85-89].

Furthermore, several factors complicate the adoption of combined ICIs (higher incidence of grade 3
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and 4 treatment-related adverse events, higher incidence of discontinuation, and lower efficacy
compared to cutaneous melanoma) in current clinical practice [46-49]. In addition, other studies did
not find any benefit of combining ICls, and future studies are needed to establish the real impact of
combined ICls for unresectable and metastatic MM and MM-H&N [46-49]. Although randomized
trials demonstrated improved survival with adjuvant targeted therapy and ICIs in cutaneous
melanoma, there is no evidence to conclude that adjuvant therapy (chemotherapy, IFN, targeted
therapy, and ICIs) provides any survival benefit for MM and MM-H&N [90]. There is only one
randomized trial showing longer OS with an adjuvant combination of temozolomide and cisplatin
compared to IFN and observation in MM; moreover, the combination of temozolomide and
cisplatin does not improve survival in metastatic MM, and it had been used before the introduction
of targeted therapy and ICIs [91]. The ongoing CheckMate238 trial is testing adjuvant nivolumab
versus ipilimumab and includes a subcohort of MM (29 patients), but such a small number of
patients may preclude useful and informative subgroup analyses, and further studies are needed to
test adjuvant ICIs (and other systemic therapies) in MM before their application in clinical practice
[46-49, 92]. Neoadjuvant ICIs (a combination of ipilimumab and nivolumab) have shown
promising results in advanced-stage cutaneous melanoma, and few preliminary data in MM are
encouraging [93-95]. In two recent phase 1l trials, neoadjuvant ICIs in advanced-stage and
resectable MM showed good response rates but a high incidence of grade 3 and 4 treatment-related
adverse events [94, 95]. All these findings support the future use of neoadjuvant ICIs in MM and
encourage several ongoing clinical trials [46-49, 92-95]. Finally, novel combinations of therapeutic
agents (radiotherapy and ICls, anti-VEGF and ICls, etc.) represent a promising area of research in

MM-H&N and are being investigated in recent and ongoing clinical trials [46-49, 83, 94, 96].
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3. Thesis outline

MM-H&N is a rare tumor, characterized by a poor prognosis and limited availability of therapeutic
strategies (targeted therapy and ICIs) compared to its cutaneous counterpart [1, 8, 46]. Its rarity,
together with the heterogeneity of the case series analyzed (NC/NS/T, oral cavity, both. etc.) and
the methods adopted (histology, immunohistochemistry, NGS, FISH, etc.), limits our knowledge
and affects the development of innovative therapies [1, 8, 46-49]. Meanwhile, BF-mIHC is
emerging as a promising technique for characterizing the TME and has proven to be a valid tool for
predicting response to ICIs in several tumors, including melanoma [50-52]. BF-mIHC is a recently
introduced technique, and several methodological (visualization systems, scores, chromogen
combinations, costs, expertise, etc.) and clinicopathologic (tumors, immune markers, biological and

therapeutic implications of the results, etc.) aspects need to be investigated [50-52].

The aims of the present PhD project are:

1. To collect a large and multicenter case series of MM-H&N to describe clinicopathologic features
of this melanoma subtype;

2. To analyze the molecular status of MM-H&N and correlate it with clinicopathologic features;

3. To analyze the molecular status of multiple samples obtained from the same patient to verify
whether the molecular heterogeneity of MM-H&N could affect the results with relevant
implications for the prognostic-therapeutic stratification of these patients;

4. To test a feasible, “easy-to-apply”” and reproducible BF-mIHC protocol to study TME in MM-
H&N and to be a starting point for future implementations with more complex methodologies

(additional chromogens, fusion of two chromogens to obtain “third colors”, visualization and
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scoring with digital-image analysis);
5. To analyze the correlation between immune markers (CD20, CD3, and CD68) and immune
profiles (combination of immune markers) with clinicopathologic and molecular features of MM-

H&N to test whether BF-mIHC could be a promising tool for prognostic-therapeutic

characterization of these patients;
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4. Materials and methods

4.1 Case series

All MM-H&N specimens excised between January 1% 2019 and December 31% 2022 were retrieved
from the database of 3 pathology departments located in Bologna (Italy): Bellaria Hospital of
Bologna (19), Maggiore Hospital of Bologna (9), and IRCCS Azienda Ospedaliero-Universitaria
Policlinico di Sant’Orsola, Bologna (10). Patients were selected according to the following
inclusion criteria: (1) primary MM-H&N (each case was reviewed to verify its site and exclude
metastases and cases more appropriately classified as cutaneous, especially for the lips); (2)
availability of formalin-fixed and paraffin-embedded (FFPE) samples with sufficient material to
perform NGS and BF-mIHC analyses; (3) availability of clinical data. In contrast, cases judged to
be non-primary mucosal, with no availability of FFPE samples for NGS and BF-mIHC analyses
and/or clinical data were excluded. This cohort has been previously published by our group in a
study focused on the immunohistochemistry for PRAME in MM-H&N [63]. For each patient, the
following clinical data were recorded: age at first diagnosis and sex. For each specimen, the
following pathologic features were recorded: type of histologic specimen (excision of primary
tumor, excision of local recurrence and/or residual tumor, incisional biopsy), site, histologic
subtype, pigmentation, cytotype, ulceration, infiltration of anatomic structures relevant for pT4a
stage (deep soft tissues, cartilage, bone, and overlying skin), infiltration of anatomic structures
relevant for pT4b stage [brain, dura, skull base, lower cranial nerves (1X, X, XI, XII), masticator
space, carotid artery, pre-vertebral space, and mediastinal structures], number of mitoses/mm?,

lympho-vascular invasion (LVI), perineural infiltration (PNI), and pT stage. All cases were
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reviewed by a panel of four pathologists with specific expertise in melanocytic pathology and/or
head and neck pathology (C.R., B.C., T.B., and M.P.F.) and diagnosed and staged according to the
latest WHO Classification of Head and Neck Tumours (fifth edition, 2022) and AJCC Cancer

Staging Manual (eighth edition, 2017) [15, 68].

4.2 Molecular analysis

Two 10-um thick sections were used for DNA extraction using the “QuickExtract™ FFPE DNA
Extraction Solution” kit (Lucigen Corporation, Middleton, WI, USA) and quantified using the
Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). DNA extraction was
performed under microscopic guidance from the representative tumor areas, identified by a
pathologist (C.R.) on H&E slides. About 30 ng of DNA was used for amplicons preparation, and
sequencing was performed using a laboratory-developed multi-gene NGS panel used at our Solid
Tumor Molecular Pathology Laboratory, IRCCS Azienda Ospedaliero-Universitaria di Bologna,
University of Bologna Medical Center (Bologna, Italy) for somatic molecular analysis of several
solid tumors including CM (330 amplicons total, human reference sequence hg19/GRCh37) [97].
The genomic regions covered by the NGS panel are listed in Table 1. To minimize PCR inhibition
due to the presence of melanin, 2-3 ul of Betaine 1N was added to the final reaction mix. Templates
were then sequenced using an lon 530 chip, and results were analyzed with lon Reporter tools v5.18
(Thermo Fisher Scientific). According to previously reported NGS panel validation data, only
variants identified in at least 5% of the total number of reads analyzed and observed in both

sequencing strands were considered for mutational calls [98]. The Varsome tool
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(https://varsome.com/, updated to April 2023) was used to evaluate the American College of

Medical Genetics and Genomics (ACMG) classification of each mutation [99].

