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ABSTRACT
Background  Mucosal melanomas (MM) arise from 
mucosal melanocytes at various anatomical sites. These 
tumors are rare, highly aggressive, and often associated 
with poor outcomes. Current treatments, including immune 
checkpoint inhibitors, show limited efficacy in advanced 
disease. Compared with cutaneous melanomas, there 
is a lack of data on the immunogenicity and interferon 
(IFN)-γ sensitivity of MM. In this study, we examined these 
features in sino-nasal melanomas (SN-MM) cell lines 
and clinical samples using microscopy and functional 
genomics.
Methods  The immune contexture of SN-MM was 
analyzed by immunohistochemistry on 48 tumor biopsies. 
RNA sequencing and mass spectrometry-based proteomic 
approaches were used to study the IFN-γ receptor 
(IFNGR) pathways in five patient-derived SN-MM cell 
lines. Moreover, their IFN-γ sensitivity, in terms of cell 
viability, IFNGR/JAK/STAT signaling pathway and IFN-γ 
inducible proteins, was evaluated by flow cytometry and 
immunoblots. Neoantigen prediction was performed 
through integrated whole exome sequencing and RNA-
sequencing analysis using pVAC-Seq. Immune effector 
functions were evaluated in co-culture in vitro assays.
Results  SN-MM tumors are mainly immune “desert” 
with few tumor-infiltrating lymphocytes and contain 
immunosuppressive macrophages, features linked 
to poor prognosis; moreover, tumor cells are largely 
CD274/programmed death-ligand 1 negative. SN-MM 
cell lines express transcripts for melanocytic and cancer 
testis antigens; moreover, sequencing analysis identified 
a repertoire of high-confidence neoantigens, including 
candidates derived from recurrently mutated oncogenic 
drivers. Functional assays revealed that SN-MM cells are 
susceptible to NK cell-mediated killing. In terms of IFN-γ 
sensitivity, SN-MM cells show normal surface expression 
of IFNGR and maintain the integrity of the IFNGR/JAK/STAT 
signaling pathway. Transcriptomic and proteomic analyses 

demonstrate that SN-MM cell lines, as a group, respond 
to IFN-γ by upregulating genes involved in immune 
recognition and antigen presentation. In 60% of SN-MM 
lines, IFN-γ also induces cytotoxic and anti-proliferative 
effects, the release of CXCL10 and upregulation of CD274/
PD-L1. The remaining SN-MM cell lines, characterized by 
poor differentiation, show refractoriness to these effects.
Conclusions  SN-MM displays an immune-desert 
phenotype yet retains intrinsic immunogenicity. Most 
tumors preserve functional IFN-γ signaling, while poorly 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Immune checkpoint inhibitors (ICI) showed limit-
ed efficacy in advanced mucosal melanoma (MM), 
partially explained by low tumor mutational burden, 
scarce immunogenicity, and poor immune infiltra-
tion. This study is needed to explore the interferon 
(IFN)-γ sensitivity and immunogenicity of MM to 
predict immunotherapy response.

WHAT THIS STUDY ADDS
	⇒ By using unique patient-derived sino-nasal melano-
mas (SN-MM) cell lines, we could prove their an-
tigenicity along with a heterogeneous response to 
IFN-γ. Specifically, the IFN-γ-inducible programmed 
death-ligand 1 expression, release of CXCL10, and 
cytotoxicity were differentially regulated among SN-
MM cell lines. Our findings suggested a combination 
of immune escape mechanisms leading to immune 
exclusion in MM tissues.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Combining immune contexture analysis with func-
tional assays and neoantigen profiling could guide 
patient selection for immune therapy strategies.
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differentiated cells show resistance to IFN-γ-mediated effects. These 
findings underscore heterogeneity in immune responsiveness and support 
functional immune profiling to refine immunotherapy strategies in MM.

INTRODUCTION
Advances in understanding the immune contexture and 
genomic landscape of cutaneous melanomas (CMs) 
have expanded treatment options for advanced disease.1 
However, these successes have not translated to non-skin 
melanomas, such as mucosal melanoma (MM), which 
remain highly aggressive and associated with poor clin-
ical outcomes.2 3 The head and neck region, including 
the nasal cavity and paranasal sinuses, represents the 
most common anatomical location of MM.4 MM outcome 
is very poor, and the reasons behind this aggressive clin-
ical behavior are only partially understood.5 6 In addi-
tion, there is still no definitive consensus on the optimal 
management of MMs, particularly on the role of adjuvant 
treatments for loco-regional and systemic control.5 BRAF 
V600 mutations are found in a negligible percentage of 
MMs6 7 and systemic chemotherapies have demonstrated 
little or no survival benefit, with most patients early dying 
after the diagnosis for systemic dissemination. Moreover, 
the outcome of immune checkpoint inhibitors (ICI) treat-
ment in patients with MM is controversial, suggesting that 
additional prospective clinical studies with larger scale 
populations are needed. Despite some advances in immu-
notherapeutic approaches for patients with advanced 
MM,2 8 clinical studies suggest that these patients are, as a 
group, less responsive to ICI than those with CM.3 9 The 
difference in response to ICI might partially be explained 
by their intrinsic level of immunogenicity10 and immune 
contexture. As compared with CMs, MMs have a signifi-
cantly lower tumor mutational burden, which might 
result in a reduced neoantigen load and tumor-infiltrating 
lymphocytes (TILs) density.7 11 However, at variance with 
CM, MM immunogenicity and corresponding immune 
escape mechanisms are poorly understood.11

Cancers frequently harbor genomic and phenotypic 
alterations affecting genes involved in interferon (IFN) 
signaling pathways, which underline their heterogeneous 
responsiveness to IFN stimuli. IFN-γ plays a central role 
in antitumor immune responses, tumor immunogenicity, 
and the process of cancer immunoediting. Conversely, 
loss or attenuation of IFN-γ responsiveness confers a 
survival advantage to cancer cells by enabling immune 
evasion.12 13 Specifically, the endogenously produced 
IFN-γ has a key role in immune surveillance modulating 
tumor cell immunogenicity and immune contexture. 
However, loss of the capacity to signal through the IFN-γ 
receptor (IFNGR) due to identifiable defects in the IFN-γ 
signaling cascade is well documented in human cancers.14 
IFN-γ induces reorganization of the IFNGR subunits, 
signaling via JAK/STAT,15 resulting in the activation of 
interferon-stimulated response elements and gamma IFN 
activation sites within the promoters of IFN-γ-inducible 
genes. IFN-γ regulates cell cycle, antigen presentation, 

T-cell attracting chemokines, as well as promotes the 
expression of the inhibitory receptors programmed 
cell death ligand 1 (CD274/PD-L1), programmed cell 
death ligand 2 (CD273/PD-L2), cytotoxic T-lymphocyte 
associated protein 4,16 17 and the immunosuppressive 
metabolite indoleamine 2,3-dioxygenase (IDO).18 IFN-γ 
modulates tumor immunogenicity through induction of 
the major histocompatibility complex (MHC) class I and 
class II pathway of antigen processing and presentation 
in tumor cells for their recognition by CD8+ and CD4+ T 
cells, respectively, which are both required for an effective 
response to ICI.19 The unresponsiveness to IFN-γ is one 
of the main cancer immune escape mechanisms along 
with the loss of MHC-I antigen presentation machinery, 
a feature predicting worse prognosis and resistance to 
immunotherapies.12 19–22

Recently, we developed five novel sino-nasal melanoma 
(SN-MM) cell lines that provide a unique model to study 
the immunobiology of MM.23 These cell lines retain 
melanocytic identity, exhibit varying degrees of differen-
tiation, and display tumorigenic potential both in vitro 
and in vivo. Using these systems and clinical samples, we 
investigated the MM immunogenicity and responsiveness 
to IFN-γ. Our results show that SN-MM cell lines express 
a rich repertoire of tumor neoantigens and maintain 
intact IFNGR/JAK/STAT signaling consistent with the 
transcriptomic and proteomic response to IFN-γ. While 
60% of the cell lines were responsive in terms of cytotox-
icity, cell growth inhibition, and PD-L1 expression, most 
clinical samples showed immune exclusion with a lack of 
CD274/PD-L1 expression. These findings suggest that 
a better understanding of MM’s immune escape mech-
anisms, particularly related to IFN-γ, could guide more 
personalized immune therapy strategies. Functional 
assays measuring IFN-γ sensitivity could play a crucial role 
in patient selection for immune treatments.

