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Abstract
Background  Uveal melanoma (UM) is the most common intraocular malignancy, with poor prognosis in metastatic cases 
and limited response to conventional therapies. Despite advances in genetic stratification, the immunological landscape of 
primary UM remains poorly understood.
Methods  Secondary data generation of single-cell RNA sequencing (scRNA-seq) of primary class 1 and class 2 (loss of 
BAP1) UM tumours and flow cytometric analysis of 8 primary UM tumour biopsies were used to characterize the tumour 
microenvironment, cellular composition, tumour–immune cell interactions, and stromal marker expression associated with 
tumour progression and immune infiltration.
Results  scRNA-seq analysis revealed 16 distinct cell clusters, including melanocytes, T cells, macrophages, and stromal 
cells. Class 2 tumours contained unique melanocyte subpopulations exhibiting chromosome 8 copy number variations and 
enriched in hypoxia, PI3K-Akt, and MAPK signalling pathways. Ligand–receptor analysis identified extensive interactions 
between these aggressive melanocytes and pericytes/macrophages. Flow cytometric analysis confirmed two distinct immune 
infiltrate profiles: low-infiltrate tumours dominated by CD14⁺ cells, and high-infiltrate tumours with CD8⁺ memory-like T 
cells expressing PD-1 and CD27. Stromal marker analysis revealed elevated expression of CD81 and NGFR in immune-
excluded tumours, implicating them in metastatic potential.
Conclusions  Our study reveals cellular and immunological heterogeneity within primary UM tumours. The identification of 
immunologically distinct tumour types, along with aggressive melanocyte subpopulations and stromal interactions, provides 
insight into UM pathogenesis and supports stratified immunotherapeutic approaches.
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Introduction

Uveal melanoma (UM) is the most common intraocular 
malignancy, accounting for approximately 3% of all mel-
anoma cases [1]. Disease arises from melanocytes in the 

uvea tract of the eye with the majority of cases affecting the 
choroid and less frequently the iris and ciliary body. Mean 
patient age at diagnosis is 61 years, with fair-skinned people 
being at greater risk of developing UM [2, 3]. In Europe 
incidence shows a north-to-south gradient ranging from 2 
cases per million in Italy to more than 8 in Denmark and 
Ireland [4, 5]. Treatment options aiming to achieve local 
tumour control include radiotherapy, transpupillary thermo-
therapy, and less often local resection; however for larger 
tumours enucleation may be required [6]. Despite the lack of 
detectable metastasis at the time of diagnosis, approximately 
half of UM patients develop secondary disease almost exclu-
sively to the liver and more rarely to the skin, bone, and 
lung [7–9].

Almost all UMs harbour mutations in the Gq pathway 
with the majority involving GNAQ and GNA11. Despite 

 *	 Achilleas Floudas 
	 achilleas.floudas@uoi.gr

1	 School of Biotechnology, Dublin City University, Dublin, 
Ireland

2	 Research Foundation, Royal Victoria Eye and Ear Hospital, 
Dublin, Ireland

3	 Laboratory of Biology, Medical School, University 
of Ioannina, Ioannina, Greece

4	 Department of Biological Applications & Technologyies,, 
University of Ioannina, Ioannina, Greece

http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-025-04198-7&domain=pdf


	 Cancer Immunology, Immunotherapy          (2025) 74:343   343   Page 2 of 10

their prevalence, these mutually exclusive mutations, are 
not sufficient to predict survival and are considered early 
drivers of the tumorigenic process prior to malignant trans-
formation, which requires a second “hit” [10]. This event 
consists of an additional mutation, most commonly in the 
BAP-1 gene which is mutated in almost half of UM patients 
while SF3B1 and EIF1AX gene mutations are also frequent 
[11, 12]. Patients with loss of BRCA1-associated protein 
1 (BAP-1) protein expression are in high risk of develop-
ing metastasis [13, 14]. BAP-1 is a tumour-suppressor 
gene, located on chromosome 3, that is commonly found 
mutated in mesothelioma and clear cell renal cell carcinoma 
in addition to UM. It encodes a nuclear deubiquitinase and 
is involved in a variety of cellular processes including DNA 
repair, cell cycle, survival and cell differentiation [15–17]. 
Patient cytogenetic characteristics and gene expression pro-
filing (GEP) have been successfully utilized for stratifying 
patients with UM into different risk groups [18, 19]. Based 
on their GEP, UMs can be divided into 2 subgroups. Class 1 
tumours show a lower metastatic potential and are generally 
characterized with normal chromosome 3 cytogenetics. On 
the contrary, class 2 UMs show significantly worse progno-
sis and are associated with concurrent mutations in BAP-1 
and monosomy 3 leading to its bi-allelic loss [20]. Modern 
approaches utilizing multiplatform analysis have identified 
additional UM subsets. Patients with disomy 3 and muta-
tions in EIF1AX and SF3B1 genes are characterized by good 
and intermediate prognosis, respectively, while patients with 
monosomy 3 are in greater risk for metastasis [21].