4.3 BF-mIHC

4.3.1 BF-mIHC: antibodies and chromogens

For each specimen, one representative slide was selected and a 3-um thick section was cut from the
corresponding FFPE tissue block and stained with the following four-label BF-mIHC protocol:
CD20, CD3, CD68, and SOX10. The sections were deparaffinized in EZ prep (#950-102; Ventana),
and antigen retrieval was achieved by incubation with cell conditioning solution 1 (#950-124;
Ventana), a Tris ethylenediaminetetraacetic acid-based buffer (pH 8.2) [51]. Sections were
incubated with the following primary antibodies: anti-CD3 (rabbit monoclonal, clone 2GV6, ready-
to-use, Ventana Medical System, Tucson, AZ, USA; catalog number: 790-4341), anti-CD20 (mouse
monoclonal, clone L26, ready-to-use, Ventana Medical Systems, Tucson, AZ, USA,; catalog
number: 760-2531), anti-CD68 (mouse monoclonal, clone PGM1, ready-to-use, Diagnostic
Biosystems, Pleasanton, CA, USA; catalog number: PDMO065), and anti-SOX10 (rabbit
monoclonal, clone SP267, ready-to-use, Ventana Medical Systems, Tucson, AZ, USA,; catalog
number: 760-4968). Each denaturation step was performed by treating the slides with Ultra CC2
(#950-223, ready to use, Ventana Medical Systems, Tucson, AZ, USA) for 8 min. at 100 C° [51].
The signal was developed with anti-mouse or anti-rabbit Alk Phos and anti-mouse or anti-rabbit
HRP coupled with the following chromogens: Chromomap DAB (#760-159, ready-to-use, Ventana
Medical Systems, Tucson, AZ, USA) for CD3, DISC. PURPLE Kit (#760-229, ready-to-use,

Ventana Medical Systems, Tucson, AZ, USA) for CD20, DISC. GREEN HRP Kit (#760-271,
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ready-to-use, Ventana Medical Systems, Tucson, AZ, USA) for CD68, DISC. YELLOW Kit (#760-
239, ready-to-use, Ventana Medical Systems, Tucson, AZ, USA) for SOX10. The sections were
counterstained with Hematoxylin Il (#790-2208, ready-to-use, Ventana Medical Systems, Tucson,

AZ, USA) [51].

4.3.2 BF-mIHC: methodological considerations

To optimize BF-mIHC procedures and maximize the staining quality in the Ventana Discovery
Ultra Immunostainer, we followed a strict methodology for the order of sequential staining, as
previously described by Ugolini F et al: (1) the antibody with the lowest antigenicity and/or the
weakest staining intensity must be the first in the sequence; (2) the sequence must begin with
nuclear stains, then cytoplasmic stains, and finally membrane ones; (3) the chromogens
combination and order strongly influence the final result, and only chromogens with a translucent
nature (Purple, Yellow, and Teal) could be combined in the Ventana Discovery Ultra
Immunostainer to target antigens colocalized on the same cell populations and overlap by producing
a “third color” [51]. According to Ugolini F et al, we performed two different denaturation
protocols, combining high temperature and reaction buffer (pH 8.2) or Ultra CC2 (pH 6), both with
incubation for 8 min. at 100 °C [51]. Ultra CC2 is a denaturation buffer more efficient than the
reaction buffer, ensuring cleaner and brighter colors without altering the previous chromogen

staining [51].

4.3.3 BF-mIHC: development and optimization of the protocol

To develop and optimize the four-label BF-mIHC protocol adopted in the current study, we



ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

performed a series of tests with different combinations of chromogens on a subset of 20 cutaneous
melanoma samples, as previously described by Ugolini F et al [51]. Starting from validated and
routinely adopted singleplex staining protocols, we first evaluated whether these protocols could be
combined into triple-label BF-mIHC protocols for the detection of immune cells (CD3, CD20, and
CD68). We tested three different protocols with the following chromogen combinations: (a)
CD3/DAB-CD20/Purple-CD68/Green; (b) CD3/DAB-CD20/Red-CD68/Green; (c) CD3/DAB-
CD20/Red-CD68/Purple. The CD3/DAB-CD20/Purple-CD68/Green combination provided the
maximum contrast, with the distance of the colors in the visible spectrum making this combination
the best-performing choice for the triple-label BF-mIHC protocol (data not shown). Since the tested
antigens are expressed on the cell membranes of different cells and have similar antigenicity, the
order of staining did not affect the final quality of the results [51]. Subsequently, we introduced the
nuclear marker SOX10 (highly specific for melanoma cells) and the Yellow chromogen to detect
tumor cells and increase the accuracy of immune cells detection and visualization [51]. Again, we
tested three combinations, as follows: (a) CD3/DAB-CD20/Purple-CD68/Green-SOX10/Yellow;
(b) CD3/Yellow-CD20/Purple-CD68/Green-SOX10/DAB; (c) CD3/Green-CD20/Purple-
CD68/Yellow-SOX10/DAB. Since SOX10 is a nuclear marker, we started the sequence with it and
then proceeded with the cell membrane markers [51]. We found that the CD3/DAB-CD20/Purple-
CD68/Green-SOX10/Yellow combination provided the clearest discrimination between the four
stained cell populations (data not shown), thus we decided to adopt it. Finally, we tested our subset
of 20 cutaneous melanoma samples with singleplex DAB staining for CD20, CD3, CD68, and
SOX10 (according to routinely adopted singleplex protocols) to verify the quality and the antigen

conservation in the four-label BF-mIHC protocol. We found no differences in nuclear and cell
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membrane staining of all the tested antigens between singleplex and four-label BF-mIHC protocols
(data not shown). These results confirm that our protocol does not cause antigenic loss and/or

alteration due to the sequential staining cycles.

4.3.4 BF-mIHC: direct visual interpretation and score system

Slides stained for SOX10 (Yellow), CD3 (Brown), CD20 (Purple), and CD68 (Green) were read on
a multi-head microscope by three pathologists, one with specific training in H&N pathology
(M.P.F.) and two experienced on TME assessment in different tumors (M.F. and C.R.: previous
research publications and national/international meetings on this topic), and agreement was reached
for each specimen. We adopted a direct visual interpretation of CD20, CD3, and CD68, which were
scored (total number of stained cells) on the hot-spot areas adding up to 1 mm?, as previously
described by us in other tumors [100, 101]. Comparative evaluation of the corresponding H&E
slides and SOX10 helped us to correctly assess the immune markers. For patients with multiple
specimens, the mean value obtained from the different specimens was used for statistical analyses
(Tables 9, 10, and 11). Finally, we obtained the mean value for CD20, CD3, and CD68 (using all
the 38 histologic samples), and each patient has been dichotomized into CD3iow/CD 3high,
CD201ow/CD20high, and CD6810w/CD68high based on whether the value was higher or lower than the
mean value [100, 101]. In our opinion, due to differences in the microscopes used by different
pathologists, the results were more accurately expressed in mm? than in high-power fields (HPF)

[100, 101].