MATERIAL AND METHODS
Human tissue samples
All human tissues and clinical information were obtained 
in compliance with the bioethical requirements, as 
detailed in online supplemental M&M. The study 
involved formalin-fixed paraffin-embedded (FFPE) biop-
sies obtained from 48 patients with clinical and pathology 
annotated SN-MM. Patients included in this study received 
surgery with curative or palliative intent. SN-MM was 
diagnosed and staged according to the available version 
of the WHO Classification of Head and Neck Tumors 
and the AJCC (American Joint Committee on Cancer) 
staging system, respectively.24 Detailed characteristics of 
patients are shown in online supplemental table S1. Addi-
tional information on clinicopathological characteristics 
of patients and FFPE samples collection is reported in 
online supplemental M&M. The control group consisted 
of patients presenting malignant CM previously reported 
by our group.25
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Histology and immunohistochemistry
FFPE tumor biopsies and cell-block sections were used 
for histology and immunohistochemistry (IHC). Histo-
logic evaluation of H&E or IHC-stained sections of tumor 
samples and cell blocks was performed by two expert 
pathologists. IHC staining and RNAscope are detailed in 
online supplemental M&M. Primary antibodies used are 
listed in online supplemental table S2. Stained sections 
were evaluated using a digital microscopy approach and 
the immune markers were expressed as percentage of 
positive cells within the total amount of CD45-positive 
leukocytes, using a four-tiered scoring system, as described 
in online supplemental M&M.

Cell lines
Five human SN-MM cell lines, designated as SN-MM one 
to five, previously generated from tumor biopsies and 
extensively characterized by our group23 were used in this 
study. Human A2058 and FO1 CM cell lines were used as 
control. Melanoma cell lines were cultured as described 
in online supplemental M&M. SN-MM cells were treated 
with 100 ng/mL of recombinant human IFN-γ (Pepro-
Tech, Rocky Hill, USA). Detailed information for the use 
of the IFN-γ for each experiment is described in online 
supplemental M&M.

In vitro co-culture assays
Peripheral blood mononuclear cells (PBMCs) were 
isolated from healthy donors. PBMCs were cultured 
in complete RPMI (Roswell Park Memorial Institute) 
medium supplemented with 100 U/mL rh-IL-2. T cells 
were activated with anti-CD3/anti-CD28 antibodies. 
PBMCs were co-incubated with tumor cells at different 
effector-to-target ratios, as detailed in online supple-
mental M&M. Anti-CD107a-PE was added to measure 
natural killer (NK) cell and CD8+ T-cell degranulation. 
Tumor cells viability was evaluated by propidium iodide 
staining as described in online supplemental M&M.

Flow cytometry
The detailed methods are described in online supple-
mental M&M. In brief, the percentage of positive cells 
and median of fluorescence intensity (MFI) for Human 
Leukocyte Antigens (HLA)-ABC, HLA-DR, CD274/
PD-L1, and IFNGR1 (online supplemental table S2) 
were evaluated on live cells. Cell viability was evaluated 
using the Pacific Blue Annexin V/SYTOX AADvanced 
Apoptosis Kit (Thermo Fisher Scientific). Samples were 
processed on MACS Quant Analyzer 16 (Miltenyi Biotec). 
Results were analyzed by FlowJo X software (TreeStar, 
Wilmington, North Carolina, USA).

The percentage of CD107a+ cells was measured on 
CD56+ NK cells and CD8+ T cells. Propidium Iodide 
(PI) positive cells were measured on tumor cells iden-
tified based on forward and side scatter. Samples were 
processed on FACSCanto (Becton Dickinson, Mountain 
View, California, USA). Data were analyzed using the Diva 
software (Becton Dickinson).

Proteomic analysis
Sample proteins were digested and analyzed as 
described in online supplemental M&M. Statistical anal-
ysis was performed with MarkerView for the t-test (p 
value <0.05 and fold change >1.3) and MetaboAnalyst 
V.5.0 (www.metaboanalyst.org). Bioinformatic analysis 
was carried out using Ingenuity Pathways Analysis (IPA) 
software (Qiagen) and R V.4.4.1 (R Foundation for Statis-
tical Computing, Vienna, Austria).

RNA sequencing
RNA sequencing (RNA-seq) libraries were prepared 
using the TruSeq RNA Sample Prep Kit V.2 (Illumina, San 
Diego, California, USA) and sequenced on NovaSeq6000 
(Illumina) generating ~33 million 150 PE (phyco-
erythrin) reads per sample. After adapter trimming, 
reads were aligned to the Homo sapiens reference genome 
(Ensembl V.109) using STAR (V.2.7.9a). RSEM (RNA-Seq 
by Expectation-Maximization) was used for expression 
counting and TPM (transcripts per million) calculation 
(V.1.3.3). Differential expression analysis was performed 
with DESeq2 (V.1.30.1) with the apelglm method for 
log2-fold change (LFC) shrinkage. Expression data 
(log2(TPM+1)) of DepMap cell lines were downloaded 
from the DepMap portal (DepMap Public 24Q4, https://​
depmap.​org/​portal/​data_​page/?​tab=​currentRelease). Gene 
Set Enrichment Analysis (GSEA) (https://www.gsea-​
msigdb.org/gsea/downloads.jsp) was performed on 
genes pre-ranked according to LFC26 27 using the Hall-
marks gene set from MsigDB V.7.5 database (https://
www.gsea-msigdb.org/gsea/msigdb). Gene Ontology 
(GO) enrichment analysis has been performed using 
clusterProfiler (V.3.18.1) with the function “simplify 0.7” 
applied. Single nucleotide variants (SNVs) of each cell 
line have been independently identified from resting 
and IFN-γ-treated conditions on pooled RNA-seq repli-
cates (~100 M fragments each). Variants were identified 
based on the GATK Best Practice workflow using GATK 
HaplotypeCaller V.4.1.9.0. Subsequently, variants were 
annotated and ranked by putative pathogenicity using 
the CTAT-mutation pipeline (V.4.0.0). We retained 
only SNVs showing low population frequency (gnomad 
Allele Frequency (AF) <0.01) and predicted pathogenic, 
namely CHASM (p value <0.05) or VEST (p value <0.05), 
or pathogenic in COSMIC or in ClinVar.

In silico neoantigens prediction analysis
Human leukocyte antigen (HLA) typing was performed 
on five SN-MM cell lines by using Optitype, HLAHD and 
PHLAT algorithms as described in online supplemental 
M&M. The HLA types used for neoantigen predictions 
are reported in online supplemental table S3. Class I and 
class II neoantigen analysis was performed using pVAC-
tools pVAC-Seq (V.6.0.0) for all non-synonymous variants 
in one or more transcripts against all class I and II alleles 
of each tumor for the HLA genes: HLA-A, HLA-B, HLA-C, 
DPA1/DPB1, DQA1/DQB1, DRBA/DRB1, DRB2, DRB3, 
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DRB5. A “pass” tier peptide was defined as detailed in 
online supplemental M&M.