Despite the advancements in patient stratification, the 
survival rates of UM have not increased notably over the 
last decades, while some improvements are being attributed 
to earlier diagnosis [22–24]. Currently, there is no stand-
ard treatment for metastatic UM with patients responding 
poorly to chemotherapy [25]. Targeted therapies with inhib-
itors against recurrent mutations or overexpressed targets 
have been explored in clinical trials without succeeding in 
improving overall survival compared to chemotherapy [26, 
27]. In contrast to cutaneous melanoma, immunotherapies 
such as immune checkpoint inhibitors (ICIs) show limited 
efficacy for treating UM patients, which is attributed to the 
lower mutational burden of UM and the immune privileged 
ocular microenvironment [28, 29]. Recently, Tebentafusp, 
a bispecific monoclonal antibody targeting CD3 and glyco-
protein 100 [gp100], has been approved for the treatment of 
HLA-A*02:01–positive UM patients. Tebentafusp improved 
the 3-year overall survival of treatment naïve metastatic UM 
patients compared to ICI or chemotherapy monotherapies 
[30]. The encouraging results of Tebentafusp, despite the 
HLA restricted antigen presentation limitations, highlight 
the potential of immunomodulatory therapies for the treat-
ment of UM and urge for deciphering its complex immune 
landscape.

In this study, we analysed the immune cell infiltrate from 
primary class 1 and class 2 UM tumours. We described 
the distinct cellular composition observed in the aggres-
sive tumours and investigated putative interactions between 
immune and cancer cells that could drive disease progres-
sion. Additionally, we validated our findings by flow cyto-
metric analysis of primary tumours. Our work suggests new 
potential insights into the complex tumoral microenviron-
ment of UM.

Methods

Patient samples

Following written informed consent in line with the princi-
ples of the Declaration of Helsinki, eight primary tumour 
biopsies from treatment naive patients with UM treated 
with enucleation were obtained from the Royal Victoria Eye 
and Ear Hospital, Dublin, Ireland and ethical approval was 
obtained from the Ethics committee of the hospital, Ethics 
and Medical Research Committee of RVEEH. Enucleation 
specimens were delivered fresh to the pathology Depart-
ment. Specimens were dissected and fresh tissue samples 
were collected and placed into a sterile container with RPMI 
(Lonza). The sample was then transported immediately to 
the Immunology Research Laboratory. Patient characteris-
tics are listed in Table 1.

