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Immunotherapy; growth and preventing recurrence. However, clinical trials have also reported side effects,
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and bio-inspired delivery systems have shown improved RNA stability, tumor targeting,
and endosomal escape. Emerging clinical evidence from RNA vaccines indicates
encouraging immunogenicity and therapeutic potential in advanced melanoma. However,
several barriers remain, including tumor heterogeneity, limited penetration into immune-
desert metastases, nanoparticle-associated toxicity, manufacturing complexity, and
variability of the enhanced permeability and retention effect in human tumors.
Conclusion: RNA nanotechnology represents a promising and rapidly evolving platform
for melanoma immunotherapy. By enabling precise modulation of immune responses and
improving targeted therapeutic delivery, RNA-based nanostructures may overcome
several limitations of current immunotherapeutic approaches. Further preclinical and
clinical investigations are required to optimize safety, delivery systems, and therapeutic
efficacy before widespread clinical implementation can be achieved.
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Introduction

Melanoma, an aggressive form of skin cancer, arises from the neoplastic conversion of melanocytes in the
epidermis.'? Its rising incidence and dismal prognosis contribute to its low survival rates and high mortality rates.’
Despite standard treatments, melanoma remains difficult to manage, prompting the emergence of novel
immunotherapies such as immune checkpoint inhibitors, adoptive cell therapies, oncolytic viruses like T-VEC,
and nanotechnology-based delivery systems that enhance efficacy and reduce toxicity.*> Consequently,
researchers are exploring promising avenues like immunotherapy and cancer nanotechnology to address this
challenge. These innovative approaches have garnered considerable interest due to their potential in melanoma

treatment.®

Cancer immunotherapy functions by targeting immune checkpoints on both immune and cancer cells to elicit
enduring anti-tumor responses. Research has demonstrated its efficacy in inhibiting tumor growth and preventing
cancer recurrence.>’ However, clinical observations have documented side effects, including fatigue, fever, skin
toxicity, diarrhea, and hypotension.®® Moreover, various melanoma patients developing resistance to cancer
immunotherapy have been noted.'? To address these challenges, researchers are integrating nanotechnology with

immunotherapy, aiming to mitigate drug resistance and minimize adverse effects.

The utilization of RNA in nanotechnology has catalyzed a significant breakthrough in treating diverse patient
populations, including those with cancer. Employing RNA offers numerous advantages, including specificity,
cost-effectiveness, and simplified design compared to other drugs or small-molecule proteins.” While RNA
therapeutics face inherent challenges like instability, nanoparticle-based delivery systems have emerged as an

effective solution to these limitations.'"!?

Immunomodulation and cancer immunotherapy through RNA involve various mechanisms, including the
silencing of immune checkpoint genes, modulation of cytokine expression, activation of the immune system, and
development of tumor antigen vaccines.'*!* Numerous studies have explored the application of RNA-based
therapy in melanoma immunotherapy, yielding promising outcomes. This review specifically focuses on recent
advances in RNA nanotechnology-based strategies for overcoming resistance in melanoma immunotherapy.
Particular emphasis is placed on melanoma-associated immune escape mechanisms, RNA-mediated modulation
of tumor microenvironment signaling, nanoparticle engineering considerations, translational challenges, and
emerging clinical applications of RNA nanotherapeutics designed to enhance immune checkpoint blockade

responsiveness and anti-tumor immunity.

Immune Checkpoint Inhibitors and Current Immunotherapy Strategies in Melanoma

The immune system plays a crucial dual role in cancer treatment by targeting tumor cells while sparing normal
cells and maintaining a delicate balance. Checkpoints, which are composed of proteins, are very important in
regulating the role of the immune system. Tumor cells, including melanoma cells, overexpress checkpoint proteins
to evade immune system attack. In this regard, different drugs have been designed to block checkpoint proteins
and restore the immune response against melanoma cells.'>'® The advent of immunotherapy as a therapeutic
strategy has revolutionized many cancers, notably melanoma. Immunotherapy by targeting immune checkpoint
molecules such as CTLA-4 and PD-1, which are T-cell inhibitors, dramatically improves the anti-tumor response
and improves T-cell activity.!” For example, the use of Ipilimumab, Nivolumab, and Pembrolizumab antibodies

that target CTLA-4, PD-1, and PD-L1, respectively. These successes culminated in their approval by the FDA for
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melanoma treatment. Furthermore, in order to overcome the treatment of malignancies with drug resistance, such
as locally advanced or metastatic melanoma, combination therapies involving immunotherapy drugs or their
integration with conventional treatments have been explored.'®?* Additionally, herpes simplex virus-1 (HSV-1)
has emerged as another agent in immunotherapy against melanoma. This genetically engineered oncolytic virus
has the capability to multiply in tumor cells and express granulocyte macrophage colony-stimulating factor (GM-
CSF) (known as T-VEC). T-VEC is a genetically modified HSV-1 designed to infect and replicate in tumor cells
selectively. The replication of T-VEC results in tumor cell lysis, which in turn releases tumor-specific antigens
and the GM-CSF. GM-CSF then recruits and activates antigen-presenting cells, thereby enhancing the anti-tumor
immune response.?!?? To optimize treatment efficacy, strategies integrating T-VEC therapy with other modalities

d.2122 Moreover, the

such as immune inhibitors, radiation therapy, and targeted therapy have been employe
amalgamation of immunotherapy with nanotechnology has garnered significant attention from researchers,
yielding promising advancements in melanoma treatment. On the other hand, the use of nanoparticles in melanoma
immunotherapy has led to a reduction in toxicity and non-specific immune response against the tumor caused by

the administration of immunotherapy drugs.’