Two crucial methodological aspects need to be clarified: a) the choice of direct visual interpretation;
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b) the identification of hot-spot areas.

a) Direct visual interpretation

The approach for visualizing multiplex staining varies considerably depending on the technique and
the primary goal of the analysis [50, 51]. Direct visual interpretation by a pathologist is appropriate
for glass slides of low-plex BF-mIHC (as in our study) and digitized slides for mIF, and may be
sufficient if used for straightforward tasks, such as tumor immunophenotyping [50, 51]. In contrast,
more complex analyses (spatial relationships between cell types) require scanned slides and
software for digital-image analysis [50, 51]. Although digital-image analysis provides more
accurate results, allows for more complex evaluations, and removes the inter-pathologist variability,
it currently has limitations that hinder its adoption [a) suboptimal staining may alter the analysis; b)
segmentation is a source of error, potentially misclassifying stroma as cells (and vice versa) or
fusing and splitting cells; c) compartmentalization may not be perfect (especially if each
compartment is not defined by a specific marker); d) exclusion of intercellular stroma by cell-
segmentation algorithms; e) poor approximation of cytoplasm in spindled and/or irregularly shaped
cells; f) missing of cells with nuclei outside the plane of section; g) high cost; h) complex
instrumentation and specific expertise] [50, 51]. Furthermore, although previous studies have shown
optimal concordance rates between digital-image analysis and direct visual interpretation, this issue
needs to be investigated in future studies focusing on multiplexing [50, 51, 102].

b) Hot-spot areas

In our case series, it was not possible to distinguish between “tumor center” and "invasive margin"
compartments, as the majority of specimens were highly fragmented (especially NC/NS/T MM-

H&N). For this reason, we decided to adopt a modified version of the state-of-the-art
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recommendations of the International Immuno-Oncology Biomarker Working Group for TILs
assessment [34-39]. The three compartments potentially used to identify the hot-spot areas were: a)
tumoral regions (putatively representing the so-called intra-tumoral tumor center and intra-tumoral
invasive margin compartments); b) stromal regions bordered on two sides by tumoral regions
[putatively representing the so-called stromal tumor center compartment and the “inner portion” (0-
500 pm inside the tumor invasion front) of the stromal invasive margin compartment]; c) stromal
regions bordered on only one side by tumoral regions and up to 500 um away from the tumor
invasion front (putatively representing the so-called “outer portion” of the stromal invasive margin
compartment) [34-39]. We adopted the definition of “invasive margin” proposed by Galon J et al,
as “the region centered on the border separating the host tissue from the malignant nests, with an
extent of 1 mm” [103]. We excluded necrotic areas, stromal regions bordered on only one side by
tumoral regions but more than 500 um away from the tumor invasion front, stromal regions away
from the tumor (the last two potentially representing the so-called stromal peri-tumoral
compartment), and specific local tissues such as cartilage, bone, and H&N mucosae [regardless of
their localization (infiltrated and intra-tumoral, away from the tumor, and/or at the invasive
margin)] [34-39]. As previously mentioned, we counted the total number of CD20, CD3, and CD68
stained cells in the selected hot-spot areas adding up to 1 mm?, and we obtained a single value for
each sample, without distinguishing between the different areas (tumor center vs invasive margin
compartments, tumoral vs stromal regions, etc.) [34-39, 100, 101]. Although it is beyond the scope
of this PhD project, it should be emphasized that, at the current state-of-the-art, it remains to be
clarified whether the whole-slide (as commonly performed with digital-image analysis) is more

informative than hot-spot areas (as commonly performed with direct visual interpretation and hot-
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spot areas evaluation) for TME assessment and tumor’s immune biology (e.g., hot-spot areas
evaluation is adopted for several biomarkers in surgical pathology, such as Ki67 in neuroendocrine
tumors) [50, 51, 104]. In the present PhD project, we aim to perform a preliminary evaluation of
TME in MM-&N with a low-plex four-label (CD20, CD3, CD68, SOX10) BF-mIHC protocol
adopting direct visual interpretation and the above-mentioned score (“easy-to-apply”” and familiar to
pathologists, not requiring complex instrumentation and specific expertise). In the next months, we
will add other immune markers (FoxP3, PD-L1, CD163, etc.) to our protocol and compare direct

visual interpretation with digital-image analysis.

4.4 Statistical analyses

The clinicopathological features, mutational status, and BF-mIHC results (CD3, CD20, and CD68
scores) were dichotomized and their associations were analyzed using the y2 test. Statistical tests
were performed using the IBM SPSS software, with a p-value <0.05 (2-sided) indicating statistical

significance.

4.5 Ethical approval

All clinicopathologic investigations were conducted in accordance with the principles of the
Declaration of Helsinki and all information regarding the human material used in this study was
managed using anonymous numerical codes. The study was approved by the Review Board of the
Area Vasta Emilia Centro-AVEC (182/2023/0ss/AOUBo, 202-2022-0SS-AUSLB0O-22035, 203-
2022-0SS-AUSLBO-22035, EM330-2023-22035-EM1-0SS-AUSLBO, and EM127-2023-22036-

EM1-0SS-AUSLBO).
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5 Results

5.1 Case Series

A total of 38 histologic specimens were collected from 24 patients: 25 (65.8%) excisions of the
primary tumor, 10 (26.3%) excisions of local recurrence/residual tumor, and 3 (7.9%) incisional
biopsies, the latter followed by the surgical excision of the primary tumor. Sixteen (66.7%) patients
were female and 8 (33.3%) were male; the age at diagnosis ranged from 29 to 96 years (median
value: 71y). The most represented sites were NC/NS/T (27, 71%) and palate (6, 15.8%), followed
by maxillary sinus (4, 10.5%) and tongue (1, 2.6%). The most common histologic subtype was
nodular (13, 54.2%), with a high percentage of cases showing ulceration (18, 75%) and a
predominant epithelioid cytology (14, 58.3%). According to the AJCC (eighth edition, 2017), the
pT stages included 18 (75%) pT3, 5 (20.8%) pT4a, and 1 (4.2%) pT4b [68]. The clinicopathologic
features of the case series are listed in Tables 2, 3, and 4, and summarized in Table 5. A graphical

representation of the clinicopathologic features is shown in Figures 1 and 2.

5.2 Molecular analyses

All 38 samples were analyzed by NGS. Four samples (4/38, 10.5%) were not evaluable due to low-
quality DNA. Of the remaining 34 samples, 3/34 (8.8%) harbored TP53 mutations, 3/34 (8.8%)
NRAS mutations, 3/34 (8.8%) KIT mutations, 2/34 (5.9%) KRAS mutations, 2/34 (5.9%) GNAQ

mutations, 1/34 (2.9%) GNA11 mutation, 1/34 (2.9%) CTNNB1 mutation, 1/34 (2.9%) IDH1
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mutation, and 1/34 (2.9%) BRAF mutation (p.N5811 and not p.V600E), with only 1/34 (2.9%)
specimen showing two different mutated genes: NRAS and EIF1AX; there were 17/34 (50%) cases
with a WT status. The molecular results of the case series are listed in Table 6 and summarized in
Table 7. A graphical representation of the molecular results is shown in Figure 3. For statistical
analyses, the molecular results found in different specimens of the same patient were grouped. The
cases were dichotomized as follows: WT and mutated (at least 1 mutation) cases, BRAF/RAS-
mutated and BRAF/RAS-not-mutated cases, multi-mutated (at least 2 different mutated genes) not-
multi-mutated cases; given the results obtained in BRAF/RAS-mutated cases, we decided to also
examine NRAS-mutated and NRAS-not-mutated cases. The only significant association was found
between BRAF/RAS-mutated status and the mucosal lentiginous histologic subtype (p=0.013); no
statistically significant associations were found between molecular status and the other
clinicopathologic features. The association between clinicopathologic features and molecular status
is summarized in Table 8 and Supplementary Material 1. Among 8 patients with multiple
histological specimens and at least two ones evaluable for NGS analysis, 4 (50%) showed divergent

molecular results between different specimens: patient #1 (specimen #1: KRAS; specimen #2:

TP53), patient #12 (specimens #17, #20, and #21: WT; specimen #18: GNAL1; specimen #19:

NRAS), patient #21 (specimen #33: BRAF; specimen #34: WT), patient #24 (specimen #37: WT,;

specimen #38: KIT) (Table 7). A graphical representation of the molecular results in patients with

multiple specimens and at least two ones evaluable for NGS analysis is shown in Figure 4.