Flow cytometric analysis

Single cell suspensions of frozen primary UM tumour 
samples were generated by mechanical dissociation. 
Cells were stained with Zombie NIR fixable viability 
dye (Biolegend) and Fc receptor blocking was performed 
with Human TruStain FcX (Biolegend) prior to antibody 
staining. For the immune cell panel, expression of sur-
face epitopes was investigated with the following fluo-
rescently labelled antibodies: CD45-FITC (clone HI30)
(Biolegend), CD3-APC (clone HIT3a)(Biolegend), CD4-
Percp/Cy5.5 (clone OKT4)(Biolegend), CD8-BrilliantVi-
olet785 (clone SK1)(Biolegend), CD56-BrilliantViolet421 
(clone 5.1H11)(Biolegend), CD14-SparkBlue574 (clone 
HCD14)(Biolegend), CD206-PE/Fire700 (clone 15–2)
(Biolegend), CD163-BrilliantViolet510 (clone GHI/61)
(Biolegend), CD279-PE (clone NAT105)(Biolegend), 
CD27-BrilliantViolet605 (clone O323)(Biolegend), 
CD45RO-BrilliantViolet650 (clone UCHL1)(Biolegend). 
For the cancer cell panel, expression of surface epitopes 
was investigated with the following fluorescently labelled 
antibodies: CD45-BrilliantViolet421 (clone HI30)(Biole-
gend), CD271-PE/Cyanine7 (clone ME20.4)(Biolegend), 
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CD317-PerCP/Cyanine5.5 (clone RS38E)(Biolegend), 
CD55-BV510 (clone IA10)(BD), CD68-BrilliantViolet785 
(clone Y1/82A)(Biolegend), CD81-BV605 (clone JS-81)
(BD), CD276-BV650 (clone 7–517)(BD). Prior to staining 
of intracellular markers cells were fixed and permeabi-
lized with the FOXP3 Fix/Perm Buffer Set (Biolegend). 
Intracellular staining was performed with the following 
fluorescently labelled antibodies: MART1-AlexaFluor594 
(clone M2-7C10) (Biolegend), HMB45-AlexaFluor647 
(clone HMB-45) (Biolegend), IRF7-AlexaFluor488 
(clone 12G9A36) (Biolegend). Samples were acquired 
using a Cytoflex LX (Beckman Coulter) flow cytometer. 
Analysis was performed with FlowJo (v10) software. 

Flow cytometry data biplots were generated based on 
median fluorescence intensity values of samples stained 
and acquired on the same batch using packages ggbiplot, 
ggplot2 and ggfortify in R.

scRNA‑seq analysis and data availability

The scRNA-seq uveal melanoma dataset GSE139829 was 
downloaded from the GEO database. Eight primary uveal 
samples were selected for downstream analysis. Empty drop-
lets were excluded using the emptyDrops function of the 
DropletUtils R package (1.22.0) [31]. Seurat objects were 
generated using R package Seurat (5.1.0) and genes detected 
in less than 3 cells were excluded [32]. Elimination of dou-
blets was performed using the DoubletFinder R package 
(2.0.4) [33]. Dead cells were filtered by excluding cells with 
more than 10% mitochondrial counts. Data normalization, 
which allows for mitigation of cell-to-cell variation due to 
technical factors, was performed using sctransform R pack-
age (0.4.1) [34]. In order to align cell populations from dif-
ferent datasets, they were integrated using the IntegrateData 
function of the Seurat package based on immune anchors 
with SCT as the normalisation method. Umap was generated 
by using the first 15 PCs and clustering was performed with 
findneighbours and findclusters functions of Seurat at a reso-
lution of 0.5. Pathway enrichment analysis was performed 
under package PathfindR based on the Kyoto Encyclopedia 
of Genes and Genomes (KEGG). Receptor ligand interac-
tions were generated with package nichenetr. A merged file 
from the previously described preprocessing steps, contain-
ing feature counts for each cell, as well as a gene position file 
and an annotation file were generated for input to inferCNV, 
no defined reference group was used.

Results

Single cell RNAseq analysis was performed on two class 
1 (Bap1 wildtype) and six class 2 (BAP1 mutant) primary 
uveal melanoma tumours. Importantly, the analysis included 
only primary tumour cells and not cells from sites of metas-
tasis. Following dead cell, multiplet exclusion and integra-
tion a total of 39,283 cells were maintained and clustered in 
16 clusters. Seven clusters represent melanocytes, three T 
cells, three monocytes and macrophages, one photoreceptor 
cells, one pericytes and a smaller cluster of actively prolifer-
ating cells (Fig. 1A). The distribution of cells in the identi-
fied clusters per tumour sample is shown in Fig. 1B. At this 
resolution there is no cellular pattern to separate class 1 and 
class 2 UM tumour cellular landscape. However, specific 
samples show marked CD8 T cell infiltrate irrespective of 
class status (Fig. 1B). The identification of major infiltrating 
immune cell populations was based on expression of CD45 

Table 1:   Patient Demographics and Tumour Characteristic.

NED no evidence of disease, AWD alive with disease, DOD dead of 
disease, DOC dead of other causes, BAP1 BRCA1-associated protein 
1, BRCA1 breast cancer type 1 susceptibility protein, IHC immuno-
histochemistry, FISH Fluorescence in-situ hybridisation.

