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Abstract

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults and
remains associated with a high risk of metastatic spread and poor survival once metastasis
occurs. Despite advances in the molecular characterization of UM, progress in effective
therapeutic strategies has been limited, partly due to the lack of preclinical models that
accurately recapitulate the tumor’s complex biology and microenvironment. Traditional
two-dimensional (2D) culture systems fail to reflect key features of UM, including cellu-
lar heterogeneity, extracellular matrix interactions, and immune modulation. In recent
years, three-dimensional (3D) models have emerged as powerful tools to overcome these
limitations and to better mimic in vivo tumor architecture and behavior. This review pro-
vides a comprehensive overview of the current landscape of 3D UM models, including
spheroids and organoids. We discuss their applications in studying UM pathogenesis,
tumor–microenvironment interactions, metastatic mechanisms, and therapeutic responses.
Advancing 3D modeling approaches holds promise for improving translational research
and accelerating the development of effective therapies for uveal melanoma.
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1. Introduction
Melanoma is a tumor that originates from melanocytes, which are located in various

anatomical locations, including the ocular region [1]. Ocular melanoma is a type of ma-
lignant tumor that arises specifically inside the eye, most commonly affecting the uvea.
Symptoms may include dark spots near or around the iris or mucosa of the eyes.

Uveal melanoma can occur in the iris, ciliary body (6%), or, more frequently, choroid
(90%). Iris melanomas (3% of cases) have the best prognosis compared to melanomas of the
ciliary body, which instead have the worst prognosis. Iris melanomas show lower mortality
rates of 3–5% over the past 10 years [2–4]. This can be attributed to the fact that these
tumors frequently consist of low-grade spindle cells, which are less aggressive than the
highly malignant epithelioid cells commonly found in posterior uveal melanomas.

Malignant melanoma of the uvea represents a rare primary intraocular malignant
tumor more common in adults [5]. While the majority of uveal melanomas occur sporad-
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ically, approximately 1 to 6% of UM cases arise within a hereditary context. The most
well-characterized is BAP1 Tumor Predisposition Syndrome (BAP1-TPDS), which is caused
by germline mutations in the BAP1 gene, a tumor suppressor gene found on chromosome
3 [6–9]. Germline mutations in MBD4 have been identified as predisposing factors [10–12].
Additionally, various germline variants in DNA damage repair genes, including BRCA1,
BRCA2, CHEK2, PALB2 and POT1, have been identified in UM patients. Furthermore,
associations with Lynch Syndrome-related genes (MSH6, MLH1, MLH2 and PMS2) and
others such as TP53AIP1 have been reported [13]. However, the definitive penetrance and
specific contribution of these constitutional anomalies to UM pathogenesis remain under
active investigation.

The incidence is approximately 5 per million people in the United States, and in
Europe, the rates ranged from 3.1 to 5.8 per million [14]. Despite the high accuracy of
the diagnosis and the availability of various therapeutic approaches, the mortality rate
associated with UM has stayed unchanged over the decades [15]. Currently, the most
widely used first-line treatment options include resection, radiation therapy, laser therapy,
enucleation, or evisceration of the eye [16]. Although such therapies contain satisfactory
local control of the disease, the long-term survival rate in patients with UM remains limited,
with risk of liver metastases [1]. Approximately 90% of individuals develop metastatic
liver disease, with a mean survival of 4–5 months and a 1-year survival of 10–15% [17,18].
Furthermore, approximately half of the patients with liver metastases also have extrahepatic
involvement [19]. Progress has been made in early detection in recent years, with the hope
that survival rates will improve as smaller tumors are treated. As with other tumor
indications, both early diagnosis and early treatment could be instrumental for a positive
long-term survival outcome in UM [1,20]. Among possible environmental risk factors,
exposure to sunlight has been proposed, because it is known to cause skin melanoma,
and both diseases are rare in non-white breeds. In the United States (97.8%) and Europe,
the prevalence is higher in the Caucasian population [21]. Major risk factors for the host
include fair skin, a light eye color, ocular or oculodermal melanocytosis, and a cutaneous,
iris, or choroidal nevus [1]. Moreover, in adolescent and young adult patients, several novel
risk factors were described, including a family history of cutaneous melanoma, Ashkenazi
Jewish ancestry, prior eye trauma, secondhand cigarette smoke exposure, and previous
head and neck surgery [22].

Tumor size represents one of the most important clinical and pathological factors in de-
termining both the treatment and prognosis of UM [5], resulting in a factor highly related to
mortality. As tumor size increases, the internal microenvironment often becomes hypoxic, a
state of low oxygen tension that occurs when the tumor outgrows its blood supply. Hypoxia
plays a pivotal role in the progression of different tumors, including UM, by stabilizing
hypoxia-inducible factors, which trigger the expression of genes involved in angiogenesis,
metabolic reprogramming, and epithelial-to-mesenchymal transition [23,24]. The prognosis
in UM depends on clinical (position, size, and configuration), histopathological (cell type,
mitotic activity, microcirculation architecture, and tumor-infiltrating lymph nodes), and
cytological (cell proliferation) factors. Nine main factors significantly influence prognosis:
patient’s age at enucleation, location of the tumor and its anterior border, diameter of the
largest tumor in contact with the sclera, tumor height, integrity of Bruch’s membrane,
cell type, pigmentation, and scleral infiltration by tumor cells. Apical height and a larger
tumor diameter are risk factors for extrascleral extension, post-treatment recurrence, and
metastasis. Accurate measurements of the apical height and basal diameter of the tumor
are critical for monitoring tumor growth and establishing treatment, such as radiation
dosage [25].
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A significant hurdle in oncology remains the identification of experimental models
that can accurately simulate specific biological features of the disease. In the context of UM,
the scarcity of animal models that truly mirror human tumor progression has led many
research teams to rely heavily on various cell lines. However, this reliance introduces its
own set of complications. The absence of standardized characterization for these cell lines
often makes it difficult to cross-reference findings or determine how closely these models
align with the actual genetic and phenotypic makeup of human tumors [26]. While utilizing
primary in vitro cultures derived directly from UM patients offers a potential solution,
this approach is fraught with its own challenges: such cultures are notoriously difficult to
establish and maintain, and they frequently exhibit high levels of biological heterogeneity.