Although these immunotherapeutic strategies have significantly improved melanoma treatment outcomes, a
substantial proportion of patients either fail to respond or eventually develop resistance. Understanding the
molecular and immunological basis of this resistance is therefore essential for the development of next-generation

therapeutic approaches.

Mechanisms of Resistance in Melanoma Immunotherapy

Despite the remarkable success of immune checkpoint inhibitors in the treatment of melanoma, innate and
acquired resistance remain major clinical challenges.?*?* Multiple molecular and immunological mechanisms
contribute to the failure of treatment against melanoma, including defects in antigen presentation, formation of an

immunosuppressive tumor microenvironment, T-cell exhaustion, and aberrant oncogenic signaling pathways.?>2¢

In this regard, loss or downregulation of major histocompatibility complex class I (MHC-I), B2-microglobulin
(B2M), and the antigen processing machinery reduce tumor recognition by cytotoxic T lymphocytes and enhance

immune evasion.?”?8

Importantly, intrinsic resistance mechanisms involving irreversible loss of antigen
presentation machinery, including HLA class I or B2M deficiency, may limit the efficacy of immune checkpoint
blockade because tumor cells become poorly recognizable to cytotoxic T lymphocytes.?”? In such settings, RNA
nanotherapeutics may not fully restore anti-tumor immunity through checkpoint silencing alone. However, several
RNA-based approaches may partially overcome these resistance mechanisms indirectly by enhancing dendritic-
cell activation, promoting cross-presentation of tumor antigens, stimulating innate immune responses, and
increasing recruitment of NK cells and effector T cells within the tumor microenvironment.?-3! Moreover, nRNA
nanovaccines may improve immune recognition through induction of broader neoantigen-specific T-cell
responses, although complete restoration of antigen presentation in tumors with permanent HLA or B2M loss
remains a significant therapeutic challenge.’! Furthermore, studies have shown that persistent activation of MAPK
signaling and the Wnt/B-catenin pathways has been associated with reduced dendritic cell recruitment and
impaired T-cell infiltration into melanoma lesions.?>** These alterations contribute to the formation of tumors with

poor response to immune checkpoint blockade.>®* RNA therapeutics may directly modulate these resistance-

associated molecular pathways and thereby restore anti-tumor immune responses. siRNA-mediated silencing of
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PD-L1 can enhance cytotoxic CD8" T-cell activity by preventing PD-1/PD-L1-mediated T-cell exhaustion, while
inhibition of STAT3, IDO, and TGF-f signaling may reduce immunosuppressive cytokine production and promote
dendritic-cell maturation and antigen presentation.3*** In addition, RNA interference targeting components of the
MAPK and Wnt/B-catenin pathways may improve T-cell infiltration into melanoma lesions by reversing immune
exclusion and enhancing chemokine-mediated recruitment of dendritic cells and effector lymphocytes.?** mRNA
nanovaccines further contribute to immune activation through intracellular translation of tumor-associated
antigens or neoantigens, leading to MHC-I and MHC-II antigen presentation and subsequent activation of CD8*

29,30

cytotoxic T cells and CD4* helper T cells. miRNA-based therapeutics may additionally regulate multiple
immune escape pathways simultaneously by modulating checkpoint molecule expression, inflammatory

signaling, apoptosis, and tumor-associated macrophage polarization within the tumor microenvironment.*%3’

RNA-based nanotherapies offer unique opportunities to overcome these resistance mechanisms. siRNA-mediated
silencing of PD-L1, STAT3, IDO, and TGF-B can reverse immunosuppressive signaling and restore T cell
activity.>*** Similarly, mRNA nanovaccines enhance antigen presentation and induce sustained CD8+ and CD4+
T cell responses.>!3® Furthermore, miRNA-based therapies can impact tumor progression and immune evasion by

simultaneously regulating multiple oncogenic and immune-related pathways.3¢

Importantly, emerging RNA nanoplatforms are increasingly being designed to actively target melanoma

40,41

metastases with poor angiogenesis. Surface-functionalized nanoparticles, receptor-mediated targeting

systems, and stimuli-responsive nanocarriers may improve penetration into immunodeficient tumors and enhance

therapeutic delivery in clinically refractory melanoma.*>#3

Given the complexity of these resistance mechanisms, advanced delivery platforms capable of selectively
modulating tumor and immune-cell signaling pathways have attracted increasing attention. In this context,
nanotechnology-based delivery systems have emerged as promising tools for improving RNA therapeutic stability,

targeting, and immunomodulatory efficacy.

Immunotherapy based on nanotechnology in melanoma

Typically, researchers employ passive and active targeting strategies to deliver nanoparticles to tumor cells.*?
Nanoparticles can infiltrate malignant tissues through the enhanced permeation and retention (EPR) mechanism
via passive targeting, facilitated by vascular disruption and abnormal lymphatic drainage in tumor tissues.*?
However, the efficacy of this approach varies across different tumor types. Conversely, to enhance nanoparticle
optimization, surface modification and active targeting techniques are utilized to pinpoint receptors with
heightened expression on tumor cell surfaces.***> The field of nanotechnology has significantly contributed to
cancer treatment through the design of diverse nanoparticles aimed at delivering various therapeutic agents such
as antigens, proteins, peptides, nucleic acids, and drugs to tumor cells, immune cells, and lymph nodes.*%4” This
approach has led to improvements in the physical and chemical attributes of nanoparticles, including size, shape,
and charges, which are crucial determinants of their efficacy.'?>*® Clinical studies have indicated that nanoparticles
ranging in size from 20 to 100 nm exhibit favorable characteristics for cancer immunotherapy investigations.* It
has been determined that these nanoparticles migrate to the lymphatic vessels and lymph nodes by penetrating the
extracellular matrix and lead to the stimulation of immune cells and the initiation of an immune response. %!
Moreover, the morphology of nanoparticles plays a pivotal role in immunotherapeutic endeavors. Collectively,