Statistical analysis
The detailed methods are described in online supple-
mental M&M. In brief, the Mann-Whitney U test, Kruskal-
Wallis test or Spearman’s correlation test were used to 
analyze the association between immune cell densities 
and clinicopathological characteristics. Survival analysis 
was performed considering the overall survival (OS) as 
primary outcome and progression-free survival (PFS) as 
a secondary outcome. Cox proportional-hazards model, 
Kaplan-Meier method, and log-rank test were used to test 
the immune cell densities in univariate survival analysis. 
Immune contexture biomarkers showing association with 
OS with p<0.05 were included in a multivariable Cox 
proportional-hazards model to estimate the multivariable-
adjusted HRs. Statistical analyses of the patients’ series 
were performed using RStudio (Vienna, Austria).

Statistical significance for in vitro experiments was 
determined by applying two-way analysis of variance 
followed by Bonferroni post-test for multiple compar-
ison. For all statistical tests, the level of significance was 
set at 0.05. Statistical analyses were performed using 
RStudio (Vienna, Austria) and GraphPad Prism Software 
(GraphPad Software, La Jolla, California, USA).

Additional methods
Detailed information on IHC, RNAscope, digital micros-
copy and image analysis, cell culture and co-culture 
experiments, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-car
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 
inner salt) assay, flow cytometry, western blots, mass spec-
trometry, ELISA, RNA-seq, bioinformatics and statistical 
analysis are included in the online supplemental M&M. 
Immunoscore classification is described in online supple-
mental figure S1. Patients’ follow-up is reported in online 
supplemental table S1. Detailed information on the 
primary antibodies used is described in online supple-
mental table S2. The HLA types used for neoantigen 
predictions are reported in online supplemental table S3.

RESULTS
A desert immune contexture with myeloid cells predicts SN-
MM unfavorable prognosis
The distribution pattern of immune cells in solid tumors 
is commonly classified into three phenotypes, namely 
“immune inflamed” characterized by lymphocytic infiltra-
tion within the tumor mass with the immune cells posi-
tioned in proximity to the tumor cells, “immune desert” 
typically lacking lymphocytes in either the tumor mass or 
at the periphery, although myeloid cells may be present, 
and “immune excluded” characterized by immune cells 
confined to the stroma surrounding tumor cell nests.28 
We tested the immune contexture of a cohort of 48 
SN-MM cases by IHC. The cohort details are reported in 
online supplemental table S1. We performed immune 

cell mapping by testing the occurrence of CD45+ tumor-
infiltrating leukocytes (TILe), CD3+ TILs, CD8+ cyto-
toxic T lymphocytes (CTL), CD20+ B lymphocytes, 
CD163+ tumor-associated macrophages (TAM), CD66+ 
neutrophils, CD56+ NK cells and CD303+ plasmacytoid 
dendritic cells (pDC) (figure  1A,B). First, we applied a 
digital microscopy approach to quantify the CD45+ TILe 
and CD8+ T cells. Density of CD45+ TILe (mean±SEM: 
SN-MM 297.0±49.87 vs CM 1758±137.5; p<0.0001) and 
of CD8+ T cells (mean±SEM: SN-MM 127.5±27.63 vs 
CM 397.9±85.28; p=0.0038) resulted significantly lower 
in SN-MM compared with CM (figure  1C,D). For the 
remaining immune cell populations, data are expressed 
as CD45+ immune cell fractions and summarized in 
online supplemental table S4. Most SN-MM cases were 
immune desert (figure 1A), whereas a minor fraction of 
SN-MM displayed a higher density of CD8+ CTL, CD163+ 
TAM, and CD20+ B cells (figure 1B); CD66b+ neutrophils 
were also detectable, whereas CD56+ NK and CD303+ pDC 
were absent (figure 1 and online supplemental table S4). 
Of note, the fraction of triggering receptor expressed on 
myeloid cells 2 (TREM2)-expressing CD163+ TAM was 
significantly higher in SN-MM cases with a poor CD8+ 
CTL density as compared with CD8+ CTL rich cases 
(mean±SEM: CD8 poor 432.3±81.1 vs CD8 rich 46.4±26.3; 
p=0.0008; figure  1E). Moreover, linear regression anal-
ysis proved that the high density of TREM2 is related to 
a poor CD8 density in SN-MM (p=0.03; figure  1F). We 
have recently shown that a fraction of TAM across human 
cancers express TREM2 and are immunosuppressive.29 By 
RNAscope analysis of a set of SN-MM cases, we further 
revealed the expression of transforming growth factor-β 
by immunosuppressive TREM2+ TAM (figure  1G,H). 
Finally, SN-MM cases were mainly negative for PD-L1 
expression evaluated on the tumor cell fraction [tumor 
proportion score (TPS); online supplemental table S4]. 
These findings indicate that SN-MM are non-inflamed 
melanomas with a subgroup enriched in immunosup-
pressive myeloid cells.

By gene signatures and tissue cell mapping, the 
immune contexture has been considered a relevant prog-
nosticator in various cancer types.30 We tested and veri-
fied this hypothesis on the SN-MM retrospective cohort. 
Based on single-population density and combined immu-
noscore, SN-MM samples were divided into subgroups, as 
described in the online supplemental M&M, and survival 
analysis was performed. CD56 and CD303 biomarkers 
were excluded from the survival analysis since positive 
cases were almost absent (online supplemental table S4). 
Notably, low CD45+ (≤199.9 cell/mm2) and low CD8+ 
(≤28.5 cell/mm2) cell densities were associated with 
worse OS (CD45+ p=0.0028; CD8+ p=0.0014; figure 1I,J). 
High CD163 expression (score 2–3) was associated with 
shorter OS (p=0.035; figure 1K), whereas the expression 
of CD3 (p=0.3), CD20 (p=0.77) and CD66b (p=0.37) 
were not significantly associated with OS (figure 1L–N). 
The immunoscore predicted both OS (p=0.004) and 
PFS (p=0.018) at univariate analysis (figure  1O,P); 
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Figure 1  SN-MM are non-inflamed melanomas, and low immunoscore predicts poor prognosis. Representative cases of 
SN-MM lacking immune cell infiltrate (A) or displaying poor immune cells surrounding the tumor nests (B), stained as labeled. 
Magnification 200×; scale bar 100 µm. Scatter plots illustrate the distribution of CD45+ leukocytes (C) and CD8+ CTL (D) in 
SN-MM (n=48) and CM (n=101). A scatter plot illustrates the distribution of TREM2+ TAMs (E) in CD8-poor (n=5) versus CD8-
rich (n=6) SN-MM. The threshold for defining CD8-rich or CD8-poor SN-MM cases was defined based on the mean CD8+ 
CTL density across the entire SN-MM cohort (n=48; mean±SEM: 127.5±27.6 cells/mm2). Bars represent the mean values. The 
statistical significance was calculated by a Student’s t-test. *p<0.05; ***p<0.001; ****p<0.0001. (F) Linear regression analysis 
between TREM2 density and CD8 density in SN-MM. (G–H) Representative images of TGF-β RNAscope in SN-MM cases, 
stained as labeled. Magnification 400×; scale bar 100 µm. (I–N) Kaplan-Meier plots showing the OS depending on the density 
of CD45+ TILe (I) or CD8+ CTL (J) or on the score of CD163+ (K), CD3+ (L), CD20+ (M), and CD66b+ (N). (O–P) Kaplan-Meier plots 
showing the OS (O) and PFS (P) probability of patients with SN-MM depending on the immunoscore level. For each SN-MM 
case, the immunoscore was calculated by summing the scores related to CD163, CD45, and CD8 categories and is classified 
as low (0–1), intermediate (2–3), or high (4–5). Immunoscore points equal to 2 are assigned to the categories of high CD45+ and 
high CD8+ cell density, immunoscore point equal to 1 is assigned to the category of CD163 low (0–1 score). CM, cutaneous 
melanomas; CTL, cytotoxic T lymphocytes; OS, overall survival; PFS, progression-free survival; SN-MM, sino-nasal melanoma; 
TGF, transforming growth factor; TILe, tumor-infiltrating leukocytes; TREM2, triggering receptor expressed on myeloid cells 2.
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furthermore, low immunoscore was significantly associ-
ated with shorter OS (p=0.004) and PFS (p=0.04) also 
at multivariable model including relevant clinicopath-
ological information (table  1). These findings provide 
evidence on the clinical relevance of the immune contex-
ture in SN-MM.