Despite diagnostic and therapeutic advances, UM continues to pose a clinical challenge
for high metastatic propensity and the paucity of reliable preclinical models. Understanding
the molecular mechanisms underlying progression and standardizing more representative
experimental models of human diseases are key to improving prognosis and developing
more effective therapeutic strategies (Figure 1).

Figure 1. Experimental paradigms for in vitro modeling of uveal melanoma (UM). A schematic
representation of current methodologies utilized for studying UM progression and therapeutic
responses. Image provided by Servier Medical Art (https://smart.servier.com), licensed under CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

2. Uveal Melanoma Classification
Uveal melanoma is currently classified according to several criteria, which include

anatomical origin, histopathological characteristics, clinical–pathological parameters and
genetic–molecular profiles. The combination of these approaches allows for more accurate
risk stratification and better prognostic assessment.

2.1. Anatomical Classification

From an anatomical perspective, UM is categorized into three primary subtypes that
are determined by the initial site of the tumor: the iris, the ciliary body, and the choroid [27].
The majority of cases originate in the choroid or ciliary body; these are collectively referred
to as posterior UM. In contrast, iris melanomas are treated as a distinct group. This
separation is due to their relative rarity and a clinical profile that generally carries a more
positive prognosis compared to their posterior counterparts.

2.2. Histopathological Classification

The early histological classification of uveal melanoma, based on the Callender system
(1931) and later modified by McLean et al. [28], defined cell types with improved correlation
between cell type and mortality. We distinguish three main cell types [29]: (1) the spindle

https://doi.org/10.3390/app16062797

https://smart.servier.com
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app16062797


Appl. Sci. 2026, 16, 2797 4 of 20

cell type (elongated cells with a better prognosis); (2) the epithelioid cell type (large cells
associated with a poor prognosis); and (3) the mixed cell type, representing a combination
of the two cell populations with intermediate behavior.

2.3. Clinico-Pathological Classification (AJCC TNM)

The American Joint Committee on Cancer (AJCC) [30] has become the benchmark for
ranking cancer patients, defining prognosis, and determining the best treatment approaches.
It developed a UM-specific staging system based on TNM (tumor, node, and metastasis)
principles. Presently, there are two separate classification systems, one specifically for poste-
rior UM and another for iris melanoma, that identify tumor categories but lack a formalized
staging structure. The AJCC classification primarily relies on tumor dimensions, as the
largest basal diameter (LBD) and tumor height (TH) are critical indicators of metastatic risk
and patient mortality. Beyond size, this staging system incorporates key clinical markers,
including the involvement of the ciliary body (CBI) and any evidence of extraocular exten-
sion (EOE). Recently, a revision of the system integrating tumor volume [31] and genetic
data has been proposed to improve prognostic stratification, with the aim of obtaining a
unified model applicable to all forms of uveal melanoma.

2.4. Genetic–Molecular Classification

Lately, molecular and genetic classification has become fundamental to predicting
outcomes in UM. Research indicates that incorporating genetic profiles enhances the prog-
nostic accuracy of the standard AJCC staging system [32]. Among the most critical genomic
shifts identified in UM are the monosomy of chromosome 3 and the gain of the long arm
in chromosome 8 (8q) [33,34]. On the contrary, the presence of a normal chromosomal
structure indicates a favorable prognosis. Based on this data, several integrated predictive
models were developed, such as: LUMPO (Liverpool Uveal Melanoma Prognosticator
Online) [35] and PRiMeUM (Predicting Risk of Metastasis in Uveal Melanoma) [32]. These
systems combine clinical (size, location, and extent) and genetic parameters to provide an
individualized prognosis of metastatic risk. Furthermore, the classification proposed by
The Cancer Genome Atlas (TCGA) divides uveal melanomas, according to Jager et al. [33],
into four classes (A–D) based on distinct genomic profiles, each with a different prognosis.
Emerging research [36,37] suggests that integrating The Cancer Genome Atlas (TCGA) clas-
sifications with the AJCC framework enhances prognostic accuracy. This hybrid approach
improves the predictive power of current models, allowing for more precise patient stratifi-
cation within standard TNM groupings. However, selecting the appropriate classification
system remains a challenge in complex clinical scenarios. This is particularly true when
a tumor spans both the iris and the ciliary body at the time of diagnosis or in the case of
ring melanomas, which develop circumferentially along the anterior chamber angle and
infiltrate both tissue types. In summary, the combined approach, along with the inclusion
of genetic information, represents the future of staging this neoplasm, allowing for more
precise prognostic assessment and personalized therapeutic management.