existing studies suggest that nanoparticle geometry substantially influences biodistribution and immune-cell
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uptake, with elongated particles favoring prolonged circulation while spherical systems appear more efficiently
internalized by dendritic cells and tumor cells.’>33 In addition, the surface charge of nanoparticles is effective in
the entry of nanoparticles into cancer cells. Cationic nanoparticles may become sequestered in the tumor
microenvironment through electrostatic interaction with negatively charged molecules like glycosaminoglycans
(e.g., heparan sulfate) and sialic acid-containing glycoproteins at the tumor cell surface and within the extracellular
matrix. This nonspecific binding can potentially limit nanoparticle penetration and therapeutic effect.3#6
However, cationic nanoparticles have been reported to escape endosomal trapping and release their cargoes in the
cytoplasm or nucleus using the proton sponge effect.’’ From a pharmaceutical engineering perspective,
optimization of surface chemistry, charge density, and endosomal escape mechanisms remains essential for
successful RNA nanotherapeutic design. Surface functionalization using PEG, targeting ligands, antibodies,
peptides, or biomimetic coatings may improve nanoparticle stability, prolong systemic circulation, reduce
opsonization, and enhance selective accumulation within melanoma tissues.*>*35% However, excessive PEGylation
may simultaneously reduce cellular uptake and endosomal internalization, highlighting the need to balance stealth
properties with intracellular delivery efficiency. Similarly, although highly cationic nanoparticles may improve
RNA complexation and facilitate endosomal escape through the proton sponge effect, excessive positive surface
charge may increase inflammatory toxicity, serum protein adsorption, complement activation, and nonspecific
interactions with healthy tissues.>*>"*° Efficient endosomal escape remains a major translational barrier because
intracellular RNA degradation within lysosomes may substantially reduce therapeutic efficacy. Therefore,
development of ionizable lipids, pH-responsive polymers, fusogenic lipids, and stimuli-responsive nanocarriers
capable of controlled endosomal destabilization has emerged as an important strategy for improving cytosolic

59-61

RNA delivery and melanoma immunotherapy outcomes.>”®' Nanoparticle morphology can also influence immune

interactions. Elongated or flexible particles may show prolonged circulation, whereas spherical nanoparticles may

be more efficiently internalized by dendritic cells and tumor cells. 323362

In melanoma, these properties are directly
relevant to therapeutic outcome because successful RNA delivery requires tumor penetration, uptake by immune
or tumor cells, endosomal release, and subsequent modulation of antigen presentation or immune checkpoint
pathways.%® Thus, rational engineering of RNA nanocarriers is essential for reversing immune escape and
improving response to melanoma immunotherapy.** Collectively, current evidence suggests that no single
nanoparticle design parameter alone determines therapeutic efficacy in melanoma immunotherapy.®¢!%> Although
smaller nanoparticles may improve tumor penetration, larger or surface-modified systems may prolong circulation
and enhance immune-cell interactions.®! Similarly, highly cationic nanoparticles can improve RNA loading and
cellular uptake but may simultaneously increase inflammatory toxicity and off-target immune activation. These
findings highlight the need to balance delivery efficiency, immune activation, biocompatibility, and safety during
RNA nanocarrier optimization.”$! Moreover, differences among experimental models, nanoparticle formulations,
and melanoma microenvironment characteristics may partly explain variability across reported studies.*!
Importantly, the enhanced EPR effect observed in murine tumor models is often substantially less pronounced and
more heterogeneous in human metastatic melanoma, particularly in poorly vascularized or immune-desert
lesions.*!%3 Consequently, passive nanoparticle accumulation alone may be insufficient for effective RNA delivery
in clinical settings. To address these limitations, current RNA nanocarrier systems are increasingly engineered
with active targeting and microenvironment-responsive properties. Surface-functionalized nanoparticles
incorporating antibodies, peptides, mannose ligands, or receptor-targeting moieties may enhance selective uptake
by tumor cells, dendritic cells, or tumor-associated macrophages independent of passive EPR-mediated

accumulation.*>®® In addition, stimuli-responsive nanocarriers sensitive to acidic pH, redox conditions, or
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enzymatic activity may improve penetration and intracellular RNA release within poorly perfused melanoma

metastases.>>%

Emerging strategies including biomimetic coatings, immune-cell-mediated delivery systems, and
nanoparticles designed to recruit or activate dendritic cells and NK cells may further help overcome immune
exclusion and limited T-cell infiltration within immune-desert melanoma microenvironments.%%> Nevertheless,
overcoming the physiological barriers associated with heterogeneous tumor perfusion and stromal resistance

remains a major translational challenge for RNA nanomedicine.