Total Cases 8 100%

Gender
Male 5 62.5%
Female 3 37.5%
Age at operation
Mean 63.63
Median, (range) 61, (50–86)
Enucleated eye
Left 2 25%
Right 6 75%
Metastasis status
No evidence of disease (NED) 8 100%
Alive with disease (AWD) 0 0
Dead of disease (DOD) 0 0
Dead of other causes (DOC) 0 0
Greatest tumour dimension (GTD) (mm)
Mean 17.55
Median, (range) 14.5 (5–43)
Cell type
Spindle 4 50
Epithelioid 1 12.5
Mixed 3 37.5
BAP1 IHC
Expressed 2 25
Not expressed 6 75
FISH testing: monosomy 3
Disomy 3 6 75
Monosomy 3 2 25
FISH testing: chromosome 8q gain
Disomy 8 2 25
Chromosome 8q gain 6 75
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Fig. 1   Cellular landscape of class 1 and class 2 Uveal melanoma pri-
mary tumour. A UMAP of scRNAseq data from 2 class 1 and 6 class 
2 UM primary tumours. B Distribution of the identified immune and 
stromal cell clusters per patient sample. C Violin plots depicting the 

expression of markers used for the annotation of immune cell popula-
tions. D Violin plots depicting the expression of stromal cell related 
markers used in cluster annotation.
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(PTPRC) followed by interrogation of the expression of 
markers including CD3, CD4 and CD8 for the identification 
of T cell and, CD14, CD68, CLEC10A, C1QA, MARCO, 
CD163 for identification of monocytes and macrophages 
(Fig. 1C). Stromal and tumour cells were identified based on 
expression of PMEL and MLANA for melanocytes, MCAM 
for pericytes, RCVRN for photoreceptor cells and MKI67 
for actively proliferating cells.

In order to assess differences in melanocyte populations 
between class 1 and class 2 primary UM tumours, the pre-
viously identified melanocyte clusters were subsetted, nor-
malised and scaled followed by integration and clustering. 
A total of 12 melanocyte clusters from 31,312 cells were 
identified (Fig. 2A and B). Interestingly, clusters 3 and 6 are 
unique to the class 2 UM tumour biopsies. Following Copy 
Number Variation (CNV) analysis for the identification of 
genomic alterations that may contribute to cancer evolution 
clusters 2,3 and 6 showed marked copy number variations 
particularly for chromosome 8, which has been previously 
implicated in UM progression [35], # (Supplementary 
Fig. 1). Pathway enrichment analysis based on differentially 
expressed genes of cluster 3 and 6 compared to all other 
melanocyte clusters showed enrichment in hypoxia (HIF-
1), metabolism (Oxidative Phosphorylation) and molecu-
lar signalling pathways (PI3K-Akt and MAPK) (Fig. 2 C 
and D). In order to assess potential interactions between 
cells belonging to cluster 3 and 6 and all other immune and 
stromal cells at the tumour site receptor ligand interaction 
analysis was performed. Differentially expressed receptors 
of melanocytes of cluster 3 and 6 (receiver cells) were iden-
tified and the expression of corresponding ligands by all 
other cells (sender cells) in the primary tumour site was 
analysed (Fig. 2E). Among the differential array of potential 
interactions between cluster 3 and 6 cells and immune and 
stromal cells at the primary tumour site, a high number of 
potential interactions with pericytes and macrophages were 
identified. (Fig. 2E).

Specific samples of the RNAseq dataset had marked T 
cell infiltration irrespective of BAP1 status. To further char-
acterise the immune cell infiltrate flow cytometric analy-
sis was performed on single cell suspensions of 8 primary 
uveal melanoma tumours, 2 of which had detectable BAP1 
expression by IHC and 6 samples with loss of BAP1 and 
gain of 8q (Table 1). Following flow cytometric analysis 
with an immune cell specific antibody panel that included 
markers for most major T cell subsets and macrophages, 
comparable number of cells was selected by using function 
Downsample of FLowjo for each sample as to not bias the 
downstream analysis. The samples were then concatenated, 
and the dimensionality of the data was reduced by perform-
ing tSNE (Fig. 3A). Three major cell populations were iden-
tified, macrophages, T cells and NK cells (Fig. 3B and C). 
Similarly to the scRANseq analysis 2 distinct types of cell 