3. Uveal Melanoma Microenvironment
Tumors are sophisticated multicellular structures defined by diverse cell populations,

unique molecular signatures, and specific genomic identifiers. An important portion of this
internal variation is driven by the tumor microenvironment (TME). In the early stages of
tumor development, cells are subjected to fluctuating gradients of oxygen and nutrients,
alongside various physicochemical stresses. These environmental shifts contribute to the
diversity of cell populations, fluctuating metastatic potential, and the development of drug
resistance [38]. While UM is an aggressively malignant intraocular cancer that may appear
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histologically uniform, it is often marked by widespread leukocyte infiltration. Notably,
the presence of infiltrating macrophages and T cells in UM correlates with a negative
prognosis, a phenomenon that stands in stark contrast to the favorable prognostic role these
immune cells typically play in many other cancers [39]. Goesmann et al. [34] conducted the
first systematic TME study of UM, specifically analyzing the intratumoral and intraocular
localization of different cell populations. Research indicates a distinct spatial organization
within UM tumors: while vascular networks are primarily concentrated in the central
core, immune cells, specifically CD68-positive macrophages, tend to cluster in the periph-
eral regions. This heterogeneous landscape includes not only malignant cells but also a
population of non-cancerous cells, such as macrophages and lymphocytes. This specific
arrangement points toward a functional compartmentalization of the TME, likely reflecting
varying levels of vascular and immunological activity throughout the tumor mass. The
TME consists of the set of cellular and non-cellular components surrounding neoplastic
cells, including fibroblasts, immune cells, the extracellular matrix (ECM), and soluble
factors [36,40]. It is a dynamic and complex system that is in continuous interaction with
tumor cells: inflammation mediated by immune infiltration can promote angiogenesis and
facilitate metastatic dissemination [41]. As reported by Bronkhorst et al. [37], inflammatory
infiltrates play a key role in the different stages of development and progression of UM.
They include a heterogeneous population of TAMs that modulate both tumor growth and
the local immune response. Inflammatory activity in UM extends beyond the tumor itself,
as evidenced by significantly high concentrations of pro-inflammatory cytokines (such as
IL-6, VEGF, and MCP-1) within the aqueous humor. Interestingly, these elevated levels
do not appear to correlate with the density of macrophages inside the tumor, suggesting
a broader ocular inflammatory response [42]. Simultaneously, the ECM acts as a critical
driver of the TME. Beyond providing a physical scaffold, the ECM delivers biochemical
signals that facilitate cancer cell growth, movement, and survival against treatment [43].
While laboratory 3D models often rely on substrates like Matrigel or collagen, they fail
to fully capture the intricate architecture found in vivo. Research now shows that both
malignant and stromal cells actively remodel the ECM, creating a specialized environment
that promotes local invasion and systemic metastasis while shielding the tumor from
therapies [44–47]. In UM, the TME emerges as a determining element in progression and
therapeutic response. Dynamic interactions between tumor cells, immune infiltrate, and
the ECM contribute to treatment resistance and metastatic propensity. A deeper under-
standing of these relationships, supported by 3D models that mimic the TME architecture,
might facilitates the identification of novel therapeutic targets and the optimization of
clinical outcomes.

4. Uveal Melanoma Cells from 2D to 3D Models
Advancing biomedical science necessitates a dual approach: utilizing both in vitro and

in vivo methodologies to investigate disease mechanisms and pharmacological interactions.
Since the early 1900s, 2D cell cultures have served as the foundational preclinical standard.
This model has been instrumental in screening bioactive compounds for a wide array of
conditions, including Parkinson’s disease, HIV, diabetes, and various cancers [48]. The
enduring popularity of 2D systems in drug development stems from several practical
advantages: they are cost-effective, highly reproducible, user-friendly, and compatible with
a vast range of cell types. Furthermore, this type of cell culture system has also helped
reduce the use of laboratory animal models. In the context of UM, over 20 cell lines have
been established [26], and they have been used variably in the literature. The employment
of fresh primary cell samples is particularly relevant as they are more representative of
the original tumor characteristics; however, the availability of samples is limited as a
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result of the increasing adoption of eye-preserving therapies for the treatment of primary
UM [2]. Furthermore, the generation of cell lines from primary tumors has a low success
rate (3%) [49], and in vitro selection can lead to the loss of genetic alterations present
in vivo [26,50–52].

To overcome these limitations, in recent years, 3D models have established themselves
as tools capable of more accurately imitating tumor biology and providing more predic-
tive preclinical data [53,54]. Cells growing in 3D culture systems more closely mimic the
tumor environment in vivo than 2D monolayers. Cell aggregates mirror the molecular
signaling that occurs between cells of the same tissue, allowing cell–cell and cell–matrix
interactions [55]. The possibility of developing 3D cultures that reproduce the uveal tu-
mor architecture, stroma and signaling microenvironment can improve the predictivity of
preclinical drug evaluation in this rare pathology. In their comparative study, Goyeneche
et al. [54] analyzed six distinct UM cell lines across both 2D and 3D environments to observe
the formation of multicellular tumor structures (MCTs). The 3D experiments utilized two
primary approaches: anchorage-dependent (AD) methods, where cells were embedded in
or seeded onto basement membrane extracts, and anchorage-free (AF) methods, involv-
ing ultra-low attachment plates, agarose-coated surfaces, or hanging drop suspensions
with methylcellulose.

The findings revealed that UM cells successfully organized into spherical MCTs when
grown under anchorage-free conditions. Regardless of their specific density or dimensions,
these spheroids consistently displayed a distinct architecture: a peripheral ring of active,
dividing cells surrounding a core characterized by reduced proliferation and apoptotic
activity. Conversely, the anchorage-dependent models resulted in varied cellular behaviors,
with some cells remaining solitary and spherical, others forming unsymmetrical clusters,
and some reverting to a flattened morphology reminiscent of standard 2D cultures. In an
environment lacking anchoring, UM cells form spherical MCTs that acquire characteristics
similar to those of vascularized solid tumors in vivo. The behavior of UM cells under AD
conditions revealed the existence of heterogeneous cell populations capable of responding
to extracellular matrix signals, highlighting their plasticity. This study proposes a 3D cell
culture platform more predictive of UM biology than traditional 2D models. Tables 1 and 2
compare 2D and 3D models, outlining the primary advantages and limitations of each.