Utilizing nanobiotechnology in immunotherapy enhances drug release, facilitates precise localization, optimizes
pharmacokinetics, and enables simultaneous delivery of immunomodulatory compounds. This approach can elicit
unique responses that may not be achievable through the administration of multiple compounds in combination
therapies.®® Therefore, the use of nanoparticles is effective in improving the effectiveness of immunotherapy
drugs, reducing their toxicity and long-term recovery.%® For example, biomaterial scaffolds can simultaneously
deliver tumor-associated antigens and immunostimulatory agents to activate the immune system.”® To achieve
long-term therapeutic effects, it is necessary to induce sufficient immune responses following tumor removal. Zhu
et al. utilized a novel nano-system, NPs Al-BSA-Ce6, which comprised of photosensitizer chlorin e6 (Ce6) and
aluminum hydroxide (Al) as an immunoadjuvant in bovine serum albumin (BSA) for intravenous injection to
target tumor cells. The nanoparticles destroyed tumor cells and prevented recurrence and metastasis by eliciting a
systemic antitumor immune response. Notably, the administration of AI-BSA-Ce6 led to the accumulation of T
cells in the tumor-site lymph nodes, increased serum antibody levels, cytotoxic T cells and Thl, and cytokine
levels.” The utilization of copper-cystamine (Cu-Cy) nanoparticles in the administration of photodynamic therapy
(PDT) for melanoma has been shown to elicit antitumor immune responses through the maturation of dendritic
cells, which subsequently activate CD4+ T cells, CD8+ T cells, and natural killer (NK) cells. Additionally, Cu-Cy
nanoparticles induce apoptosis in melanoma cells by increasing the levels of reactive oxygen species (ROS) within
the tumor cells.”! Interleukin-2 (IL-2) has long been a topic of interest for the treatment of melanoma, yet its
systemic use is limited due to severe side effects and incomplete responses in only 10% of patients.” To overcome
these challenges, researchers have turned to nanotechnology to reduce the severity of 1L-2 side effects.” One
study utilized IL-2/Fc nanogel delivery systems that are sensitive to oxidation and reduction, demonstrating that
cytokine-containing nanogels could selectively release IL-2 in response to the activation of T cell receptors.”* In
amelanoma mouse model, this delivery system was found to be more efficient than free IL-2, without any apparent
toxicity. The use of nanotechnology as a platform for drug delivery systems (DDS) has been successful due to the
biocompatibility and non-toxicity of hydrogel systems.” Similarly, employing immunoliposomes for IL-2

administration has shown encouraging outcomes.”

The field of RNA-based methods in immune modulation and cancer immunotherapy has seen significant progress
in recent years, presenting researchers with new opportunities for exploration and discovery.> RNA has been
successfully employed in immunotherapy-based treatments to silence immune checkpoint genes, activate the
innate or adaptive immune system by modulating cytokine expression, and function as tumor antigen vaccines. '>!4
In an effort to enhance the efficacy of these therapeutic approaches, nanotechnology has also been integrated into
the process. Various nanocarriers, including liposomes, polymeric nanoparticles (NPs), and inorganic
nanoparticles, have been utilized in numerous studies to facilitate the effective delivery of RNAs against a range

of tumor cells.”’-80
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Because the therapeutic efficacy of RNA molecules depends heavily on efficient intracellular delivery and
protection from degradation, considerable efforts have focused on developing specialized nanocarriers optimized

for RNA transport and tumor targeting.

Overview of nanocarriers for RNA-nanotechnology

Nanotechnology has revolutionized RNA-based therapies by addressing challenges like poor stability and short
half-life through the design of targeted carriers.!>8! These carriers not only protect RNA from degradation and
immune responses but also facilitate its specific accumulation at tumor sites.*® Utilizing the Enhanced
Permeability and Retention (EPR) effect, nanocarriers sized between 10 to 200 nm can efficiently penetrate tumor
tissues and cells.®!#? Various types of nanocarriers (Figure 1), including lipid-based, bio-inspired, inorganic, and
polymer nanomaterials, have been developed for effective transfer and delivery of RNA molecules, marking

significant progress in RNA-based cancer therapies.’

Nanotechnology-based
strategies for melanoma
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Figure 1: Nanotechnology-based strategies for melanoma immunotherapy. The schematic illustrates five major classes of
nanocarriers used in RNA-based melanoma immunotherapy: lipid-based nanoparticles (e.g., liposomes), polymer-based
nanoparticles (e.g., PLGA, PVA, PEG), inorganic nanoparticles (e.g., gold and silica NPs), hydrogels or scaffolds (e.g.,
alginate, PEG-based systems), and bio-based nanocarriers (e.g., exosomes, membrane vesicles, DNA nanostructures). Each
platform offers distinct advantages in enhancing delivery, targeting, and immune modulation in melanoma treatment. (Created
with BioRender.com)

In recent times, lipid-based nanocarriers have become prevalent for the delivery of drugs and various compounds.’
These nanocarriers, including liposomes, solid lipid nanoparticles (SLNs), and lipid nanoemulsions, are widely
used for RNA delivery purposes.>® Particularly, nanocarriers based on cationic lipids are recommended for RNA
delivery due to their ability to interact with the negatively charged RNA molecules. The homogeneity of lipid and
phospholipid-based nanocarriers with cell membranes facilitates the absorption of RNA into cells, enhancing their

efficacy.’ Moreover, these nanocarriers offer advantages such as biocompatibility, biodegradability, and ease of
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preparation. However, it's important to note that lipid-based delivery systems also come with certain limitations.
These include susceptibility to clearance by organs like the kidneys or liver, potential leakage of cargoes, and a
relatively short half-life, which may impact their overall effectiveness in drug delivery.®> Synthetic polymer-based
nanocarriers, exemplified by poly (dl-lactide-co-glycolide) (PLGA), polyvinyl alcohol (PVA), and polyethylene
glycol (PEG), have become prevalent in cancer therapy research.®*%’ These nanocarriers are favored for their
superior stability, biodegradability, and biocompatibility, making them well-suited for drug delivery applications
in oncology.®® However, their efficacy in RNA delivery is hindered by the absence of cationic units, which
diminishes the interaction between the polymers and RNA molecules. To address this challenge, scientists have
explored the use of nanocarriers incorporating cationic motifs, aiming to enhance the binding affinity and delivery