infiltrate were identified. Five primary tumour biopsies had 
a low overall immune cell infiltration and were character-
ised by increased percentage of CD14 + cells compared to 
CD3 + T cells (Fig. 3D). Three out of eight primary tumour 
biopsies harboured an immune cell infiltrate (CD45 +) that 
was dominated by CD3 + T cells (*p = 0.024) the majority of 
infiltrating CD3 + T cells are CD8 + with high expression of 
memory associated marker CD27 and PD-1 (Fig. 3 D and F). 
In our cohort the CD3 high samples are PRAME + with an 
AJCC classification of T1-T4 while of the CD3 low, two are 
PRAME negative and 3 are PRAME positive with an AJCC 
classification of T2 and T3-T4 respectively.

In addition to the immune cell panel, paired flow cyto-
metric analysis of stromal cells was performed. The biop-
sies were grouped into biopsies with a rich T cell infiltrate 
(CD3 +) or low T cell infiltrate (CD3-) based on the analy-
sis of the immune cell panel (Fig. 4). Biopsies with low 
T cell infiltration show marked expression of CD81 which 
has been reported as a pro-metastatic factor of uveal mela-
noma exosomes and NGFR which is linked to invasiveness 
(Fig. 4). In order to assess whether alterations in the expres-
sion of stromal markers may be indicative of a disease spe-
cific pattern, PC analysis of flow cytometry derived mean 
fluorescent intensities (MFI) was performed. Interestingly, 
the three CD3 + UM biopsies show tight clustering com-
pared to the more diverse clustering of CD3- UM biopsies 
(Fig. 4C).

Discussion

Uveal melanoma (UM) is known to not respond to immuno-
therapy in the same way as cutaneous melanoma and with 
the eye being an immunologically privileged site, studies 
on the immune cell environment are limited [36]. It is well 
established that UM is a heterogeneous disease with multiple 
classification systems, both clinical and genetic, in place to 
characterise the risk associated with disease aggressiveness 
and likelihood of progression [37, 38]. With the emergence 
of novel immunotherapies, there has been increasing focus 
on the tumour microenvironment (TME) in UM to better 
understand the mechanisms of immune evasion. Studies 
have identified the immune infiltration in UM from bulk 
tissue data, however, single-cell studies have revealed the 
complex and heterogeneous nature of the TME in various 
cancers, highlighting the potential value for this in under-
standing UM [39, 40].

In this study, we performed a comprehensive characteri-
zation of the tumoral immune infiltrate in primary uveal 
melanoma (UM), integrating single-cell transcriptomic data 
with multiparametric flow cytometric analysis. Our find-
ings provide novel insights into the cellular heterogeneity 
and immune landscape of UM tumours and the potential 
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Fig. 2   Pathway enrichment analysis and interactions of cancer cell 
clusters and infiltrating immune cells. A Sub-clustering of UM pri-
mary tumour melanocytes. 11 different clusters were identified based 
on unsupervised clustering. B Frequency of melanocyte clusters per 
patient, cluster 3 and 6 are expanded in class 2 UM compared to class 
1. C Pathway enrichment analysis of combined clusters 3 and 6 com-
pared to all other melanocyte clusters, dot size represents the number 
of upregulated genes in the pathway and colour indicates p value. D 

Term plot depicting the member genes of the PI3K-AKT signalling 
pathway that were upregulated (green) or downregulated (red) in the 
combined cluster 3 and 6 compared to all other melanocyte clusters 
of UM primary tumour samples. E Nichnet analysis depicting recep-
tor ligand interactions between combined cluster 3 and 6 cell (receiver 
cells) expressed receptors and potential ligands from all other cell sub-
sets (sender cells) at the primary tumour. Percent expressed refers to 
the percentage of sender cells that express the corresponding ligand.
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Fig. 3   UM primary tumour infiltrating immune cell flow cytomet-
ric analysis. A Flow cytometric analysis and dimensionality reduc-
tion approach used. Following exclusion of multiplets and dead 
cells, CD45 cells were selected and downsampled in order to include 
the same number of events per sample prior to concatenation and 
dimensionality reduction. 3 major cell types were identified, mac-
rophages, NK and T cells. B T and NK cell related marker expres-
sion. C tSNE plot depicting the expression of macrophage and NK 
cell related markers across 3 major cell populations. D Based on the 
flow cytometric analysis we identified 2 immune related subtypes of 