Table 1. Comparison of 2D and 3D uveal melanoma cell culture models.

Cell
Morphology

Cell–Cell
Interactions

Cell–ECM
Interaction

Response to
Anchorage

Drug
Resistance

Ease of
Culture Limit Reference

2D models Flattened
monolayer Limited Minimal or

absent Grow adherent Overestimates
drug efficacy

Easy and low
cost

Do not mimic
tumor

architecture
[48,50,52]

3D models:
Spheroids\
Scaffolds

Spherical
aggregates

Extensive
multilayered Present

Anchor-free (AF):
uniform

spheroids
Anchor-

dependent (AD):
heterogeneous

shapes

Higher
resistance More complex

Imitating
tumor biology
and predictive
preclinical data

[42,53–55]

5. Multicellular 3D Tumor Models: Spheroids and Scaffolds
Among the 3D architectures derived from suspended cells reported in the literature,

spheroids represent one of the most versatile and widespread 3D models. Their spherical
shape and ability to organize spontaneously into uniform and reproducible cellular struc-
tures make them a particularly useful system for the study of tumor biology in vitro [43].

In recent years, the employment of 3D models, especially multicellular tumor
spheroids (MCTSs), has increased, especially in studies of tumor cell metabolism and
in the evaluation of new anticancer drugs and new therapeutic approaches [44–47]. In fact,
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spheroids offer a preclinical intermediate platform between conventional in vitro systems
and in vivo models, improving the predictivity of experimental results [56]. Spheroids
can originate from single tumor cell lines or from co-cultures that include fibroblasts,
endothelial cells or immune cells, thus forming complex multicellular structures more
representative of the TME [57]. Such models mimic avascular tumor nodules or micrometas-
tases, reproducing not only growth kinetics but also oxygen and nutrient gradients that
affect gene expression, protein synthesis, and drug penetration [58]. Additionally, the
use of 3D spheroids allows for early-stage drug screening and is an important first step
towards personalizing treatment for patients with UM [53]. Currently, several techniques
are available for the production of MCTS [59], including scaffold-free systems (hydrogels,
inserts), which exploit the intrinsic ability of cells to spontaneously aggregate in suspen-
sion; three-dimensional scaffold-based systems, providing structural support similar to the
extracellular matrix (ECM); and systems without scaffolds [60].

5.1. Scaffold-Free Systems: Self-Aggregation and Hanging Drop

Liquid superposition is a simple and economical method for obtaining 3D cultures, in
which the culture surfaces are made non-adhesive (for example with agar, poly-HEMA or
hyaluronic acid) [55,61,62], preventing cell adhesion and promoting self-aggregation. Since
the cells cannot attach to the underlying surface, they aggregate spontaneously [60,63,64] to
form MCTSs of different sizes, even starting from single cells or in co-culture [65]. Recently,
Angeli et al. [66] described a standardized protocol for the generation of scaffold-free,
multicomponent 3D human melanoma spheroids, in which cells self-assemble into 3D
spheroids, facilitating better simulation of tumor microenvironmental interactions com-
pared to conventional 2D cultures. In practice, the work provides a reproducible and
versatile methodology for preclinical studies and drug screening in a physiologically sig-
nificant setting for the treatment of melanoma patients, highlighting the value of complex
3D models in studying the tumor microenvironment. However, commercial melanoma
and stromal cell lines were used in this model, resulting in reduced heterogeneity com-
pared to cells derived directly from patients and thus necessitating further adaptations
for personalized medicine applications. In a recent study, Djirackor et al. [67] developed a
3D spheroid model derived from primary uveal melanoma (PUM) and normal choroidal
melanocytes (NCMs), comparing five different cell lines and culture methods. Cultures
on ULA plates produced more compact and stable spheroids than those obtained with
the hanging drop method, maintaining a structure, protein expression, and genetic profile
similar to the patient’s original tumor. In contrast, spheroids from the hanging drop method
were variable in size and compactness, did not maintain their integrity when manipulated,
and usually disintegrated upon harvest. After evaluating spheroid growth and necrosis, an
optimal culture regimen was identified: 8000 UM cells per spheroid, cultured for 3–6 days.
Immunohistochemistry analysis confirmed that, under these conditions, PUM spheroids re-
tained protein expression and were histologically similar to the patient’s tumor, while their
genetic profile matched that of the patient’s tumor at passage 1. Furthermore, comparative
analysis between PUM and NCM spheroids revealed specific alterations in markers such
as nestin and α-SMA. Overall, these results indicate that the established culture conditions
support the formation of 3D spheroids that recapitulate some histological and molecular
features of human tumors. This system provides a platform for the preclinical evaluation
of UM and the potential assessment of personalized therapeutic strategies.