efficiency of RNA therapeutics.®

Researchers employ bio-based nanocarriers, such as exosome-like nanovesicles, DNA-based nanostructures, or
red blood cell-derived ghosts, for the transport and administration of RNA molecules.”® The significance of
these bio-nanocarriers lies in their minimal toxicity, limited immunogenicity, and adaptability for targeted therapy
across diverse medical and therapeutic modalities, including the precise delivery of RNA therapeutics for
immunomodulation purposes.”* Based on existing research findings, nanoparticles crafted from biodegradable
polymers and inorganic compounds, such as mesoporous silica materials (MSNs), metallic nanostructures (e.g.,
iron oxide and gold nanoparticles), quantum dots (QDs), and carbon nanotubes (CNTs), have been utilized as

vehicles for RNA transportation. 6%

These nanoparticles offer facile preparation and design, enabling surface
modifications aimed at enhancing cellular uptake and optimization. Nonetheless, the utilization of such
nanoparticles necessitates thorough scrutiny concerning potential toxicity and degradability profiles, warranting
careful investigation.’” However, despite their favorable biocompatibility and targeting properties, bio-inspired
nanocarriers face several limitations. These include low RNA loading efficiency, reduced storage stability, and
rapid clearance by the mononuclear phagocyte system. Moreover, large-scale good manufacturing practice
(GMP)-compliant manufacturing remains challenging due to biological variability, and a lack of standardized
protocols and defined pharmacokinetics hampers regulatory approval.!?®!%! In melanoma immunotherapy, these
nanocarrier systems are particularly relevant because they may help overcome major resistance-associated
barriers, including poor T-cell infiltration, immunosuppressive tumor microenvironments, inefficient antigen
presentation, and limited penetration into metastatic lesions. Rational engineering of melanoma-targeted RNA
nanocarriers may therefore improve immune checkpoint blockade responsiveness and facilitate reversal of

immune escape mechanisms.

Immunotherapy based on RNA-nanotechnology

RNA structures have been widely utilized in cancer therapies due to their effectiveness. These structures can have
either inhibitory such as small interfering RNA (siRNA) and microRNA (miRNA) or enhancing roles (Figure 2).’
siRNAs function by incorporating into the RNA-induced silencing complex (RISC), where the Argonaute 2
(AGO2) protein facilitates the cleavage of complementary target messenger RNAs (mRNAs). %2193 This post-
transcriptional gene silencing leads to reduced protein expression in a sequence-specific manner.'® miRNA affects
many mRNAs after they're made by attaching to their 3'UTR.!% mRNA vaccines contain instructions for tumor
antigens that cells turn into proteins, which then kick-start immune responses. These approaches allow for pinpoint
targeting of immune checkpoints and tumor antigens.!% Due to the ability to regulate multiple mRNAs by one

microRNA, siRNAs are more specific.® Furthermore, the employment of mRNA delivery aims to augment the
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expression of specific proteins (Figure 2). mRNA therapeutic approaches offer several advantages, including
reliable kinetics, heightened likelihood of protein expression, the avoidance of insertional mutagenesis, and
enhanced transfection efficiency when utilizing mRNA.'*7 Despite notable progress in cancer immunotherapy, the
use of antibodies, proteins and engineered immune cells in immunotherapy are not effective enough and have high
costs and numerous side effects.!%®!1% RNA therapeutics with nanomaterials presents a promising strategy for
enhancing the efficacy of the body's immune system in cancer treatment. Moreover, the integration of this
approach with other therapeutic combinations holds potential for yielding more efficient and specialized

outcomes, thereby establishing itself as a viable therapeutic candidate.’

RNA-based Nanostructures
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Figure 2: Schematic image of the use of different types of RNA in the treatment of melanoma. Utilizing siRNA and tumor
suppressor microRNAs decreases the expression of immune proteins and cytokines, fostering immune system activation for
an anti-tumor response. mMRNA-based nanomedicines, like nano-vaccines, efficiently deliver tumor antigen proteins to antigen-
presenting cells (APCs), enabling subsequent processing of peptide epitopes through the major histocompatibility complex
(MHC) class I pathway. This activation enhances CD8+ T cell responses, culminating in an effective anti-tumor immune
reaction. (Created with BioRender.com)

siRNA-Based Nanotherapeutics

One of the strategies within RNA nanotechnology-based immunotherapy involves the utilization of siRNA to
silence and down-regulate immunosuppressive genes present in cancer cells and cancer-associated immune
cells.!'-112 siRNA nanotherapeutics hold the capability to diminish the expression of immune checkpoint proteins
and immunosuppressive cytokines, thereby facilitating the activation of the immune system to mount an anti-
tumor response (Figure 2).!'> Numerous studies have amassed evidence indicating that the integration of
nanoparticles with other therapeutic modalities forms a robust platform for triggering an anti-tumor immune

response. Specifically, research has demonstrated that concurrent utilization of siRNA-based nanotechnology in
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immunotherapy alongside photodynamic or chemical agents elicits synergistic antitumor effects.!!*!'> Tumor-
associated macrophages (TAMs) are important regulators of the melanoma immune microenvironment and may
exhibit either anti-tumor (M1-like) or immunosuppressive (M2-like) phenotypes.''®!'” Consequently, several
RNA nanotherapeutic strategies have focused on reprogramming TAMs to restore anti-tumor immunity. For
example, dual-targeting nanoparticles delivering anti-CSF-1R siRNA significantly depleted M2-like
macrophages, reduced IL-10 and TGF- expression, increased IL-12 and IFN-y levels, and enhanced CD8+ T-cell
infiltration in melanoma models.>> Similarly, miR-155-loaded nanoparticles were shown to reactivate macrophage

immune function and stimulate anti-tumor immune responses within the tumor microenvironment.