Integrity of the canonical IFNGR/JAK/STAT signaling pathway 
in SN-MM cell lines
The IFN-γ has a key role in antitumor immune response; 
however, cancers exhibit heterogeneous response to 
IFNs.12 We investigated the integrity of the IFNGR/
JAK/STAT signaling pathway in SN-MM cell lines. By 
flow cytometry analysis, SN-MM cell lines expressed 
surface IFNGR1/CD119 on the entire cell population 
(n=4, mean±SD (%) control (CTRL) 99.5±0.38 vs IFN-γ 
99.1±1.46; figure  2A and online supplemental table 
S5). No differences in terms of expression level were 
observed in all but SN-MM5 cell line on IFN-γ exposure 
(figure  2B,C). By western blot analysis, JAK2 was regu-
larly expressed in SN-MM cell lines regardless of stim-
ulation, while JAK1 was decreased by IFN-γ in SN-MM1 
and SN-MM2 cell lines (figure 2D). Moreover, we could 
detect significant induction of STAT1, pSTAT1Y701, 
and IRF1 expression in SN-MM cell lines 48 hours after 
the IFN-γ stimulation, as compared with unstimulated 
cells (figure 2E). Moreover, we observed a stable activa-
tion of pSTAT1Y701 and IRF1 at different time points 
on IFN-γ stimulation among different SN-MM cell lines 
(figure 2F). Based on these findings, we conclude that as 
a group, SN-MM are responsive to IFN-γ via IFNGR/JAK/
STAT signaling pathway.

Proficient transcriptomic and proteomic response to IFN-γ by 
SN-MM cells
Transcriptional response to IFN-γ treatment has been 
analyzed in CM cells and was consistent with the acti-
vation of IFN-inducible genes modulating the antigen-
presenting machinery, T-cell chemokines as well as 
G1/S and G2/M checkpoints.31 With the goal to estab-
lish the modes of response to IFN-γ by SN-MM cells, we 
performed bulk RNA-seq analysis of SN-MM cell lines 
at baseline and after stimulation with IFN-γ for 4 hours. 
By principal component analysis (PCA), the five SN-MM 
cell lines clustered regardless of the stimulation with 
IFN-γ (figure  3A). As previously demonstrated for CM 
cell lines,31 SN-MM cell line identity represents the 
major contributor to gene expression both at baseline 
and on exposure to IFN-γ (figure 3A and online supple-
mental figure S2). According to their derivation, SN-MM 
cell lines express a large set of lineage and differentia-
tion melanocytic antigens, including PRAME, SOX10, 
EDNRB, MITF, PMEL, TYR, and MLANA (online supple-
mental figure S3); their expression remained stable on 
IFN-γ stimulation (online supplemental figure S4). In 
addition, we analyzed the gene expression of cancer-testis 
antigens among cancer cell lines (online supplemental 
figure S5). Overall, we found heterogeneous expression 
of cancer-testis antigens among cell lines (online supple-
mental figures S5 and S6). Moreover, similar to CM, 
SN-MM cell lines express PRAME, MAGE-A, MAGE-B, 
MAGE-C, NY-ESO-1 (ie, CTAG1A, CTAG1B), and CSAG, 
some of them being tested in clinical trials for cancer 
vaccines.32 A relevant number of genes were significantly 
modulated (padj<0.05 and LFC >1) by IFN-γ as compared 

Table 1  Multivariable survival analysis on cM0 patients who received non-R2 surgery (n=41)

Covariate

Overall survival Progression-free survival

Cat., HR (95% CI) P value Cat., HR (95% CI) P value

Immunoscore High, REF
Intermediate, 1.76 (0.43 to 7.27)
Low, 8.11 (1.94 to 33.88)

0.43
0.004

High, REF
Intermediate, 1.42 (0.44 to 4.56)
Low, 3.42 (1.05 to 11.18)

0.56
0.04

Gender Female, REF
Male, 1.97 (0.79 to 4.88)

0.14 Female, REF
Male, 1.06 (0.44 to 2.52)

0.90

Age (years) 1.00 (0.96 to 1.04) 0.91 0.99 (0.97 to 1.02) 0.64

T 3, REF
4a, 1.14 (0.38 to 3.38)
4b, 0.50 (0.14 to 1.76)

0.81
0.28

3, REF
4a, 0.92 (0.36 to 2.39)
4b, 1.17 (0.39 to 3.54)

0.87
0.78

Site Nasal, REF
Paranasal, 1.64 (0.63 to 4.28)

0.31 Nasal, REF
Paranasal, 0.85 (0.34 to 2.14)

0.73

Residual disease after 
surgery

R0, REF
R1, 1.52 (0.66 to 3.50)

0.33 R0, REF
R1, 1.11 (0.51 to 2.44)

0.79

RT No, REF
Yes, 0.60 (0.21 to 1.71)

0.33 No, REF
Yes, 0.86 (0.35 to 2.13)

0.75

T category refers to the eighth edition of the TNM.
Significant p value are typed in bold.
Cat., category; REF, reference category; RT, radiation therapy; TNM, tumor, node, metastases.
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with the unstimulated counterpart (figure 3B), of which 
82 upregulated genes were in common between the cell 
lines (online supplemental table S6), including CD274, 
CXCL9, CXCL10, CXCL11, IDO1, STAT1, STAT2, 
STAT3, IRF1, IRF9, TAP1, TAP2, PSMB8, PSMB9, SOCS1, 
SOCS3, NLRC5, and B2M. Functional enrichment anal-
ysis based on GO was highly concordant across cell lines 

and showed that differentially expressed genes were 
enriched in relevant biological processes like response 
to IFNs, regulation of type I IFN production, regula-
tion of IkB kinase/NF-kB signaling, response to virus 
and apoptotic signaling pathway on IFN-γ treatment 
(online supplemental figure S7). GSEA, conducted 
in parallel, corroborated these findings and showed 