5.2. Scaffold-Based Systems: Mimicking the Extracellular Matrix (ECM)

Recently, several research groups have developed three-dimensional spheroidal mod-
els derived from UM cell lines grown in collagen or Matrigel matrices, with the aim of
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recapitulating tumor behavior under conditions more similar to those in vivo [53]. These
models allow us not only to study tumor progression and cell–matrix interactions but also
to carry out more representative drug screenings in the initial phase, paving the way for
the personalization of therapies for patients with UM. 3D scaffolds consist of biopolymers
that mimic the ECM, providing structural support, porosity for nutrient exchange, and a
microenvironment conducive to cell growth [68]. Therefore, various types of scaffolds have
been designed to meet the special needs of each cell type; such materials can be natural
(collagen, Matrigel, fibrin, hyaluronic acid, and agarose) or synthetic (polyacrylamide,
PEG/DEX, microspheres or magnetic beads) [69–71], aiding aggregation, but they do not
always correctly recreate tumor metabolic gradients. Natural scaffolds offer better biocom-
patibility but exhibit variability and mechanical limitations, while synthetic ones allow
more precise control of chemical–physical properties but are sometimes less physiological.

6. Organoids
Organoids provide an alternative in biomedical research, offering 3D models that

recapitulate the genetic, biological, and functional characteristics of human diseases in vitro.
This approach is utilized to model disease progression and to characterize potential ther-
apeutic interventions. Recently, patient-derived organoids (PDOs) have been integrated
into drug discovery and biomarker research (Figure 2). These models are utilized for
their capacity to simulate patient-specific responses to therapy by modeling the micro-
anatomical features of the primary tumor. Derived from excised tumor tissue, PDOs exhibit
self-organizing and self-renewing properties, retaining the genetic mutations and biological
profiles of the source malignancy. PDOs preserve the cellular heterogeneity of the parental
tumor, providing a functional framework for personalized medicine applications.

 
Figure 2. A summary of the key experimental trade-offs when utilizing patient-derived organoids
(PDOs) in translational research. Created at https://BioRender.com.

Dalvin et al. [72] recently established a biobank of uveal melanoma PDOs, including
patients enrolled in a prospective tumor tissue collection study from 1 July 2019 to 1 July
2024 at the Mayo Clinic. Uveal melanoma PDOs retain genomic features of the correspond-
ing clinical tumor. Exome sequencing of paired PDOs at passages 1 and 3 showed relative
stability and retention of key uveal melanoma hallmark mutations in GNAQ and SF3B1
through passaging. Uveal melanoma PDOs successfully recapitulated the transcriptomic
landscape of their parental tumors, effectively stratifying into prognostic categories that
matched the original clinical samples. Specifically, organoids harboring BAP1 loss con-
sistently exhibited the expected high-risk gene expression profile. These transcriptional
signatures mirrored the high-risk patterns identified in The Cancer Genome Atlas (TCGA)
cohort [73], confirming that UM PDOs retain the molecular hallmarks associated with
metastatic progression. Recent evidence [74] has elucidated a BRCA1-associated protein 1
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(BAP1)–SRC–BECN1–autophagy regulatory axis, where BAP1 transcriptionally regulates
the proto-oncogene SRC, leading to the inactivation of the essential autophagy protein
BECN1. In high-risk UM PDOs that are characterized by BAP1 loss, this axis is disrupted,
creating a targetable autophagic vulnerability. Studies performed on UM PDOs demon-
strated that the combination of SRC inhibitors (e.g., dasatinib) and autophagy-inducing
drugs (e.g., Tat-BECN1) exerts a potent synergistic effect. Importantly, this synergy was
observed preferentially in the context of BAP1 deficiency, validating the use of PDOs as
high-fidelity platforms for precision oncology and the development of genotype-contingent
therapeutic strategies. Overall, these works demonstrate how UM PDOs represent highly
representative platforms of the human tumor, making them complementary to traditional
3D models, with potential impact in studying immune interactions and testing personalized
therapies in uveal melanoma.

Table 2. Overview of experimental models used in uveal melanoma research.

Model Type Advantages Limitations Typical
Applications Reference

2D cell lines Easy, cheap,
and reproducible Poorly mimic tumor Screening and

basic biology [48,59,60]

Short-term
primary cultures High fidelity Hard to obtain and

limited lifespan Phenotypic studies [26]

3D spheroids Mimic gradients
e structure Setup required

Drug response and
reproduce different

types of cancer
[66,67,75–79]

PDO Patient-specific and
highly predictive Resource intensive Personalized

oncology [72,74]

7. In Vivo Model of UM
Since no single experimental model is able to reproduce tumor complexity, the re-

search integrates in vitro assays on cell cultures and animal models in order to study UM
progression and evaluate therapeutic efficacy early [80] (Table 3). There are a variety of
animal models that have specific advantages, disadvantages, and applications [80]. Most
mouse models of UM require inoculation of cells or tumors into mice. Rabbits, due to
their large ocular size, facilitate tumor cell implantation and monitoring using imaging
techniques [81,82]. The zebrafish is an increasingly used model in biomedical research,
with availability of both xenograft [83,84] and transgenic [85,86] UM models. In the end,
mice remain the most widely used model thanks to their fecundity, low costs and exten-
sive genetic manipulability, which have allowed the development of numerous models of
UM [87,88].