Collectively,
these findings support macrophage reprogramming as a promising strategy for reversing melanoma-associated
immune suppression and improving immunotherapy responsiveness. Tumor antigens are presented to CD8+ or
CD4+ T cells by dendritic cells (DCs), a specific type of antigen-presenting cell (APC).!'® Therefore, the role of
DCs is pivotal in the anti-tumor immune response. Several inhibitory molecules such as suppressors of cytokine
signaling (SOCS) 1, signal transducers and activators of transcription-3 (STAT3), and indoleamine 2,3-
dioxygenase (IDO) are expressed on the surface of DCs, thereby inhibiting their function.®%!'-12! A strategy

employed in the realm of concerted immunotherapy involves inhibiting the action of these suppressive molecules

using siRNA.

miRNA-Based Nanotherapeutics

In addition, tumor suppressor microRNAs prevent the progression of cancer cells by reducing oncogenic
mRNA.'?2 On the other hand, oncogenic microRNAs have an increased expression in cancer cells, while the
expression of tumor suppressor microRNAs decreases.'?!24 Therefore, the regeneration of tumor suppressor
microRNAs to increase their expression is a new therapeutic method for cancer treatment to induce apoptosis of
cancer cells. Furthermore, the utilization of MicroRNA antagonists has been implemented to suppress the function
of oncogenic microRNAs, thereby influencing the immune response against tumor cells.!?*!2¢ Additionally,
MicroRNA has been leveraged to downregulate the expression of immune checkpoint proteins and
proinflammatory cytokines (Figure 2).'?” For instance, studies have revealed the involvement of miR-34a, miR-
200, miR-142-5p, and miR-424 in diminishing the expression of PD-L1 within cancerous cells.?”'?® Numerous
studies have explored the use of nanomaterials incorporating microRNA to enhance cancer immunotherapy,

3129 For instance, lipid-coated calcium phosphonate nanoparticles

yielding encouraging outcomes.
(CaP/miR@MNPs) loaded with miR155 and mannose-modified were demonstrated to target TAMs, effectively
reactivating and reprogramming their functions. This strategy stimulates the immune response within the tumor
microenvironment, resulting in reduced tumor growth. Similarly, several analogous investigations have reported
promising results utilizing microRNA-based nanomaterials against both tumor cells and the tumor

microenvironment, eliciting an immune response.

mRNA Nanovaccines and mRNA Therapeutics

The potential of mRNA as a cancer treatment has gained interest due to its distinctive attributes.'3® However,
mRNA instability due to degradation by nucleases has limited the use of mRNAs. Additionally, the hindered entry
of larger, negatively charged mRNAs into immune cells, including APCs, has complicated their utilization.3%!3!
To address these constraints, nanoparticle-based mRNA carriers have been developed, offering a solution to these
limitations. Notably, nanomedicines-based mRNA has found applications in vaccination and cell engineering
industries. mRNA-based nano-vaccines are gaining prominence for their potent efficacy, safe administration, and

30,132-134

the encouraging outcomes observed in numerous anti-tumor vaccination investigations. These vaccines
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can efficiently deliver an unlimited number of tumor antigen proteins to APCs (Figure 3). Subsequently, the
peptide epitopes are processed via the major histocompatibility complex (MHC) class I pathway, triggering
immune system activation and fostering CD8+ T cell responses, thereby eliciting an effective anti-tumor immune
reaction.’ Furthermore, mRNA vaccines prompt the activation of the MHC-II pathway, inducing CD4+ T immune
responses against cancer cells through protein translation. This suggests that mRNA-based vaccines may

effectively trigger both cellular and humoral immune responses against tumors. '3
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Figure 3: Schematic overview of mRNA-based nanovaccine function in melanoma: nanoparticles deliver mRNA to APCs,
leading to tumor antigen expression, MHC class I/II presentation, and activation of CD8" and CD4" T-cells that mediate
systemic anti-tumor immunity (Created with BioRender.com)

Critical Perspective on RNA Nanotherapeutics

Collectively, preclinical and clinical studies support the therapeutic potential of RNA-based nanotechnology in
melanoma immunotherapy. Despite the considerable therapeutic promise of RNA-based nanotechnology in
melanoma immunotherapy, important differences exist among RNA modalities regarding specificity, translational
maturity, delivery requirements, and clinical applicability.>*># siRNA nanocarriers provide high target specificity
and are particularly suitable for silencing immune checkpoints or immunosuppressive mediators such as PD-L1,
STAT3, IDO, and TGF-B.3>1101213.118 However, their efficacy depends strongly on efficient cytosolic delivery
and sustained intracellular release.’®®' In contrast, miRNA-based therapeutics may simultaneously regulate
multiple oncogenic and immune-related pathways, which may be advantageous in heterogeneous tumors such as
melanoma, although this broader activity may also increase the risk of off-target effects and unpredictable
biological responses.'*!?2 Among current RNA modalities, mRNA nanovaccines have demonstrated the greatest
clinical momentum, particularly due to advances in personalized neoantigen vaccines and liposomal RNA vaccine

platforms.3%132.133.135 Nevertheless, most available evidence remains preclinical, and many studies rely on murine
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melanoma models that do not fully recapitulate the vascular heterogeneity, immune suppression, and metastatic
complexity of human melanoma.®® Therefore, future investigations should prioritize clinically relevant models,
standardized safety evaluation, and rational combination strategies with immune checkpoint blockade.?*?
Importantly, the relative advantages of different RNA modalities may depend on tumor immune phenotype,
metastatic burden, and treatment context. For example, mRNA vaccines may be particularly effective in
immunologically “hot” tumors with preserved antigen presentation, whereas siRNA- or miRNA-based approaches
may be more suitable for reversing immunosuppressive signaling within immune-excluded melanoma
microenvironments, 23242631