Figure 2  IFNGR/JAK/STAT signaling activation in SN-MM cell lines. (A–C) IFNGR1/CD119 surface expression was analyzed 
by flow cytometry. The percentages and MFI of IFNGR1-positive cells in SN-MM cell lines are shown at baseline and on IFN-γ 
treatment (A–B; n=4). Graph’s bars represent the mean and SD of biological replicates. Two-way ANOVA statistical analysis and 
Bonferroni’s multiple comparison post-test have been performed; **p<0.01; ***p<0.001. Representative histogram plots showing 
IFNGR1 expression (MFI) at baseline (turquoise) and on IFN-γ treatment (red) in each SN-MM cell line are shown (C). Gray 
histograms represent isotype controls. (D–F) Representative western blots showing activation of IFN-γ signaling pathway in 
SN-MM cell lines. JAK1 and JAK2 expression is shown in unstimulated (C) or IFN-γ stimulated samples after 48 hours (D; n=3). 
pSTAT1(Tyr701), STAT1, and IRF1 expression are shown in unstimulated or IFN-γ stimulated samples for 48 hours after o/n 
starvation with 1% FBS (E; n=3) and over time after IFN-γ stimulation (F); GAPDH or ACTIN were used as housekeeping control, 
as labeled. The samples derive from parallel experiments and blots were processed in parallel. ANOVA, analysis of variance; 
IFN, interferon; IFNGR, IFN-γ receptor; MFI, median of f﻿﻿﻿﻿luorescence intensity; SN-MM, sino-nasal melanoma.
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positive enrichment of IFN response, cytokine signaling, 
STAT signaling, inflammatory response, allograft rejec-
tion, and apoptosis gene sets (figure 3C, online supple-
mental figure S8 and online supplemental table S7). In 
parallel, negative enrichment of Glycolysis, UV Response, 
and G2M checkpoints was observed on IFN-γ treatment 
(online supplemental table S7). Moreover, significant 
enrichment of protein secretion, mitotic spindle, MYC 
targets, E2F targets, and p53 pathway was observed among 
different cell lines (online supplemental table S7). These 
findings are highly consistent with published data from 
IFN-γ treated human cell lines.31 Finally, we focused on 
key IFN-γ response genes previously published by Grasso 
et al31 and performed unsupervised clustering analysis 
showing a segregation of IFN-γ treated samples versus 
untreated samples (figure  3D). Overall, RNA-seq data 
demonstrated an active transcriptional response to IFN-γ, 
with multiple pathways and IFN-dependent genes modu-
lated on IFN-γ stimulation in all MM cell lines modulating 
their immunogenicity and cell fitness.

To extend these findings to the post-transcriptional 
level, we analyzed the proteome of SN-MM cell lines, at 
baseline and stimulated with IFN-γ (4 hours, 24 hours and 
48 hours), by using a mass spectrometry-based untargeted 
approach. Summarized data at 48 hours showed the stron-
gest response to IFN-γ consistent across all the cell lines. 
By PCA projections of the proteomic data set, SN-MM1, 
SN-MM2 and SN-MM5 cell lines segregated along PC1 or 
PC2 axes according to IFN-γ stimulated or unstimulated 
conditions, whereas SN-MM3 and SN-MM4 samples clus-
tered along the PCA axes regardless of the stimulation 
(online supplemental figure S9A). Moreover, all SN-MM 
cell lines segregated along the PC7 axis according to 
condition (ie, IFN-γ vs control; online supplemental 
figure S10), indicating that IFN-γ stimulation drove the 
protein expression profile, although it was not the major 
contributor. Furthermore, unsupervised k-means clus-
tering analysis identified five clusters of highly expressed 
proteins (online supplemental figure S9B) mostly corre-
sponding to unique SN-MM cell lines, regardless of 

Figure 3  IFN-γ transcriptional response in SN-MM cell lines. (A) Scatter plots showing the combined projections of the first 
two components of a PCA run considering the expression of the 500 most-variable genes of the SN-MM cell lines untreated 
or treated with IFN-γ for 4 hours. Samples’ features are highlighted by color code. (B) Venn diagram showing the number of 
common and private upregulated genes in IFN-γ stimulated versus untreated SN-MM cell lines. (C) Heatmap showing the 
NES values and related q values of HALLMARK gene sets significantly enriched in SN-MM cell lines on IFN-γ treatment, as 
identified by GSEA. GSEA results were filtered by FDR <0.25. A heatmap has been generated with the seaborn package 
(Python). (D) Heatmap of unsupervised hierarchical clustering of 63 key IFN-γ response genes expression based on z-scores 
of normalized expression values (Rlog). IFN, interferon; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis; NES, 
normalized enrichment score; PCA, principal component analysis; SN-MM, sino-nasal melanoma.
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treatment condition (ie, IFN-γ and CTRL; online supple-
mental figure S9C), supporting that cell line identity 
represents the major contributor to protein expression 
both at baseline and on exposure to IFN-γ. Upstream 
regulators analysis based on IPA on SN-MM samples stim-
ulated with IFN-γ compared with unstimulated controls 
corroborated the involvement of IFN-γ (z-score: SN-MM1 
2.6; SN-MM2 2.3; SN-MM3 3.2; SN-MM4 2.6; SN-MM5 3.7; 
online supplemental figure S9D) and STAT1 (z-score: 
SN-MM1 2.5; SN-MM2 2.9; SN-MM3 2.5; SN-MM4 2.3; 
SN-MM5 3.6; online supplemental figure S11) as activated 
upstream regulators. In detail, IFN-γ activated STAT1/2 
and stimulated the expression of IFN-inducible proteins 
(eg, ISG15, IFIT3, IFITM1, IFI16), MHC molecules (eg, 
HLA-A, HLA-B, HLA-C, HLA-DR), transporters respon-
sible for MHC peptide loading (eg, TAP1 and TAPBP), 
proteasome subunits (eg, PSME1, PSME2, PSMB10), 
and immunosuppressive molecule IDO1 (online supple-
mental figures S9D and S11). The proteomic landscape 
of IFN-γ-stimulated SN-MM cell lines substantiated the 
transcriptomic data and demonstrated IFN-γ response at 
the post-transcriptional level. In conclusion, as a group, 
based on transcriptomic and proteomic profile, SN-MM 
cell lines resulted proficient in IFN-γ response.

Survival and immunogenicity features of SN-MM cells are 
modulated by IFN-γ
IFN-γ exposure can also promote tumor cell apoptosis 
or cell cycle blockade.13 Since transcriptomic analysis 
on SN-MM indicated that G2/M checkpoints are among 
IFN-γ-induced genes, we tested the effect of IFN-γ treat-
ment on cell viability and proliferation of SN-MM cell 
lines. By using Annexin V/SYTOX AADvanced flow cytom-
etry assay, the frequency of dead cells was significantly 
increased after IFN-γ treatment in SN-MM1, SN-MM2 and 
SN-MM5 cell lines, whereas the viability of SN-MM3 and 
SN-MM4 was unchanged (p<0.0001, n=4; figure 4A and 
online supplemental table S5). Particularly, we found a 
significant increase in Annexin V+/SYTOX AADvanced− 
early apoptotic cells (p<0.0001, n=4; figure 4B and online 
supplemental table S5) to the disadvantage of Annexin 
V+/SYTOX AADvanced+ late apoptotic or necrotic cells 
(p<0.0001, n=4; figure  4C and online supplemental 
table S5). Moreover, IFN-γ significantly reduced the 
proliferation of SN-MM1, SN-MM2, and SN-MM5 cell 
lines over time (p<0.0001; n=4 mean ± SD (%) 24 hours 
vs 48 hours vs 72 hours: SN-MM1 89.2±5.2 vs 47.6±9.1 vs 
27±1.1; SN-MM2 97±2.5 vs 67.7±3.2 vs 49.9±4.7; SN-MM3 
96.7±4.1 vs 109.1±14.5 vs 93.5±5.7; SN-MM4 104.3±2.4 
vs 108.3±8.1 vs 102.1±1; SN-MM5 87.6±2.9 vs 64.1±1.9 vs 
46.5±4.4; figure 4D). Accordingly, the cell counts relative 
to unstimulated samples, as measured by MTS assay, were 
significantly lower in these cell lines, over time (48 hours 
vs 24 hours; 72 hours vs 48 hours; 72 hours vs 24 hours; 
figure 4D). In summary, IFN-γ exerted a significant cyto-
toxic and anti-proliferative effect on three out of five 
SN-MM cell lines.