Although a mouse model that fully reproduces human UM is not yet available, the
systems currently employed have contributed steadily to the understanding of the main
signaling pathways and the evaluation of new therapeutic options for UM. Syngeneic
models are particularly important in studies aimed at analyzing immune responses, as they
require the presence of a functional immune system [89]. In particular, syngeneic models
based on mouse cutaneous melanoma have long been used in the study of UM, allowing for
the analysis of tumor progression in immunocompetent animals. However, they are based
on cutaneous cell lines that exhibit mutational profiles and molecular characteristics that do
not overlap with those of human UM, with possible differences in treatment responses. The
future availability of murine UM cell lines obtained from genetic-mind-modified models
would be powerful tools for syngeneic models.
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Xenotransplantation models have constituted a key advance to increase the clinical
relevance of animal models [90] and represent another widely used approach, as they offer
the possibility of studying human uveal cells and tumors in vivo while maintaining, at least
in part, the molecular characteristics of the tumor of origin [38,49,91]. Moreover, these mod-
els are useful for analyzing signaling pathways and treatment responses; they also show
good mouse-to-mouse reproducibility [92] and allow the study of metastatic processes with
frequent involvement of the liver. Furthermore, this approach is predominantly informative
about the primary tumor, while many grafts may undergo spontaneous regression [93]. It
should also be considered that such models require immunosuppressed hosts, limiting the
assessment of the immune response [80]. In this new era of immunotherapy, the impos-
sibility of analyzing the relationship between tumors and the immune system, especially
in metastatic sites, represents a criticality. Recently, patient-derived xenografts (PDXs)
obtained by implantation of fresh human tumor tissue into mice have been developed;
however, they include high costs, variable engraftment rates and reduced scalability [94,95].

Genetically modified models (GEMMs) instead allow us to investigate the onset and
spread of native uveal tumors in an immunocompetent host, although the generated neo-
plasms do not fully reflect the molecular complexity and metastatic behavior observed
in patients with UM [95]. Unlike xenografted models, mice employed in GEMMs are
trustable and reproducible models as they maintain a fully immunocompetent system capa-
ble of interfering with tumor growth [96]. GEMMs comprise animals in which oncogenes
and tumor suppressor genes can be activated or deactivated permanently or inducibly
through genetic engineering techniques such as retroviral vectors, DNA microinjection, or
gene-targeting strategies. These approaches allow us to study both the intrinsic mecha-
nisms of tumor cells and the influence of microenvironmental factors on the progression to
metastatic disease [95]. A serious obstacle encountered in UM GEMMs is the widespread
expression of transgenes in melanocytes throughout the body, which can generate extraoc-
ular tumors, causing systemic symptoms and sometimes requiring early euthanasia of
animals before the ocular tumor can be adequately studied. Furthermore, the presence
of multiple primary tumors, even in viable organs such as the heart [97,98], also makes
metastasis analysis complex.

The biological differences between mice and humans and the difficulty of reproducing
the chromosomal and epigenetic alterations typical of human UM in mice should not be
overlooked. Consequently, while most models can provide valuable information in vivo,
no model alone is able to fully reproduce the complexity of human diseases.

Table 3. Comparison of specific in vitro and in vivo experimental models in UM.

Models Type Core Features Advantages Limits References

UM multicellular
tumor spheroids

(MCTS)
In vitro 3D

Anchor-free spheroids:
hypoxic core and
proliferative ring

mimic vascularized
so-lid tumors; greater
biological relevance

Lack of immune
system and real
vascularization

[56]

Multicomponent
human melanoma

spheroids

In vitro 3D
(scaffold-free)

Co-culture of tumor cells
+ fibroblasts + endothelial

cells and/or
immune cells

They reproduce
tumor architecture

and TME

Use of commercial
lines → reduced

heterogeneity
[99]

Primary UM (PUM)
spheroids

In vitro 3D
(patient-derived)

Derived from primary
UM; compact and stable

spheroids using
ULA plates

They maintain the
genetic and protein

profile of the
patient’s tumor

Limited availability
of samples [100]
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Table 3. Cont.

Models Type Core Features Advantages Limits References

C918 spheroids In vitro 3D
cell-line based

They develop
ischemic/hypoxic

gradients; they express
Ki67, MelanA,
HMB45, S100

They reproduce
tumor architecture
observed in vivo

[77]

Xenograft murine
UM In vivo Implantation of human

UM cells/lines
Good reproducibility;
liver metastasis study

Immunosuppressed
hosts; non-native

environment
[38,49,91,92]

Patient-derived
xenografts (PDX) In vivo Implantation of fresh

human tumor tissue
High similarity to

human UM

High costs; low
scalability; variable
engraftment rates

[94,95]

Syngeneic murine
models In vivo Murine lines in

immunocompetent mice
Immune system

intact
Molecular differences

from human UM [89,101]

GEMM (genetically
engineered

mouse models)
In vivo

Oncogene/tumor
suppressor

activation/inactivation

Functional immune
system; gene-specific

study

High cost; technical
complexity [95,99,102]

UM Hepatic Metastasis Models

Although treatment of the primary tumor is often effective, up to approximately
half of the patients subsequently develop metastases, especially liver metastases [100],
which show poor sensitivity to conventional chemotherapy and are associated with lethal
outcomes [103]. Therefore, experimental models, both in vitro and in vivo, represent fun-
damental tools for the study of the pathogenesis of metastatic UM and the development
of therapeutic strategies targeting metastases [104]. In particular, animal models are de-
signed to reproduce the different stages of the metastatic process. However, their ability to
faithfully reflect the biology of metastasis in humans must be critically evaluated.

In vivo models are mainly based on the inoculation of tumor cells through different
routes of administration, including intraocular, intrasplenic, intrahepatic, intravenous or
intracardiac injections, with the choice of strategy guided by experimental objectives [104].
Intraocular injections allow us to reproduce the primary anatomical site of the tumor
and, in some cell lines (e.g., 92.1, Mel290, MP41, OMM1, and OMM2.3), can lead to the
development of liver metastases [103,105–107].