RNA-nanotechnology in melanoma immunotherapy

Recently, numerous preclinical and clinical studies have utilized various nanoparticle-based platforms to

effectively deliver RNA subtypes for melanoma immunotherapy.

Preclinical Investigations of RNA Nanotechnology in Melanoma

As previously discussed, siRNAs have shown effectiveness in triggering an anti-tumor immune response by
targeting key factors involved in tumor progression within cancer cells or by knocking out immunosuppressive
genes.’ Utilizing nanomaterials for siRNA delivery has notably resulted in immune response stimulation in various
studies (-). Several studies have investigated nanoparticle-mediated siRNA silencing of PD-L1 as a strategy
to enhance melanoma immunotherapy. Tang et al. demonstrated that hybrid polycaprolactone-based nanocarriers
delivering PD-L1 siRNA reduced tumor size and enhanced cytotoxic T-cell responses in melanoma-bearing
mice.® Similarly, Dai et al. and Wang et al. combined PD-L1-targeting siRNA nanoplatforms with photodynamic
therapy and reported enhanced immune activation, reduced immune resistance, inhibition of melanoma growth,
and lower recurrence rates.!'*!"> Collectively, these findings suggest that PD-L1 silencing may synergize with
photodynamic therapy by reversing immune exhaustion while simultaneously enhancing immunogenic tumor cell
death. Researchers observed that the administration of Au-CGKRK nanoparticles complexed with two siRNAs
targeting PD-L1 and STAT3 resulted in enhanced survival and elevated expression of CD8 and CD4 proteins in
melanoma-bearing mice. These findings affirm the augmentation of the anti-tumor immune response.'” Anti-
CDA47 siRNA in a liposome-protamine-hyaluronic acid (LPH) nanoparticle formulation with suppressor of CD47
function inhibited the growth of melanoma tumors and their metastases.!*® Moreover, the design and
administration of nanoparticles incorporating anti-CTLA-4 siRNA for melanoma tumor cell immunotherapy
yielded encouraging outcomes, including a rise in the population of anti-tumor CDS8 T cells and a decline in the
fraction of Tregs within tumor-infiltrating lymphocytes (TILs).!3* Moreover, the incorporation of anti-colony
stimulating factor 1 receptor (anti-CSF-1R) siRNA onto dual-targeted M2-like TAM nanoparticles (M2NPs) led
to a significant depletion of M2-like TAMs. This resulted in decreased tumor size, prolonged survival, reduced
levels of cytokines IL-10 and TGF-f, heightened expression of immune-stimulating cytokines IL-12 and IFN-y,
and enhanced infiltration of CD8+ T cells within the tumor microenvironment of melanoma-bearing mice. On the
other hand, investigators have employed mRNA encapsulation within nanocarriers as a nano vaccine strategy
targeting melanoma.®> Oberli et al. encapsulated mRNA encoding tumor-associated antigens such as gp100 and
TRP2 into a lipid-based nanovaccine composed of lipid-PEG, a phospholipid, cholesterol, and an adjuvant. Their
findings indicated that these nanoparticles were highly efficient in delivering mRNA to dendritic cells,
macrophages, and neutrophils, consequently leading to potent activation of CD8+ T cells post-immunization in

the B16F10 melanoma model.!*
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Although preclinical investigations have demonstrated encouraging immunomodulatory and anti-tumor effects,
translation of RNA nanotherapeutics into clinical practice remains an ongoing challenge. Consequently, several
early-phase clinical studies have been initiated to evaluate the safety and therapeutic potential of these approaches

in melanoma patients.

Table 1: Preclinical Investigations of siRNA Nanotechnology for Immunotherapy in Melanoma

Nanocarriers Targeted Cells  Targeted Immunological Function Ref
Factors
polycaprolactone-polyethylene glycol Tumor cells PD-L1 reduced PD-L1 expression, enhanced 136
and polycaprolactone- cytotoxicity of T cells
polyethyleneimine
Micellar nanocomposite, modified with  Tumor cells PD-L1 triggered an immune response, PD-L1 15
folic acid-polyethyleneimine blockade
acid-activatable micelle plex Tumor cells PD-L1 PD-L1 blockade 14
Au-CGKRK nanoparticles Tumor cells PD-L1and PD-L1 and STAT3 blockade, elevated 137
STAT3 CDS8 and CD4 proteins
liposome-protamine-hyaluronic acid Tumor cells CDh47 suppressor of CD47 function, Reducing 138
(LPH) nanoparticle the escape of tumor cells from the
immune system
PEG-PLA T cells CTLA-4 CTLA-4 blockade, rise in the population %

of anti-tumor CDS8 T cells, rise in the
population of anti-tumor CDS8 T cells

Peptides NPs TAMs CSF-1R CSF-1R blockade, depletion of M2-like 35
TAMs, reduced levels of cytokines IL-10
and TGF-p, heightened expression of
immune-stimulating cytokines IL-12 and
IFN-y, and enhanced infiltration of
CD8+ T cells within the tumor
microenvironment