Moreover, IFN-γ can modulate tumor immunogenicity 
by inducing the MHC class I and II antigen-presenting 
molecules by tumor cells. Thus, we tested the expression 
of MHC-I (ie, HLA-ABC) and MHC-II (ie, HLA-DR) on 
SN-MM cell surface by flow cytometry. All SN-MM cell 
lines showed a consistent fraction expressing MHC-I at 
the baseline (n=6, mean±SD (%) 95.12±2.65; figure  4E 
and online supplemental table S5). Moreover, IFN-γ 
induced a significant upregulation of MHC-I expression 
(MFI) in four out of five SN-MM cell lines (p<0.0001, 
n=6; figure  4F, online supplemental figure S12 and 
online supplemental table S5). On the contrary, MHC-II 
was variably expressed among SN-MM cell lines. Specifi-
cally, we observed a high frequency of HLA-DR+ cells in 
three out of five cell lines at baseline (SN-MM1; SN-MM2; 
SN-MM4), suggesting they might be direct targets of cyto-
toxic CD4+ T cells.33 A statistically significant increase of 
HLA-DR+ cells was induced by IFN-γ in the remaining cell 
fraction (p=0.0001, n=3; figure  4G and online supple-
mental table S5). SN-MM3 and SN-MM5 showed lower 
expression of HLA-DR both at baseline and on exposure 
to IFN-γ (figure 4G,H) that could be partially explained by 
lower CIITA expression34 in these cell lines (figure 3D). 
Moreover, HLA-DR expression (MFI) was significantly 
upregulated by IFN-γ in SN-MM4 (p=0.02, n=3; figure 4H 
and online supplemental table S5). Hence, SN-MM cell 
lines were proficient in antigen presentation and were 
able to upregulate MHC molecules on IFN-γ.

Cancer immune contexture is modulated by para-
crine responses of cancer cells and myeloid cells to a set 
of pro-inflammatory cytokines, resulting in chemokine 
secretion (ie, CXCL-9, CXCL-10, and CXCL-11), mainly 
regulated by IFNs.35 Accordingly, the CXCL-10 produc-
tion was significantly induced by IFN-γ in SN-MM1, 
SN-MM2, and SN-MM5 cell lines, whereas no CXCL-10 
production was measured in SN-MM3 and SN-MM4 
supernatants (p=0.004, n=5; figure  4I and online 
supplemental table S5).

In conclusion, although all SN-MM cell lines retain an 
intact antigen-presentation machinery in terms of MHC 
molecules expression, SN-MM3 and SN-MM4 display a 
blunted response to IFN-γ in relevant function regulating 
cancer immunity.

Modulation of IFN-γ-induced PD-L1 protein expression in SN-
MM
IFN-γ signaling represents the master regulator of the 
expression of the PD-L1 and PD-L2 inhibitory receptors 
in different cell types, including CM cells.16 Cancer cell 
expression of PD-L1 guides escape from immune surveil-
lance by binding to PD-1 on T cells leading to their apop-
tosis, anergy and functional exhaustion. This adaptive 
immune resistance mechanism is overcome by anti-PD-1/
PD-L1 therapy. Notably, PD-L1 was highly expressed on 
cell surfaces on exposure to IFN-γ in SN-MM1, SN-MM2, 
and SN-MM5 cell lines; on the contrary, SN-MM3 and 
SN-MM4 cell lines expressed significantly lower levels 
of this molecule (p<0.0001, n=4; figure 5A,B and online 
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supplemental figure S12). This finding was further vali-
dated on sections from cell block preparation of cell 
lines using IHC and by western blot (figure 5C,D). The 
modulation of PD-L1 protein expression at different time 
points after IFN-γ stimulation was unchanged among 
SN-MM cell line (figure 5E); specifically, we could detect 
PD-L1 expression 14 hours after IFN-γ stimulation that 
was stable until 72 hours post-stimulation, whereas we 
could not detect PD-L1 at earlier time points (ie, 4 hours; 
figure  5A). Overall, heterogeneity among SN-MM 
cell lines also affects PD-L1 expression. The blunted 
responses observed in SN-MM3 and SN-MM4 could not 
be explained by transcriptional modulation, as observed 
by many other IFN-γ-inducible transcripts (figure 3), nor 

by different expression kinetics of the receptor activation 
(figure 2). Moreover, as for many other IFN-γ-inducible 
genes, we could not detect loss-of-function mutations in 
PD-L1/CD274 by RNA-seq (online supplemental tables 
S8–S12). Of note, SN-MM3 and SN-MM4 express signifi-
cantly lower levels of many relevant melanocytic markers 
(ie, MITF, PMEL, MLANA, TYR, TYRP1, TYRP2, S100B) 
and other melanoma antigens (ie, SLC45A2 and EDNRB) 
(online supplemental figures S3 and S4).

Overall, these findings support the hypothesis that 
PD-L1 regulation in SN-MM relies on molecular mech-
anisms beyond canonical IFN-γ signaling, potentially 
linked to cell-intrinsic differentiation programs.

Figure 4  IFN-γ functional response among SN-MM cell lines. SN-MM cell lines were treated with IFN-γ or unstimulated (CTRL) 
to evaluate cytotoxic and anti-proliferative effect (A–D), MHC molecules (E–H) and CXCL10 production (I). (A–C) After 72 hours, 
the cell viability was analyzed with Annexin V/SYTOX AADvanced staining by flow cytometry. Column bar graphs illustrate 
the percentage of dead (Annexin V+; A), early apoptotic (Annexin V+/V/SYTOX AADvanced−; B) and late apoptotic or necrotic 
(Annexin V+/V/SYTOX AADvanced+; C) cells (n=4). (D) Viability and proliferation of SN-MM cell lines treated with IFN-γ were 
measured by MTS assay. Column bar graph represents the percentage of viable cells, after administration of IFN-γ (100 U/
mL) for 24 hours, 48 hours, and 72 hours relative to untreated SN-MM cells (n=3). (E–I) After 48 hours, HLA-ABC (E, F) and 
HLA-DR (G, H) surface expression were analyzed by flow cytometry. Scatter plots illustrate the percentage of positive cells (E, 
G) and column bar graphs illustrate the MFI (F, H) (n=4). (I) CXCL-10 production was measured by ELISA on SN-MM cell lines 
supernatants obtained after 48 hours of culture. Graph’s bars represent the mean and SD of biological replicates. Two-way 
ANOVA statistical analysis and Bonferroni’s multiple comparison post-test have been performed. *p<0.05; **p<0.01; ***p<0.001. 
ANOVA, analysis of variance; CTLR, control; HLA-ABC, Human Leukocyte Antigens ABC; HLA-DR, Human Leukocyte Antigens 
DR; IFN, interferon; MFI, median of f﻿﻿﻿﻿luorescence intensity; MHC, major histocompatibility complex; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; SN-MM, sino-nasal melanoma.
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Figure 5  PD-L1 expression among SN-MM cell lines. (A–B) PD-L1 surface expression was evaluated by flow cytometry 
on five SN-MM cell lines. Representative histogram plots showing PD-L1 expression (MFI) at baseline (CTRL) and on IFN-γ 
treatment at different time points, as labeled (A). A scatter plot illustrates the percentage of PD-L1 positive cells after 48 hours 
of IFN-γ stimulation (B; n=4). Graphs bars represent the mean and SD of biological replicates. Two-way ANOVA statistical 
analysis and Bonferroni’s multiple comparison post-test have been performed; ***p<0.001. (C) IHC for PD-L1 on cell blocks 
from SN-MM cell lines. Sections are counterstained with hematoxylin. Magnification 40×; scale bar 50 µm. (D–E) Western blots 
showing PD-L1 expression in SN-MM cell lines unstimulated (C) or stimulated with IFN-γ for 48 hours (D) or over time (E), as 
labeled; GAPDH or ACTIN were used as housekeeping control. The samples derive from parallel experiments and blots were 
processed in parallel. (F–I) SN-MM cell lines were treated o/n with IFN-γ or unstimulated (CTRL) and co-cultured with activated 
PBMCs isolated from healthy donors at a 1:3 (F–G) or 1:1 (I) effector-to-target ratio. FO1 and A2058 CM cell lines were used 
as controls. (F, I) The CD107a expression is evaluated on CD56+ NK cells (F; n=2) and CD8+ T cells (I; n=3) by flow cytometry 
after co-culture with target tumor cells. Dashed lines indicate the percentage of CD107a+ cells cultured without target cells. The 
target tumor cells viability was assessed with PI staining by flow cytometry (G). A column bar graph illustrates the percentage 
of dead tumor cells after culture with or w/o activated PBMCs. Graph bars represent the mean and SD of biological replicates. 
Two-way ANOVA statistical analysis and Bonferroni’s multiple comparison post-test have been performed; *p<0.05; **p<0.01; 
***p<0.001. (H) Representative dot plots showing PD-1 expression by flow cytometry on NK cells untreated or stimulated with 
IL-2. ANOVA, analysis of variance; CM, cutaneous melanomas; CTRL, control; IFN, interferon; IL, interleukin; MFI, median of 
f﻿﻿﻿﻿luorescence intensity; NK, natural killer; PBMC, peripheral blood mononuclear cell; PD-1, programmed cell death protein-1; 
PD-L1, programmed cell death ligand 1; SN-MM, sino-nasal melanoma.
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Susceptibility of SN-MM cell to NK-cell killing
NK cells can recognize and eliminate malignant cells 
without prior antigen sensitization and do not rely on 
peptide-MHC complexes for target cell recognition, but 
their function is finely regulated by the engagement of 
activating and inhibitory receptors defining their cyto-
toxic potential.36 Specifically, tumor cells that down-
regulate MHC class I or express stress-induced ligands 
become susceptible to NK cell-mediated killing. However, 
engineered NK cells that target tumor antigens or over-
come tumor evasion mechanisms could be developed for 
cancer immunotherapy.37 38