Among the most widely used strategies to obtain reproducible liver metastases is
intrasplenic injection, which allows tumor cells to reach the liver through portal circula-
tion [108,109]. This approach is considered highly reproducible and is characterized by a
high incidence of liver colonization, proving useful for both the study of metastatic mecha-
nisms from primary UM [110–112] and the evaluation of systemic treatments (immunother-
apeutic and chemotherapeutic measures for the treatment of liver metastases) [104]. Direct
intrahepatic implantation also allows rapid tumor nodule formation [113] and is particularly
informative for analyzing interactions between tumor cells and the liver microenvironment,
as well as for the identification of biomarkers [114].

Xenograft models represent a widely employed approach in the study of metastatic
UM and are based on the in vivo grafting of human-derived tumor cells. Cell lines derived
from UM metastases are particularly useful for analyzing tumor growth in visceral organs,
including the liver [80]. In this context, immunodeficient mice are commonly used to
facilitate engraftment of human uveal melanoma (UM) cells [6]. An evolution is repre-
sented by patient-derived xenograft (PDX) models, which have assumed a central role
in translational research [115]. Hepatic orthotopic PDXs, obtained by direct implantation
of liver metastases from patients, show high engraftment rates and largely maintain the
histological and molecular characteristics of the original tumor. In particular, orthotopic
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implantation in the liver of mice has demonstrated high success rates and remarkable
preservation of histological, genomic, and proteomic profiles of patient metastases. The po-
tential for radiological imaging monitoring and the biological fidelity of these models make
them promising tools for preclinical pharmacological studies and personalized medicine
approaches [80,115]. In contrast, subcutaneous ectopic PDXs have limitations related to the
non-physiological microenvironment, slower tumoral growth, and possible biological drifts
after serial passages [115]. Recently, Ramos et al. [103] describe a spontaneous metastatic
model of uveal melanoma from an orthotopic ocular model in immunodeficient mice that
has the ability to generate spontaneous liver metastases from the primary site, reproducing
the organotropism observed in patients. In such systems, bioluminescent cell lines such
as OMM2.5 and MP41 showed a high incidence of liver metastases, suggesting a value
relevant for the study of dissemination mechanisms and for the evaluation of antimetastatic
therapies. Among emerging systems, patient-derived zebrafish models, as presented by
Groenewoud et al. [116], enable rapid observation of metastatic behavior. While not fully
replicating the immunological complexity of mouse models, they represent a complemen-
tary platform for the study of metastatic dissemination [84]. Liver metastases represent
the main lethal clinical outcome in UM, making the development and use of experimental
models capable of reproducing the three-dimensional aspects of tumor colonization and
interactions with the liver microenvironment crucial. Despite the progress achieved, appro-
priate selection of the cell line, inoculum site, and animal species remains a crucial step in
developing predictive models of metastatic liver disease in UM. To date, the availability
of in vitro 3D models specifically dedicated to liver metastases from UM is still limited,
highlighting an important area of development for future research.

8. Integrating 2D, 3D, and In Vivo Models for Drug Validation
Undoubtedly, a multi-pronged approach integrating 2D in vitro, 3D, and in vivo as-

says represents the most robust framework for comprehensive drug testing (Table 4).
Miltiadis Fiorentzis et al. [75] demonstrated the utility of 3D uveal melanoma spheroids to
evaluate the efficacy of electrochemotherapy (ECT) with bleomycin in the local control of
uveal melanoma. Both 3D in vitro models and an in vivo model based on chicken embryos
(CAM) were used. The results showed that the combined treatment induced a significant
reduction in tumor viability and growth compared to single chemotherapy or electropo-
ration, with results also confirmed in the in vivo CAM model. Subsequently, the authors
used 3D ocular melanoma spheroids (uveal and conjunctival) as an in vitro experimental
model to test whether ECT is further optimized and standardized, strengthening the role
of 3D spheroids as a reproducible and physiologically more relevant experimental system
than two-dimensional cultures for the study of loco-regional therapies [76]. Finally, in the
most recent study [76], these 3D models are employed to explore combined therapeutic
strategies. Briefly, this work expands the knowledge of previous studies by demonstrating
that the combination of electrochemotherapy and radiotherapy enhances the antitumor
effect and allows us to overcome, at least in part, the radioresistance observed in some
uveal melanoma cell lines. Overall, these works outline an evolutionary path from the
validation of the 3D model to its application for the development of combined therapeutic
approaches, confirming the value of 3D systems as advanced platforms for preclinical
research in ocular melanoma.

Yu Jinhai et al. [78] examined the structural and histological characteristics of 3D
spheroids generated from the C918 uveal melanoma line while also testing the efficacy
of luteolin. By utilizing ultra-low attachment (ULA) plates, the team successfully grew
3D clusters that expanded over time, naturally developing internal zones of ischemia and
hypoxia. Histological analysis confirmed the presence of crucial melanoma markers, such
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as MelanA, HMB45, and S-100, alongside the proliferation marker Ki67, proving that these
spheroids mimic the architecture of solid tumors. Critically, when exposed to luteolin,
the 3D models exhibited greater drug resistance than their 2D counterparts, probably due
the presence of ischemic- and hypoxic-like regions within the spheroids, conferring more
drug resistance.