5.3 BF-mIHC

The BF-mIHC analyses and the dichotomization of the obtained results showed: a) CD3-mean
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value = 443.3/mm? [CD3jow = 14/24 (58.3%); CD3high = 10/24 (41.7%)]; b) CD20-mean value =
128/mm?2 [CD20iow = 14/24 (58.3%); CD20nigh = 10/24 (41.7%)]; c) CD68-mean value = 212.3/mm?
[CD68iow = 11/24 (58.3%); CD68high = 13/24 (41.7%)]. BF-mIHC results are listed in Tables 9, 10,
and 11. CD20nigh Was significantly associated with LV [7/9 (77.8%) cases with LVI showed
CD20nigh, p=0.005] and fused/mixed cytotype [7/10 (70%) cases with fused/mixed cytotype showed
CD20nigh, p=0.017]. CD68nigh Was significantly associated with advanced pT stage [6/6 (100%)
cases with pT4a/pT4b showed CD68nigh, p=0.009] and fused/mixed cytotype [8/10 (80%) cases
with fused/mixed cytotype showed CDG68hnigh, p=0.032]. Conversely, CD3hnigh was significantly
associated with localized pT stage [0/6 (0%) cases with pT4a/pT4b showed CD3high, p=0.017].
Moreover, CD3nigh was significantly associated with BRAF/RAS-mutated status [5/6 (83.3%)
BRAF/RAS-mutated cases showed CD3high, p=0.013], multi-mutated status [3/3 (100%) multi-
mutated cases showed CD3high, p=0.025], and NRAS-mutated status [3/3 (100%) NRAS-mutated
cases showed CD3high, p=0.025]. The association between BF-mIHC results, clinicopathologic
features, and molecular status is summarized in Table 12. Illustrative examples of MM-H&N with

H&E and BF-mIHC slides are shown in Figure 5 and 6.

6 Discussion

MM-H&N has a worse prognosis and fewer therapeutic strategies than its cutaneous counterpart
[46-49]. This could be explained by its anatomical (frequent infiltration of relevant anatomical
structures) and molecular (lower frequency of molecular alterations treatable with targeted therapy)
features, but its rarity limits the collection of large case series and the development of new and

effective therapies [46-49]. As a result, MM-H&N is being treated with data obtained in trials on
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cutaneous melanoma, even though the mucosal site was paradoxically an exclusion criterion in
these trials [46-49]. Meanwhile, BF-mIHC is emerging as a promising technique to characterize
TME and predict response to ICIs in several tumors, but many aspects (clinicopathologic, technical,
and logistic) of this new tool need to be further clarified [50-52]. In this PhD project, we collected a
multi-instiutional case series of MM-H&N, which we analyzed using our laboratory-developed
NGS panel and low-plex four-label (CD20, CD3, and CD68) BF-mIHC protocol (direct visual

interpretation and scoring system previously adopted by our group) [100, 101].

According to the majority of previous literature, our data confirm: a) relevant involvement of
BRAF/RAS (especially RAS) and KIT mutations in MM-H&N; b) high number of potentially
involved genes (NRAS, KRAS, BRAF, KIT, TP53, GNAQ, GNA11, EIF1AX, IDH1, and CTNNB1) in
MM-H&N; ¢) absence of UV-signature (no C>T transitions; no BRAF p.V600E and TERTp
mutations; rare “non-canonical and non-UV-induced” BRAF mutations) in MM-H&N; d) a
significant percentage of WT cases compared to its cutaneous counterpart [15-33]. Interestingly,
recent studies adopting in-depth molecular analyses (targeted and whole DNA- and RNA-NGS
panels, large gene NGS panels, PCR, FISH, and Sanger sequencing) found that WT cases may be
much lower, with a significant number of cases harboring mutations less known to be involved in
the pathogenesis of MM-H&N (“non-canonical™) [25-28, 32]. However, these techniques are
expensive and are rarely used for routine melanoma characterization in most hospitals and academic
institutions [25-28, 32]. In addition, the clinical and prognostic-therapeutic implications of these

“non-canonical” mutations in melanoma need to be further investigated [25-28, 32].



ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

We found a statistically significant association between BRAF/RAS mutations and lentiginous
mucosal histotype (p=0.013). This finding suggests that there may be an association between
mutational signatures and specific histotypes in MM-H&N, as is well-known for cutaneous
melanoma [33]. Curiously, no previous studies have investigated the association between molecular

status and histology in MM-H&N [15-32].

We did not find a statistically significant association between BRAF/RAS or NRAS mutations and
NC/NS/T (p=0.143), but these mutations were more frequently found in NC/NS/T [3/6 (50%)
BRAF/NRAS and 2/3 (66.7%) NRAS mutations in NC/NS/T] than in oral cavity [2/6 (33%)
BRAF/NRAS and 0/3 (0%) NRAS mutations in oral cavity] MM-H&N. These results are consistent
with the presumed dominant role of NRAS and BRAF/RAS in the oncogenesis of sino-nasal MM-
H&N, as previously described [16, 17, 19, 21, 24, 25, 30, 32]. However, it should be noted that
other studies did not find this "molecular status-site” correlation, probably due to the heterogeneity
of case series and molecular testing, the combination of cases from NC/NS/T and oral cavity into a
single “H&N category”, and the criteria used to define sino-nasal MM-H&N [18, 20, 22, 27-29].
We separated NC/NS/T and maxillary sinus because they are reported as different t in the AJCC
(eighth edition, 2017) topography codes list, but in most previous studies NC/NS/T, paranasal
sinuses, and nasopharynx are grouped into a single “sino-nasal category” [15-32, 68]. In our case
series, 4/6 (66.7%) BRAF/RAS and 3/3 (100%) NRAS mutations were detected in NC/NS/T and
maxillary sinus, again emphasizing the predominant role of BRAF/RAS and NRAS signatures in the

so-called “sino-nasal” MM-H&N.
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One of the most relevant findings of our study is that half of the patients (4/8, 50%) with multiple
histological specimens (excision of the primary tumor, excision of local recurrence/residual tumor,
and incisional biopsy) and at least two ones evaluable for NGS analysis show divergent molecular
results between the different specimens (Figure 4). Local recurrences/residual tumors are frequent
in MM-H&N, and it is common in clinical practice to have patients with multiple histologic
specimens of the same neoplasm [47-49, 53-59]. In contrast, this scenario is much rarer in
cutaneous melanoma, except that for the intra-epithelial/superficial component of lentigo maligna
melanoma, desmoplastic melanoma, and/or other melanomas occurring at sites not amenable to
demolitive surgery (H&N cutaneous melanomas, especially periocular tumors) [33]. Moreover, in
these scenarios, local recurrence/residual tumor mainly imply local disease control and/or aesthetic
issues (especially in case of multiple surgical procedures), whereas in MM-H&N they are
associated with increased risk of metastasis, decreased survival, and deterioration of patient's
clinical condition [33, 47-49, 53-59]. Our results suggest that in patients with multiple histologic
specimens, NGS analysis of each specimen may be necessary for accurate molecular
characterization and prognostic-therapeutic stratification, especially for the potential detection of
targetable molecular alterations. Although the pathogenetic basis of this result is beyond the scope
of this PhD project and requires specific investigation, it is likely that the “molecular heterogeneity”
of MM-H&N may be the answer [105-107]. Notably, the clinical-anamnestic review of these
patients showed that none of them underwent adjuvant therapy after surgery (radiotherapy,
chemotherapy, IFN, ICIs), suggesting that this result was intrinsic to MM-H&N and not related to