In this study, SN-MM cells were treated with IFN-γ o/n or 
untreated and incubated with allogeneic PBMCs to eval-
uate the susceptibility of SN-MM to effector cells. Specifi-
cally, we tested degranulation and cytotoxic activity of NK 
cells and CD8+ T cells from co-cultures by performing a 
CD107a degranulation assay and evaluating tumor cell 
viability by propidium iodide staining. HLA-I masking 
on tumor cells has been performed to avoid the engage-
ment of the MHC class I–specific inhibitory receptors, 
such as the killer cell immunoglobulin-like receptors.36 
First, we observed the upregulation of degranulation 
marker expression by CD56+ NK cells on co-culture with 
tumor cells as compared with PBMCs alone (figure 5F). 
Moreover, SN-MM cells increased the percentage of 
CD107a+ NK cells (mean range: 39%–57.7%) similarly 
to the cutaneous melanoma cell line FO1 (mean: 47%; 
figure  5F), suggesting that SN-MM cells trigger the NK 
cell effector function. To further expand this finding, we 
evaluated tumor cell viability on co-culture with activated 
PBMCs (figure  5G). Allogeneic NK cells kill approxi-
mately 20–35% of target cells after 5 hours of co-culture 
(figure  5G). However, IFN-γ significantly impaired the 
ability of SN-MM1 and SN-MM5 cell lines to induce NK cell 
degranulation (figure 5F); accordingly, the percentage of 
cell death was significantly reduced in IFN-γ-treated versus 
untreated SN-MM1 and SN-MM5 cell lines on co-culture 
with activated PBMCs (figure 5G). By programmed cell 
death protein-1 (PD-1) staining on NK cells (figure 5H), 
we have excluded the interaction between the PD-1 inhib-
itory receptor and the IFN-γ-induced PD-L1 on SN-MM 
cell surface.

We subsequently tested CTL. The frequency of CD107a+ 
CTL was not substantially increased on co-culture with 
tumor cells, as compared with PBMCs alone, in all but 
SN-MM2 and A2058 (figure 5I), suggesting a limited CTL 
degranulation and induced killing of SN-MM cells. More-
over, the IFN-γ treatment of SN-MM cells before co-cul-
turing with PBMCs did not significantly affect CD8+ T 
cells degranulation (figure 5I). Altogether, these in vitro 
findings support susceptibility of SN-MM cells to NK cell-
mediated killing; however, IFN-γ can promote tumor cell 
escape mechanisms from effector NK cells,39 whose mech-
anisms remain to be defined.

Identification of personalized neoantigen candidates in SN-
MM
By integrated analysis of whole-exome sequencing and 
RNA-seq data using the pVAC-Seq pipeline, we have 
defined the neoantigen landscape of SN-MM cell lines. 
Class I and class II HLA haplotypes were inferred directly 
from tumor sequencing data using an ensemble of estab-
lished tools (as described in online supplemental M&M), 
revealing high heterozygosity across HLA loci, a molec-
ular feature supporting broad neoantigen presentation 
potential (online supplemental tables S3). By somatic 
variant calling we have identified nonsynonymous SNVs 
and InDels,40 which were subsequently annotated for 
amino acid changes and evaluated for transcript and 
variant allele expression (online supplemental tables 
S13–S22). Across the five SN-MM cell lines, we could 
identify between 258 and 416 candidate neoantigens per 
cell line, of which between 46 and 82 met stringent “Pass-
tier” criteria, including strong predicted binding and 
presentation, clonal tumor allele frequency, and detect-
able variant allele expression (figure 6A, online supple-
mental figure S13A,B and online supplemental tables 
S13–S22). The contribution of individual expressed HLA 
alleles to the high-confidence class I neoantigen reper-
toire varied markedly across cell line, highlighting allele-
specific differences in predicted immunogenicity (online 
supplemental figure S13C); however, we observed strong 
neoantigen predictions for most HLA alleles. Both class I 
and class II analyses yielded a substantial number of high-
confidence candidates (figure 6B).

By analyzing the TCGA (The Cancer Genome Atlas) 
cutaneous melanoma cohort, we revealed that the 
number of protein-altering variants expressed at the RNA 
level is comparable between SN-MM and CM (figure 6C), 
suggesting that these tumors could be equally targeted by 
neoantigen vaccine therapies.41 Finally, we predicted high-
quality neoantigen candidates for each SN-MM, incor-
porating binding affinity, presentation probability, and 
allele expression (figure 6D–H). Of note, some of these 
high-quality neoantigens correspond to SN-MM muta-
tions in known oncogenes, including SOX10, ABLIM3, 
RB1, CDK12, PTEN, ANKRD11, KLF4, NOTCH2, RAF1, 
TP53, FAT1, IRS2, MAP3K14, MCL1, ZFHX3.

Collectively, these findings demonstrate that SN-MM 
harbor a rich repertoire of expressed, high-quality neoan-
tigens, supporting the view that MM is a potentially 
immunogenic tumor type and providing a foundation 
for selecting candidate targets for T cell-based immuno-
therapy development.