In another study, Farhoumand et al. [79] investigated the repurposed use of the β-
blocker nebivolol against UM. By comparing 2D and 3D models, they assessed factors
such as cellular viability, morphological shifts, long-term survival, and programmed cell
death. Their findings suggest that nebivolol could serve as a valuable adjuvant treatment
to suppress UM growth and lower the risk of metastatic spread, offering a novel therapeu-
tic avenue for managing this aggressive ocular cancer. Gonçalves et al. [117] explored a
potential therapeutic strategy for UM by combining the MEK inhibitor (MEKi) trametinib
with various epigenetic modifiers. Among the epigenetic drugs tested, the DNA methyl-
transferase inhibitor (DNMTi) decitabine proved most effective. It significantly boosted
the ability of trametinib to reduce cell viability and colony formation in both 2D and 3D
organoid models. Moreover, in mouse xenograft models (an MP41 xenograft model of UM),
the DNMTi-MEKi combination suppressed tumor growth more effectively than either drug
used as a monotherapy.

Table 4. Cellular and molecular effects of drugs across UM models.

Drug In Vitro Model Cellular/Molecular
Effect In Vitro In Vivo Model In Vivo Results Reference

Navitoclax, everolimus,
and flavopiridol UM spheroids primary ↓ metastasis and

growth in spheroids zebrafish PDX ↓ metastasis, ↑
ferroptosis [116,118]

Paclitaxel, panobinostat,
and everolimus UM cells B16-BL6 ↓ proliferation zebrafish orthotopic ↓ proliferation

in vivo [119]

Quisinostat and dasatinib UM primary and
metastasis cells

↓ proliferation/
migration zebrafish xenograft ↓ proliferation [84]

FotemustinA, dacarbazina,
bendamustina, and — — PDX murine ↓ tumor variable

volume [120]

darovasertib UM cell lines ↓ PKC signaling — — [121]

Legend: ↓ decrease; ↑ increase.

9. Perspective
The methodology of UM research is evolving toward the increased adoption of 3D cul-

ture systems to address the constraints of traditional 2D models. Spheroids and organoids
function as preclinical platforms for drug screening and the analysis of patient-specific
mutations. Current 3D models, however, possess defined technical limitations; specifically,
most systems lack vascularization, which is required to study vasculogenic mimicry, or
immune components necessary to evaluate immunotherapies such as Tebentafusp [121].
Recent applications of 3D bioprinting have enabled the automated deposition of cell types
and biomaterials to generate constructs that replicate specific aspects of the tumor microen-
vironment (TME). In oncology, this technology is utilized to model tumor heterogeneity
through the development of specialized bioinks. While important progress in bioink design
and vascularization has been reported for cutaneous melanoma [114], applications specific
to uveal melanoma remain limited. The unique ocular environment of UM presents distinct
modeling challenges. However, extending bioprinting technologies to UM offers a potential
framework for developing personalized models using patient-derived cells. Furthermore,
as corneal bioprinting progresses, there is an opportunity to integrate the uveal layer into
future ocular models. Currently, reproducing the liver-specific metastatic niche in vitro
remains a significant challenge. Future research directions include the development of mi-
crofluidics and multi-organ-on-a-chip platforms [122] to simulate the eye-to-liver metastatic
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axis. Incorporating hepatic stellate cells and the liver-specific extracellular matrix (ECM)
may facilitate the identification of molecular cues driving the hepatic tropism of UM. Finally,
the integration of artificial intelligence (AI) with 3D imaging provides a computational tool
for the detection and characterization of drug-resistant cell populations.
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α-SMA Alpha-smooth muscle actin
AJCC American Joint Committee on Cancer
AD Anchor-dependent
αPD-1 Anti-programmed cell death protein 1
BAP-1 TPDS BAP1 Tumor Predisposition Syndrome
BFGF Basic fibroblast growth factor
CAM Chicken Embryos
8q Chromosome 8
CBI Ciliary Body Involvement
CD4+T lymphocytes Cluster of Differentiation 4-positive T lymphocytes
CD68-positive macrophages Cluster of Differentiation 68–positive macrophage
CD8+ T lymphocytes Cluster of Differentiation 8-positive T lymphocytes
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DEX Dextran
DNMTi DNA methyltransferase inhibitor
ECT Electrochemotherapy
ECM Extracellular Matrix
EOE Extraocular Extension
GEMMs Genetically modified models
GM-CSF Granulocyte-macrophage colony-stimulating factor
IHC Immunohistochemistry
ICAM-1 Intercellular adhesion molecule-1
IP-10 Interferon gamma-induced protein 10
IL-2 Interleukin-2
IL-6 Interleukin-6
LBD Largest Basal Diameter
LUMPO Liverpool Uveal Melanoma Prognosticator Online
LAG-3 Lymphocyte activation gene-3
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MEKi MEK inhibitor
MPDOs Melanoma patient-derived organoids
MCP-1 Monocyte chemoattractant protein-1
MCTS Multicellular Tumor Spheroids
MCTs Multicellular Tumor Structures
AF Non-Anchor
NCM Normal Choroidal Melanocytes
Ki67 nuclear proliferation marker
PDOs Patient-Derived Organoids
PDXs Patient-derived Xenografts
poly-HEMA Poly(2-hydroxyethyl methacrylate)
PEG Poly(ethylene glycol)
PRiMeUM Predicting Risk of Metastasis in Uveal Melanoma
PUM Primary Uveal Melanoma
PD-1 Programmed cell death protein 1
PD-L1 Programmed death-ligand 1
RANTES Regulated upon activation, Normal T cell expressed and secreted
RWVs Rotational wall systems
TCGA The Cancer Genome Atlas
3D Three-dimensional
TH Tumor height
TME Tumor microenvironment
TNM Tumor, node, and metastasis
TAMs Tumor-associated lymphocytes and macrophages
2D Two-dimensional
ULA Ultra-low attachment
UM Uveal melanoma
VCAM Vascular cell adhesion molecule
VEGF Vascular endothelial growth factor
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