the effect of specific therapies.
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In recent years, enormous efforts have been made to clarify the pathological and prognostic-
therapeutic implications of TME in melanoma [33-46]. However, the methods to study TME and its
impact on prognosis and selection of patients to be treated with ICIs still need to be clarified, which
argues against the routine assessment of TME in melanoma [33-46]. Multiplexing has recently
emerged as a promising tool for characterizing the TME and predicting the response of different
tumors to ICIs [50-52]. However, since multiplexing is a complex and newly introduced technique,
many clinicopathologic and methodologic issues remain to be clarified [50-52]. Herein, we tested a
low-plex four-label BF-mIHC protocol to analyze TME in MM-H&N. We are aware that our BF-
mIHC protocol (direct visualization interpretation and “easy-to-apply” score) has some weaknesses
and may provide less accurate results than digital-image analysis, but our main goals were to obtain
preliminary data on TME in MM-H&N and to identify a tool to serve as a starting point for future
implementations with more complex methodologies. In addition, it should be noted that digital-
image analysis implies several methodological issues (suboptimal staining, segmentation,
compartmentalization, poor approximation of cytoplasm, missing cells, high cost, and specific
expertise) [50, 51]. We found relevant associations between immune markers and clinicopathologic
and molecular features in MM-H&N. Specifically, we found that CD20nigh was associated with LVI
(p=0.005) and fused/mixed cytotype (p=0.017), CD68nigh Was associated with advanced pT stage
(p=0.009) and fused/mixed cytotype (p=0.032), and CD3nigh Was associated with localized pT stage
(p=0.017), BRAF/RAS-mutated status (p=0.013), multi-mutated status (p=0.025), and NRAS-
mutated status (p=0.025). Combining these data, we obtained two immune profiles associated with
divergent clinicopathologic features and histologies in MM-H&N, as follows: a)

CD20nigh/CD310w/CD68nigh associated with unfavorable clinicopathologic features (LVI and
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advanced pT stage) and fused/mixed cytotype; b) CD20iow/CD3high/ CD681ow associated with
favorable clinicopathologic features (no LV and localized pT stage) and epithelioid cytotype. In
addition, our data suggest that molecular signatures, probably in cooperation with other
mechanisms, may influence the immune profile of MM-H&N, as follows: BRAF/RAS-mutations,
multi-mutations, and NRAS-mutations may induce CD3 enrichment. Although it is difficult to
compare our results with the literature (a large amount of data, heterogeneous and different case
series, different techniques for TME analysis, different melanoma subtypes and immune markers
analyzed), our results are in line with those found by Ledderose S et al in “sino-nasal” melanoma
[42, 43]. Using conventional immunohistochemistry, these authors found that TILs, brisk TILs, and
high levels of CD3 and CD8 were associated with lower pT stage, increased OS, RFS, and 5y-S in

“sino-nasal” melanoma [42, 43].

Potential limitations of our study include (a) small sample size, (b) lack of a validation cohort for
our results, (c) no correlation between direct visual interpretation and digital-image analysis, (d)
inter-observer variability in direct visual interpretation and application of our score, (e) exclusion of
several immune markers (CD8, FoxP3, PD-L1, etc.) relevant for melanoma biology, (f) no follow-
up and survival data, (g) only primary MM-H&N, (h) potentially different treatments received by

patients in the three involved departments.

7 Conclusions

MM-H&N requires markers to improve its prognostic-therapeutic stratification. Our BF-mIHC

protocol identifies "immune profiles” that correlate with prognostic features (pT stage and LVI),
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histology (predominant cytotype), and specific molecular signatures (NRAS, BRAF/RAS, and multi-
mutations). These results suggest that our BF-mIHC protocol may be an additional tool for
prognostic-therapeutic stratification and deserves future studies to be validated, implemented with
more complex and sophisticated techniques (digital image-analysis and other immune markers), and
correlated with survival and response to IClIs. In addition, we found that a significant proportion of
patients with multiple specimens showed discordant results between the different specimens. This
finding suggests that NGS analysis of all the specimens may be required for the accurate molecular
profiling and prognostic-therapeutic stratification of these patients, especially for the potential

adoption of targeted therapy.
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8 Tables
Gene RefSeq Chromosome Exon(s) / Region(s)
BRAF NM_004333.6 chr7 11,15
CTNNB1 NM_001904.4 chr3 3,7,8
DICER1 NM_030621.4 chri4 8,19, 24, 25, 27
DPYD NM_000110.4 chrl 11, 13, 22, Intron_5-6, Intron_10-11, Intron_13-
14
EGFR NM_005228.5 chr7 18, 19, 20, 21
EIF1AX NM_001412.4 chrx 1, 2, Intron_5-6
GNAl1l NM_002067.5 chr19 4,5
GNAQ NM_002072.5 chr9 4,5
GNAS NM_000516.7 chr20 8,9
H3.3A NM_001379043.1 chrl 1
HRAS NM_001130442.2 chril 2,3,4
IDH1 NM_005896.4 chr2 4
IDH2 NM_002168.4 chrls 4
KIT NM_000222.3 chr4 8,9,11,13, 14,17
KRAS NM_033360.4 chrl2 2,3,4
MED12 NM_005120.3 chrX 1,2
MET NM_001127500.3 chr7 2,14
NRAS NM_002524.5 chrl 2,3,4
PDGFRa NM_006206.6 chr4 12,14, 18
PIK3CA NM_006218.4 chr3 8,10, 21
PTEN NM_000314.8 chrl0 5
RET NM_020975.6 chrl0 5, 8,10, 11, 13, 14, 15, 16
RNF43 NM_017763.6 chrl7 2,3,4,5,6,7,8,9,10
SMAD4 NM_005359.6 chri8 2,3,4,5,6,7,8,9,10,11, 12
TERT NM_198253.3 chrb promoter (9.1295141-1295471)
TP53 NM_000546.6 chri7 2,3,4,56,7,8,9,10,11
TSHR NM_000369.5 chri4 1,2,3,4,56,7,8,9,10
VHL NM_000551.4 chr3 1,2,3

NGS: next-generation sequencing;
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8.1 Table 1: genomic regions covered by the adopted NGS panel
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Patient Type of histological

number Specimen number Sex Age (years) specimen Site
1 1 M 68 EPT NC/NS/T
2 ELR/RT NC/NS/T
2 3 M 85 IB NC/NS/T
4 EPT NC/NS/T
3 5 F 84 EPT NC/NS/T
4 6 F 88 EPT NC/NS/T
5 7 F 58 EPT NC/NS/T
8 ELR/RT NC/NS/T
9 ELR/RT NC/NS/T
10 ELR/RT NC/NS/T
6 11 F 81 EPT NC/NS/T
7 12 F 62 EPT Maxillary sinus
8 13 M 74 EPT NC/NS/T
9 14 F 65 EPT NC/NS/T
10 15 F 96 EPT NC/NS/T
11 16 M 53 EPT Palate
12 17 F 86 IB NC/NS/T
18 EPT NC/NS/T
19 ELR/RT NC/NS/T
20 ELR/RT NC/NS/T
21 ELR/RT Maxillary sinus
13 22 F 67 EPT NC/NS/T
23 ELR/RT NC/NS/T
14 24 70 EPT NC/NS/T
15 25 F 84 EPT NC/NS/T
16 26 F 66 EPT Maxillary sinus
27 ELR/RT Maxillary sinus
17 28 F 69 EPT Palate
18 29 F 65 EPT NC/NS/T
19 30 M 57 EPT NC/NS/T
20 31 M 29 EPT Palate
32 EPT Palate
21 33 M 80 EPT Palate
34 ELR/RT Palate
22 35 F 81 EPT Tongue
23 36 F 83 EPT NC/NS/T
24 37 F 56 IB NC/NS/T
38 EPT NC/NS/T
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EPT: excision of the primary tumor; ELR/RT: excision of local recurrence/residual tumor, IB: incisional biopsy; NC/NS/T: nasal cavity/nasal

septum/turbinates;