UM, a lymphoid that was rich in infiltrating CD3 + cells (CD3 high) 
and a myeloid that was rich in CD14 + cells  (CD14 high). Percent-
age of CD3 + cells, as part of the CD45 + , and total CD45 + immune 
cell infiltrate in CD3 high and CD14 high UM primary tumours. E 
CD4 + and CD8 + T cell distributions in the lymphoid UM tumours. 
F Representative PD-1 and CD27 expression by infiltrating CD4 and 
CD8 + T cells of the lymphoid UM. Each symbol represents a differ-
ent sample, mean ± SEM is shown, statistical analysis was performed 
by two-tailed, non-parametric, paired t-test, *p < 0.05.
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mechanisms driving tumour progression and immune eva-
sion. This observation aligns with previous studies showing 
that, in contrast to other solid tumours, the TME in primary 
UM is associated with poor prognosis [41, 42].

We identified distinct melanocyte subpopulations exclu-
sive to class 2 tumours that exhibit significant copy number 
variations, particularly on chromosome 8, and are enriched 
in hypoxia, metabolic, and proliferative signalling pathways. 
These clusters may represent more aggressive or evolution-
arily advanced tumour subtypes, consistent with the profiles 
of class 2 tumours, potentially contributing to the higher 
metastatic risk observed in UM with loss of BAP1expression 
and monosomy 3 [13, 43]. In particular, it has been shown 
that BAP1 loss can generate an immunosuppressive micro-
environment through MERTK (found on macrophages) 
binding to PROS1 (secreted by tumour cells) promoting M2 
macrophage (immune-dampening) polarization and immune 
evasion [44]. So not only do the class 2 tumours have a more 
aggressive phenotype, but this also suggests that they have a 
dual effect, allowing immune evasion.

Receptor–ligand interaction analyses revealed complex 
crosstalk between tumour cells and the surrounding stro-
mal and immune compartments, with particularly strong 

interactions involving pericytes and macrophages. These 
findings suggest that specific tumour–microenvironment 
interactions may play a pivotal role in shaping tumour 
behaviour and promoting immune suppression or evasion.

Flow cytometric profiling validated the transcriptional 
observations and further revealed two distinct immune 
infiltration patterns among primary tumours. A subset of 
tumours demonstrated robust T cell infiltration dominated 
by memory-like CD8⁺ T cells expressing CD27 and PD-1, 
indicative of an ongoing yet potentially exhausted antitu-
mour immune response. Conversely, tumours with low T cell 
infiltration showed enrichment in myeloid cells and elevated 
expression of markers such as CD81 and NGFR, which have 
previously been associated with metastatic potential and 
tumour invasiveness in melanoma. Although immune cell 
infiltration in most solid tumours is typically associated with 
effective antitumour responses, this is not the case in UM, 
suggesting that additional therapeutic support may be neces-
sary to restore effective immune activity [45].

Together, these results emphasize the heterogeneity of 
UM at the cellular and immunological level and under-
score the need for stratified therapeutic strategies that 
account for the variable immune cell infiltrate observed 
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herein. Although further characterisation of immune 
cell infiltration in a larger cohort of patients is needed 
and would allow for assessment of possible associations 
between the herein identified two distinct types of primary 
UM tumours based on TME and previously described 
prognostic characteristics such as HLA type, PRAME pro-
tein expression and AJCC classification in order to assess 
links between TME and risk of metastasis. The presence of 
immunologically distinct tumour microenvironments sug-
gests that immunotherapeutic interventions may benefit 
from patient-specific tailoring. Moreover, our identifica-
tion of aggressive tumour cell states and their potential 
interactions with the stromal and immune cells provides 
a rationale for the development of novel combinatorial 
therapies targeting both tumour-intrinsic factors and the 
tumour immune microenvironment.

Future studies should aim to expand on these findings 
by including metastatic samples and longitudinal analyses, 
which could further illuminate the dynamic evolution of 
the immune landscape in UM and its implications for treat-
ment resistance and disease progression.
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