DISCUSSION
IFN-γ is a pleiotropic cytokine exerting key tumor 
suppressor functions.12 21 35 Resistance to IFN-γ is mediated 
by different mechanisms including innate immune resis-
tance that leads to T-cell dysfunction, although this can 
be bypassed with ICI.22 28 ICIs have significantly improved 
outcomes for patients with previously untreatable cancers, 
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particularly those that express PD-L1 and exhibit high 
immunogenicity, as evidenced by T-cell infiltration and 
IFN-γ sensitivity.28 However, these features are still under-
explored in MM. By using microscopy on clinical samples, 
most SN-MM are immune desert and largely devoid of 
CTLs, a feature predicting unfavorable outcomes, with 
a subgroup enriched in immunosuppressive TREM2+ 
TAMs. Despite the limited immune infiltration, the 

neoantigen prediction analysis reveals a substantial reper-
toire of tumor neoantigens, supported by broad HLA 
heterozygosity and expression of melanocytic and cancer-
testis antigens, suggesting that SN-MM are not intrinsi-
cally refractory to immune recognition. By functional 
omics approaches on a unique set of SN-MM cell lines,23 
most but not all SN-MM cell lines are intrinsically respon-
sive to IFN-γ. Proficient IFN-γ response in most SN-MM 

Figure 6  Tumor-specific neoantigens prediction in SN-MM. (A) The bar graph corresponds to the total counts of variants per 
cell line, showing the number of synonymous and non-synonymous variants, the latter including candidate neoantigens that 
passed or failed filtering criteria. (B) Number of “pass-tier” neoantigen candidates predicted to bind HLA class I and HLA class 
II molecules. (C) Protein-altering mutation burden in the five SN-MM cell lines compared with CM from TCGA. For the TCGA-
SKCM cohort, we used the sample designations from cBioPortal for the TCGA-GDC dataset of 474 tumors. (D–H) Scatter 
plots showing the relationship between the predicted binding affinity (x-axis) and presentation probability (y-axis) for Pass-tier 
neoantigen candidates in each SN-MM cell line; each point represents one candidate, colored by allele expression level. Lower 
binding affinity score indicates stronger peptide–MHC binding. A higher presentation score indicates higher peptide processing, 
transport, and binding stability. Prioritization of top neoantigen candidates is illustrated by gene name labeling. CM, cutaneous 
melanomas; GDC, Genomic Data Commons; HLA, human leukocyte antigen; MHC, major histocompatibility complex; SKCM, 
skin cutaneous melanoma; SN-MM, sino-nasal melanoma; TCGA, The Cancer Genome Atlas.
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cell lines exerts antitumor functions leading to increased 
cell recognition pathways and reduced tumor cell survival 
and proliferation. These findings suggest that a combi-
nation of immune escape mechanisms might occur in 
MM tissue involving IFN-γ availability and sensitivity by 
tumor cells along with dysfunction of other checkpoints 
of the cancer immunity cycle leading to immune exclu-
sion.28 42 These checkpoints represent the foundation for 
a proper patient selection to immunotherapeutic strate-
gies. Unfavorable immunoscore with reduced T-cell infil-
tration predicted poor outcomes in patients with SN-MM, 
as well documented in most cancer types.30 Although 
underpowered in terms of sample size, this set of prelim-
inary findings might suggest trajectories for large-scale 
multicenter studies in this rare form of melanoma, since 
SN-MM lacks reliable independent clinical prognostica-
tors.43 44 Different mechanisms drive the T-cell exclusion 
(TCE) in cancers to elude immune surveillance. These 
include low levels of cancer cell immunogenicity, defects 
in antigen presentation and T-cell priming by antigen-
presenting cells, impaired T-cell trafficking to the tumor 
site, or suppression of T cells by tumor microenvironment 
(TME).28 45 Unexpectedly, results from this study propose 
a rich repertoire of expressed neoantigens in SN-MM 
that could elicit effective T-cell responses, validating the 
immunogenicity of these tumors. Cancer cell-intrinsic 
molecular abnormalities play a key role in driving the 
TCE.46 47 This has been observed also in CMs,46 including 
gain of function (WNT-β catenin, MYC) and loss of func-
tion (LKB1, PTEN, p53) mutations. These abnormalities 
eventually result in the modulation of T cell-attracting 
chemokines or recruitment of immunosuppressive 
myeloid cells promoting TCE.47 Previously published data 
showed PTEN loss in SN-MM23 associated with activation 
of the PI3K-Akt-mTOR pathway23 48 49; we speculate that 
PI3K-Akt-mTOR blockade might synergize with ICI also 
in a subgroup of SN-MM, as already found in other cancer 
types.50 51 TCE is also mediated by cancer cells being unre-
sponsive or hyporesponsive to IFN-γ.21 35 We observed a 
blunted response to IFN-γ in SN-MM3 and SN-MM4 
cell lines, but the canonical IFN-γ receptor signaling is 
preserved at both transcriptional and proteomic levels. 
Genetic and epigenetic abnormalities in members of the 
IFN-γ pathway are responsible for primary or acquired 
hypo-responsiveness to IFN-γ, as well documented for 
CMs.22 No mutation has been detected in the IFN-γ 
pathway and IFN-inducible genes in these two cell lines, 
highlighting a novel molecular mechanism that requires 
further investigation. Based on previous data23 and 
further refined in this study, SN-MM3 and SN-MM4 dedif-
ferentiation, as measured by low expression of MA, might 
contribute to a blunted IFN-γ response. This observation 
requires confirmation at the molecular level, to further 
include MA expression as static biomarkers for the initial 
screening of IFN-γ refractoriness of melanocytic tumors.52 
It should be noted that MITF represents the master regu-
lator of melanocyte differentiation from neural crest cells 
and of the expression of pigmentation-related genes, but 

also proliferation, apoptosis, invasiveness and metastasis 
formation in melanoma. Its expression is finely regulated 
by upstream activators and suppressors operating on tran-
scriptional, post-transcriptional and post-translational 
levels, also including epigenetic and microenvironmental 
signals.52 Dedifferentiation into a mesenchymal pheno-
type impacts the activity of T cells and pro-inflammatory 
pathways affecting the immunotherapy efficacy.52 The 
genetic or epigenetic rescue of MITF might guide MM 
differentiation and likely cooperate with immunother-
apeutic strategies. However, mechanistic interactions 
between the MITF network and immunotherapy resis-
tance, beyond the involvement of pigmentation-related 
antigens, remain undetermined.53 Functional assays 
further revealed that SN-MM cells are susceptible to 
NK-cell-mediated killing, although IFN-γ exposure can 
promote tumor cell escape mechanisms from effector NK 
cells.39

Overall, the scenario of MM as proposed by this study 
is highly heterogeneous and consistent with a poten-
tially immunogenic tumor type. Indeed, we proposed 
that immune exclusion mechanisms, rather than lack of 
antigenic targets, limit responsiveness to current immu-
notherapies. It should be noted that MM variably retain 
melanoma-associated antigens based on transcript and 
protein expression (23and this study). Moreover, a set of 
cancer-testis antigens is expressed in SN-MM cell lines, 
some of them already tested in clinical trial vaccines.32 
Finally, we provide a set of personalized neoantigen 
candidates that could be targeted by T cell-based 
immunotherapy or cancer vaccines.54 For MM showing 
unresponsiveness to IFN-γ by transformed cells, immu-
notherapeutic approaches should be tailored on the 
tumor-specific genetic or epigenetic basis of the defect. 
On the contrary, most MM displaying sensitivity to IFN-γ 
might significantly benefit from strategies increasing the 
local availability of IFN-γ in combination with ICI. This 
group might profit from exogenous administration of 
IFN-γ or direct IFN-γ delivery through CAR T-cell ther-
apies. Alternatively, indirect IFN-γ inducing strategies 
might be considered, such as administration of pattern 
recognition receptor agonists in the form of adjuvants. 
Newly, epigenetic therapy in combination with ICIs has 
been demonstrated to increase IFN-γ signature and 
PD-L1 expression within the TME and reprogram the 
systemic host immune response.26 We acknowledge 
that, despite capturing variable degrees of differentia-
tion and immunogenicity, patient-derived SN-MM cell 
lines cannot fully recapitulate the extensive genetic and 
biological heterogeneity observed in patients with MM 
in clinical settings.

Understanding the intrinsic cancer immune biology 
and its dysfunctional step is crucial to adapt therapies to 
the various cancer immune phenotypes. To this end, the 
integration of static biomarkers exploring the immune 
genome and the TME of cancer with functional assay 
might significantly improve our ability to allocate patients 
with MM to various immunotherapeutic options. Along 
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this line is the development of the recently emerged func-
tional precision oncology field.27
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