8.2 Table 2: clinicopathologic features of the case series-1
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Patient number Specimen Histologic Pigmentation Prevalent Ulceration Mitoses/mm? LVI PNI
number subtype cytotype
1 1 ML Yes Fused Yes 4 Yes No
2
2 3 N Yes Epithelioid Yes 5 No No
4
3 5 ML Yes Epithelioid Yes 2 No No
4 6 N No Mixed Yes 3 No No
7 N Yes Fused Yes 1 No No
8
9
10
6 11 N Yes Epithelioid No 4 Yes No
7 12 ML No Epithelioid Yes 4 No No
8 13 ML Yes Epithelioid Yes 6 No No
9 14 N Yes Epithelioid Yes 7 Yes No
10 15 N Yes Epithelioid Yes 5 No No
11 16 ML Yes Fused Yes 10 Yes Yes
12 17 ML Yes Epithelioid Yes 4 No No
18
19
20
21
13 22 N Yes Mixed No 2 No No
23
14 24 N No Epithelioid No 5 Yes No
15 25 N Yes Epithelioid Yes 8 Yes Yes
16 26 N Yes Fused Yes 5 Yes No
27
17 28 ML Yes Mixed Yes 4 No No
18 29 N No Epithelioid Yes 3 No No
19 30 N No Mixed Yes 9 Yes No
20 31 ML Yes Epithelioid No 2 No No
32
21 33 ML No Fused Yes 3 Yes No
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34
22 35 N No Epithelioid Yes 13 No
23 36 ML Yes Mixed No 2 No
24 37 ML Yes Epithelioid No 4 No
38

No
No
No

N: nodular; ML: mucosal lentiginous; LVI: lympho-vascular invasion; PNI: perineural infiltration;

8.3 Table 3: clinicopathologic features of the case series-2
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Patient Specimen Infiltration of anatomical structures Infiltration of anatomical pT stage
number Number relevant for pT4a stage structures relevant for pT4b stage
1 1 No/NE No/NE pT3
2
2 3 No/NE No/NE pT3
4
3 5 No/NE No/NE pT3
4 6 No/NE No/NE pT3
5 7 No/NE No/NE pT3
8
9
10
6 11 No/NE No/NE pT3
7 12 No/NE No/NE pT3
8 13 No/NE No/NE pT3
9 14 No/NE No/NE pT3
10 15 No/NE No/NE pT3
11 16 Yes No/NE pT4a
12 17 No/NE No/NE pT3
18
19
20
21
13 22 No/NE No/NE pT3
23
14 24 No/NE No/NE pT3
15 25 Yes Yes pT4b
16 26 Yes No/NE pT4a
27
17 28 No/NE No/NE pT3
18 29 No/NE No/NE pT3
19 30 Yes No/NE pT4a
20 31 No/NE No/NE pT3
32
21 33 Yes No/NE pT4a
34
22 35 No/NE No/NE pT3
23 36 No/NE No/NE pT3
24 37 Yes No/NE pT4a
38

NE: not evaluable;
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8.4 Table 4: clinicopathologic features of the case series-3

-Anatomical structures relevant for pT4a stage: deep soft tissues, cartilage, bone, and overlying
skin;
-Anatomical structures relevant for pT4b stage: brain, dura, skull base, lower cranial nerves (IX, X,

XI, XII), masticator space, carotid artery, pre-vertebral space, and mediastinal structures;
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MM-H&N
Patients (N=24)/Histological
samples (N=38); n (%)
Age, median value (range) 71 (29-96)
Sex
Male 8 (33.3%)
Female 16 (66.7%)
Site
NC/NS/T 27 (71%)
Palate 6 (15.8%)
Maxillary sinus 4 (10.5%)
Tongue 1 (2.6%)
Type of histological specimen
EPT 25 (65.8%)
ELR/RT 10 (26.3%)
IB 3(7.9%)
Histologic subtype
ML 11 (45.8%)
N 13 (54.2%)
Pigmentation
Yes 17 (70.8%)
No 7 (29.2%)
Prevalent cytotype
Epithelioid 14 (58.3%)
Fused 5 (28.8%)
Mixed 5 (28.8%)
Ulceration
Yes 18 (75%)
No 6 (25%)
Mitoses/mm?, median value (range) 5(1-13)
LVI
Yes 15 (62.5%)
No 9 (37.5%)
PNI
Yes 2 (8.3%)
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No 22 (91.7%)
Infiltration of anatomical structures relevant for
pT4a stage
Yes 6 (25%)
No/NE 18 (75%)
Infiltration of anatomical structures relevant for
pT4b stage
Yes 1 (4.2%)
No/NE 23 (95.8%)
pT stage
pT3 18 (75%)
pT4a 5 (20.8%)
pT4b 1 (4.2%)

MM-H&N: mucosal melanoma of the head and neck region; EPT: excision of the primary tumor; ELR/RT: excision of local recurrence/residual
tumor; IB: incisional biopsy; NC/NS/T: nasal cavity/nasal septum/turbinates; N: nodular; ML: mucosal lentiginous; LVI: lympho-vascular invasion;

PNI: perineural infiltration; NE: not evaluable;

8.5 Table 5: summary of clinicopathologic features of the case series

-Anatomical structures relevant for pT4a stage: deep soft tissues, cartilage, bone, and overlying
skin;
-Anatomical structures relevant for pT4b stage: brain, dura, skull base, lower cranial nerves (IX, X,

XI, XII), masticator space, carotid artery, pre-vertebral space, and mediastinal structures;
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Patient Specimen NGS results (p.) NGS results (c.) VAF (%) ACMG
number number Significance
1 1 KRAS (p.Asp92His) €.274G>C 34.16 VUS
2 TP53 (p.Gly334Trp) ¢.1000G>T 32.01 Path
2 3 TP53 (p.Glu294GlyfsTer2) €.879_880insGGCT 44.69 Likely Path
4 TP53 (p.Glu294GlyfsTer2) ¢.879_880insGGCT 51.10 Likely Path
3 5 WT
4 6 WT
5 7 WT
8 NE
9 WT
10 WT
6 11 NRAS (p.GIn61Arg) c.182A>G 50.36 Path
EIF1AX (p.Argl4Ser) €.42G>C 42.16 VUS
7 12 NRAS (p.Gly12Ala) c.35G>C 43.63 Path
8 13 NE
9 14 WT
10 15 WT
11 16 WT
12 17 WT
18 GNA11 (p.Gly188sSer) €.562G>A 18.75 Likely Path
19 NRAS (p.Gly12Arg) €.34G>C 25.20 Path
20 WT
21 WT
13 22 KIT (p.Lys642Glu) €.1924A>G 55.26 Path
23 KIT (p.Lys642Glu) c.1924A>G 55.26 Path
14 24 WT
15 25 CTNNBL1 (p.Gly34_His36delinsAsp) ¢.101_106delGAATCC 30.10 Path
16 26 GNAQ (p.GIn209Pro) C.626A>C 12.30 Path
27 GNAQ (p.GIn209Pro) C.626A>C 15.92 Path
17 28 NE
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18
19
20

21

22

23
24

29
30
31
32
33
34
35
36
37
38

IDH1 (p.Trpl24Ter) €.372G>A 17.27
WT

KRAS (p.Gly12Ser) c.34G>A 86.85
NE

BRAF (p.Asn581lle) C.A7T42AST 23.03
WT
WT
WT
WT

KIT (p.Leu576Pro) €.1727T>C 51

VUS

Path

Path

Path

NGS: next-generations sequencing; VAF: variant allele frequency; ACMG: American College of Medical Genetics and Genomics; Path: pathogenic;

Likely Path: likely pathogenic; VUS: variant of unknown significance; WT: wild-type; NE: not evaluable;

8.6 Table 6: molecular results
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Number of histologic specimens with

Gene
specific mutations, absolute number (%o)
KRAS 2/34 (5.9%)
NRAS 3/34 (8.8%)
BRAF 1/34 (2.9%)
EIF1AX 1/34 (2.9%)
TP53 3/34 (8.8%)
GNAQ 2/34 (5.9%)
GNA11 1/34 (2.9%)
KIT 3/34 (8.8%)
CTNNB1 1/34 (2.9%)
IDH1 1/34 (2.9%)
WT 17/34 (50.0%)
NE 4/38 (10.5%)

NGS: next-generations sequencing; WT: wild-type; NE: not evaluable;

8.7 Table 7: summary of the molecular results

The frequency of mutated genes was calculated using the 34 cases with evaluable NGS results (the

4 cases with low-quality DNA and NE results were not counted).
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BRAF/RAS- BRAF/RAS- Multi- Not-multi-
wT Mutated mutated not-mutated mutated mutated

Male 3 4 3 4 1 6
p=0.867 p=0.262 p=0.952

Female 7 8 3 12 2 13

NC/NS/T 8 8 3 13 3 13
p=0.484 p=0.143 p=0.254

Other sites 2 4 3 3 0 6

Palate 1 2 2 1 0 3
] p=0.650 p=0.099 p=0.459

Other sites 9 10 4 15 3 16

ML 3 6 5 4 2 7
p=0.342 p=0.013 p=0.329

N 7 6 1 12 1 12

Epithelioid 5 8 4 9 2 11
Mixed and p=0.429 p=0.658 p=0.774

Fused 5 4 2 7 1 8

P'gmﬂt:‘t'on' 6 9 4 11 3 12
Pigmentation- p=0.452 p=0.926 p=0.203

g 4 3 2 5 0 7

No

Ulceration- 8 8 4 12 2 14
Yes p=0.484 p=0.696 p=0.800

Ulceration-No 2 4 2 4 1 5

LVI-Yes 4 5 3 6 2 7
p=0.937 p=0.595 p=0.329

LVI-No 6 7 3 10 1 12

PNI-Yes 1 1 0 2 0 2
p=0.892 p=0.364 p=0.556

PNI-No 9 11 6 14 3 17

pT3 8 8 5 11 3 13
p=0.484 p=0.494 p=0.254

pT4a/pT4b 2 4 1 5 0 6

NGS: next-generations sequencing; NC/NS/T: nasal cavity/nasal septum/turbinates; WT: wild-type; N: nodular; ML: mucosal lentiginous; LVI:

lympho-vascular invasion; PNI: perineural infiltration;

8.8 Table 8: association between molecular status and clinicopathologic features
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The number of patients included in the statistical analyses was 22, because two patients (patients #38
and #17) did not have specimens with evaluable NGS results.
The molecular status of each individual patient was obtained by summing the NGS results in each

specimen collected from that patient.

Patient number Specimen number CD20/mm?2 CD20-adopted value gggg:g
1 1 215 196.5 CD20high
2 178
2 3 9 23 CD20i0w
4 37
3 5 120 120 CD20ow
4 6 165 165 CD20hign
5 7 28 109.8 CD20j0w
8 145
9 166
10 100
6 11 19 19 CD20)0w
7 12 257 257 CD20ign
8 13 55 55 CD20jow
9 14 170 170 CD20hign
10 15 84 84 CD20j0w
11 16 278 278 CD20nign
12 17 126 65.6 CD20jow
18 41
19 137

20 14
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21 10

13 22 4 13 CD2010w
23 22

14 24 292 292 CD20nign

15 25 92 92 CD2010w

16 26 192 203 CD20nign
27 214

17 28 122 122 CD2010w

18 29 97 97 CD2010w

19 30 235 235 CD20high

20 31 27 48 CD2010w
32 69

21 33 376 377.5 CD20nign
34 379

22 35 83 83 CD2010w

23 36 193 193 CD20high

24 37 101 56 CD2010w
38 11

BF-mIHC: bright-field multiplex immunohistochemistry;

8.9 Table 9: BF-mIHC results for CD20
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Patient number Specimen number CD3/mm? CD3-adopted value ggg:;/]
1 1 599 566.5 CD3high
2 534
2 3 195 244 CD3jow
4 293
3 5 340 340 CD3jow
4 6 1470 1470 CD3high
5 7 434 467 CD3high
8 506
9 430
10 498
6 11 1315 1315 CD3high
7 12 726 726 CD3hign
8 13 315 315 CD3jow
9 14 497 497 CD3hign
10 15 191 191 CD3jow
11 16 89 89 CD3jow
12 17 434 620.2 CD3high
18 720
19 895
20 380
21 672
13 22 251 291 CD3jow
23 331
14 24 739 739 CD3hign
15 25 152 152 CD3jow
16 26 205 202 CD3jow
27 199
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17 28 524 524 CD3high

18 29 331 331 CD3jow

19 30 140 140 CD3jow

20 31 820 555 CD3high
32 290

21 33 170 146.5 CD3jow
34 123

22 35 395 395 CD3jow

23 36 410 410 CD3jow

24 37 208 115.5 CD3jow
38 23

BF-mIHC: bright-field multiplex immunohistochemistry;

8.10 Table 10: BF-mIHC results for CD3
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Patient number Specimen number CD68/mm?2 CD68-adopted value gggg:g{
1 1 224 350 CD68high
2 476
2 3 94 100.5 CD68iow
4 107
3 5 181 181 CD68iow
4 6 303 303 CD68high
5 7 281 246 CD68high
8 211
9 56
10 80
6 11 95 95 CD68iow
7 12 63 63 CD68jow
8 13 90 90 CD68jow
9 14 202 202 CD68iow
10 15 225 225 CD68high
11 16 286 286 CD68high
12 17 290 226 CD68high
18 221
19 301
20 90
21 228
13 22 23 96.5 CD68iow
23 170
14 24 226 226 CD68hign
15 25 476 476 CD68high
16 26 321 317.5 CD68high
27 314
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17 28 86 86 CD68ow

18 29 167 167 CD68ow

19 30 291 291 CD68high

20 31 40 54 CD68iow
32 68

21 33 248 250.5 CD68high
34 253

22 35 181 181 CD68iow

23 36 224 224 CD68hign

24 37 378 437 CD68hign
38 496

BF-mIHC: bright-field multiplex immunohistochemistry;

8.11 Table 11: BF-mIHC results for CD68
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CD20iow CD20nigh CD3jow CD3high CD68iow CD68high
Male 3 5 p=0.143 5 3 p=0.770 3 5 p=0.562
Female 11 5 9 7 8 8
NC/NS/T 11 6 p=0.324 10 7 p=0.939 7 10 p=0.476
Other sites 3 4 4 3 4 3
Palate 2 2 p=0.711 2 2 p=0.711 2 2 p=0.855
Other sites 12 8 12 8 9 11
ML 6 5 p=0.729 6 5 p=0.729 5 6 p=0.973
Nodular 8 5 8 5 6 7
Epithelioid 11 3 p=0.017 8 6 p=0.889 9 5 p=0.032
Mixed and Fused 3 7 6 4 2 8
Pigmentation-Yes 12 5 p=0.058 10 7 p=0.939 8 9 p=0.851
Pigmentation-No 2 5 4 3 3 4
Ulceration-Yes 10 8 p=0.633 11 7 p=0.633 8 10 p=0.813
Ulceration-No 4 2 3 3 3 3
LVI-Yes 2 7 p=0.005 5 4 p=0.831 2 7 p=0.072
LVI-No 12 3 9 6 9 6
PNI-Yes 1 1 p=0.803 2 0 p=0.212 0 2 p=0.174
PNI-No 13 9 12 10 11 11
pT3 12 6 p=0.151 8 10 p=0.017 1 7 p=0.009
pT4a/pT4b 2 4 6 0 0 6
WT 4 6 p=0.211 6 4 p=0.937 3 7 p=0.342
Mutated 8 4 7 5 6 6
BRAF/RAS- 3 3 p=0.793 1 5 p=0.013 3 3 p=0.595
mutated
BRAF/RAS- 9 7 12 4 6 10
not-mutated
Multi-mutated 2 1 p=0.650 0 3 p=0.025 1 2 p=0.774
Not-multi- 10 9 13 6 8 11

mutated




ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

NC/NS/T: nasal cavity/nasal septum/turbinates; WT: wild-type; N: nodular; ML: mucosal lentiginous; LVI: lympho-vascular invasion; PNI:

perineural infiltration;

8.12 Table 12: association between BF-mIHC results, relevant clinicopathologic

features and molecular status

The number of patients included in the statistical analyses was 22, because two patients (patients #38

and #17) did not have specimens with evaluable NGS results.
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9. Figures

Sex

= Males (8/24)
= Females (16/24)

Histologic Specimen

= Excision of primary tumor (25/38)

= Excision of local
recurrence/residual tumor (10/38)

= Incisional biopsy (3/38)

Histologic Subtype

= Nodular (13/24)
= Mucosal lentiginous (11/24)

pT Stage

u pT3 (18/24)
® pT4a (5/24)

u pT4b (1/24)

9.1 Figure 1: graphical representation of clinicopathologic features-1
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Nasal cavity/nasal septum/
turbinates (27/38)

Palate (hard
and soft) (6/38)

9.2 Figure 2: graphical representation of clinicopathologic features-2
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Molecular Status

u KRAS (2/34)

= NRAS (2/34)

= NRAS-EIF1AX (1/34)
= TP53 (3/34)

= GNA11(1/34)
« GNAQ (2/34)
u KIT (3/34)

= CTNNB1 (1/34)
u IDH1 (1/34)

= BRAF (1/34)

= WT (17/34)

= NE (4/38)

NGS: next-generations sequencing; WT: wild-type; NE: not evaluable;

9.3 Figure 3: graphical representation of the molecular results

On the right, the mutated genes were reported using 34 as the denominator (cases with evaluable
NGS results, and the 4 cases with low-quality DNA and NE results were excluded).
In the graph, the mutated genes and the corresponding areas were reported using 38 as the

denominator (also the 4 cases with NE results were included).
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Patient Specimen

KRAS TP53 GNA11 GNAQ NRAS BRAF KIT
number number

1 1

2

2
3
4
7

5

13 22
23
16 26
27
21 33
34
24 37

NGS: next-generations sequencing; WT: wild-type;

9.4 Figure 4: graphical representation of molecular results in patients with

multiple specimens and at least two ones evaluable for NGS analysis

Yellow squares: patients with discordant molecular results.

Red squares: patients with discordant molecular results.
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MM-H&N: mucosal melanoma of the head and neck region; BF-mIHC: bright-field multiplex immunohistochemistry; TME: tumor

microenvironment; NC/NS/T: nasal cavity/nasal septum/turbinates; H&E: hematoxylin and eosin;

9.5 Figure 5: illustrative example of nodular MM-H&N

A: H&E, original magnification 15x;

B: H&E, original magnification 200x;

C: BF-mIHC [CD20 (Purple), CD3 (DAB-Brown), CD68 (Green), SOX10 (Yellow)], original magnification 150x;
D: BF-mIHC [CD20 (Purple), CD3 (DAB-Brown), CD68 (Green), SOX10 (Yellow)], original magnification 200Xx;

Highly fragmented specimen of NC/NS/T MM-H&N with a predominant epithelioid cytology (A

and B) and two hot-spot areas (C and D) adopted for TME assessment.
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MM-H&N: mucosal melanoma of the head and neck region; BF-mIHC: bright-field multiplex immunohistochemistry; TME: tumor

microenvironment; H&E: hematoxylin and eosin;

9.6 Figure 6: illustrative example of lentiginous MM-H&N

A: H&E, original magnification 15x;

B: H&E, original magnification 150Xx;

C: BF-mIHC [CD20 (Purple), CD3 (DAB-Brown), CD68 (Green), SOX10 (Yellow)], original magnification 150x;
D: BF-mIHC [CD20 (Purple), CD3 (DAB-Brown), CD68 (Green), SOX10 (Yellow)], original magnification 200Xx;
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10. Supplementary materials

NRAS-mutated NRAS-not-mutated
Fzﬂrra:;ele g 172 p=0.203
onet i :
Otizlra:ietes g 136 p=0.459
'\f'\IL i 172 p=0.329
pmte 2
Gomtnve .
LL\\//Il-T\ES ; 181 p=0.774
TDIKIII-YN?)S (3) 127 p=0.556
pT4F;-/I_ST4b g 163 p=0.254

NGS: next-generation sequencing; NC/NS/T: nasal cavity/nasal septum/turbinates; WT: wild-type; N: nodular; ML: mucosal lentiginous; LVI:

lympho-vascular invasion; PNI: perineural infiltration;
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10.1 Supplementary material 1: association between NRAS status and

clinicopathologic features

The number of patients included in the statistical analyses was 22, because two patients (patients #8
and #17) did not have specimens with evaluable NGS results.
The molecular status of each individual patient was obtained by summing the NGS results in each

specimen collected from that patient.



ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

CD20iow CD20nigh CD3jow CD3high CD68iow CD68high
NRAS-mutated 2 1 p=0.650 0 3 p=0.025 2 1 p=0.329
NRAS- 10 9 13 6 7 12

not-mutated

NGS: next-generation sequencing;

10.2 Supplementary material 2: association between BF-mIHC results and

NRAS status

The number of patients included in the statistical analyses was 22, because two patients (patients #38

and #17) did not have specimens with evaluable NGS results.
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12 Abbreviations

mucosal melanoma of the head and neck region (MM-H&N); bright-field multiplex
immunohistochemistry (BF-mIHC); tumor microenvironment (TME); mucosal melanoma (MM);
nasal cavity/nasal septum/turbinates (NC/NS/T); wild-type status (WT); tumor-infiltrating
lymphocytes (TILs); tumor-associated macrophages (TAMs); immune checkpoint inhibitors (ICIs);
programmed death-ligand 1 (PD-L1); tumor mutational burden (TMB); gene expression profile
(GEP); National Comprehensive Cancer Network (NCCN); overall survival (OS); 5-year survival
(5y-S); multiplex immunofluorescence (mIHF); magnetic resonance imaging (MRI); World Health
Organization (WHO); American Joint Committee on Cancer (AJCC); interferon (IFN); recurrence-
free survival (RFS); anti-cytotoxic T-lymphocyte antigen 4 (anti-CTLA-4); lympho-vascular
invasion (LV1); perineural infiltration (PNI); American College of Medical Genetics and Genomics
(ACMG); formalin-fixed paraffin-embedded (FFPE); hematoxylin and eosin (H&E); next-
generation sequencing (NGS); high-power fields (HPF); excision of the primary tumor (EPT);
excision of local recurrence/residual tumor (ELR/RT); incisional biopsy (1B); nodular (N); mucosal
lentiginous (ML); not evaluable (NE); variant allele frequency (VAF); pathogenic (Path); likely

pathogenic (Likely Path); variant of unknown significance (VUS).
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