Clinical Trials of RNA-Based Nanomedicines in Melanoma

While numerous RNA nanotherapeutic strategies have demonstrated promising anti-tumor activity in preclinical
melanoma models, only a limited number have progressed to human clinical evaluation. Clinical investigations
are underway to explore the use of nanocarriers for delivering RNA-mediated immunotherapy to melanoma
patients (-). A phase I clinical trial was conducted to assess the safety and efficacy of intravenous RNA -
electroporated chimeric antigen receptor (CAR) T cells designed to target the cell surface cMET antigen in patients
diagnosed with metastatic melanoma exhibiting a minimum of 30% tumor cMET expression, alongside
measurable disease and a history of prior treatment. Findings from this study revealed that the intravenous
administration of cMET-targeted CAR T cells elicited immunological adverse events. Among the cohort of seven
individuals who underwent treatment, four demonstrated the most favorable response with stable disease, while
disease progression was observed in three cases, underscoring the therapeutic efficacy of this modality
(NCT03060356).'"*" The pivotal role of specific T cell responses to neoantigens in the efficacy of cancer
immunotherapy has been underscored by recent research. To harness this potential, the development of an RNA
vaccine encoding a neoantigen, termed IVAC® MUTANOME, has been pursued, aiming to stimulate the
activation and proliferation of patients' T cells. A Phase I clinical trial was conducted to assess the efficacy and

safety of the IVAC® MUTANOME vaccine in patients diagnosed with stage III and IV malignant melanoma.
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Encouragingly, treated patients exhibited a robust polyneoepitope immune response directed against the vaccine
antigens, with no reports of severe adverse drug reactions (NCT02035956).!4> Furthermore, it has been
demonstrated that transfecting dendritic cells with siRNA targeting the immunoproteasome can modulate antigen
presentation, enhancing tumor-specific immune responses. In a phase I clinical trial, melanoma patients received
dendritic cell vaccines transfected with RNA encoding melanoma antigens (MART-1, MAGE-3, gp100, and
tyrosinase). Three groups were evaluated: (1) cells transfected with non-targeting siRNA (control), (2) cells
transfected with only tumor antigen RNA, and (3) cells co-transfected with tumor antigen RNA and siRNA
targeting immunoproteasome subunits LMP2, LMP7, and MECLI1. Antigen-specific T-cell responses were
observed in all groups, peaking after 3—4 vaccinations, but only persisted in group 3, which also showed reduced

).143 Besides, a clinical trial is

circulating melanoma cells and increased T-cell cytotoxicity (NCT00672542
underway to investigate the efficacy and safety of a vaccine containing Autologous tumor RNA on
uveal melanoma (NCT01983748). Moreover, a phase 1 clinical trial is presently underway, exploring an
intravenous liposomal RNA vaccine (FixVac) which encompasses four non-mutated melanoma tumor-associated
antigens (NYESO-1, MAGE-A3, tyrosinase, and TPTE). Initial findings from this investigation have implied that
FixVac, either administered alone or coupled with PD1 inhibitor blockade, holds promise in eliciting enduring
responses in patients with unresectable melanoma who have undergone prior checkpoint inhibitor therapy.
Moreover, the administration of FixVac has been associated with elevated levels of robust CD4+ and CD8+ T
cells targeting vaccine antigens, alongside antigen-specific cytotoxic T cell responses (NCT02410733).3!
Recently, personalized neoantigen mRNA vaccines have shown particularly encouraging clinical outcomes in
melanoma. In the randomized phase 2b KEYNOTE-942 clinical trial, the individualized neoantigen vaccine
mRNA-4157/V940 in combination with pembrolizumab demonstrated improved recurrence-free survival
compared with pembrolizumab monotherapy in patients with resected high-risk melanoma (NCT03897881).
These findings highlight the growing translational potential of personalized RNA nanovaccine strategies in
melanoma immunotherapy.'** Nevertheless, despite encouraging immunogenicity and therapeutic responses in
early-phase clinical studies, many RNA nanotherapeutic platforms that demonstrate efficacy in experimental
melanoma models have not yet advanced to large-scale clinical implementation because of delivery inefficiency,
tumor heterogeneity, manufacturing complexity, and unresolved long-term safety considerations.?%!¢ In
addition, recent clinical studies suggest that combination approaches integrating RNA nanotherapeutics with
immune checkpoint blockade may produce more durable anti-tumor responses than RNA monotherapy alone.
However, clinical efficacy remains heterogeneous, emphasizing the importance of patient selection, tumor

immune profiling, and optimization of delivery strategies.?32461144

Despite these encouraging early clinical findings, several biological, technological, manufacturing, and regulatory

barriers continue to limit the widespread clinical implementation of RNA nanotherapeutics.
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Table 2: Clinical Investigations of RNA Nanotechnology for Inmunotherapy in Melanoma

Cell Targeting Study type Number of Intervention CT no/Ref.
participants
T cells Early 77 T cells modified with RNA anti -cMET CAR
Phase 1 NCT03060356/'4!
Dendritic cells Phase 1 15 RNA vaccine encoding a neoantigen NCT02035956/'4
(IVAC® MUTANOME)
Dendritic cells Phase 1 12 Proteasome siRNA and tumor antigen RNA- NCT00672542/'43

transfected dendritic cells

Dendritic cells Phase 3 200 autologous Tumor RNA NCT01983748

Dendritic cells Phase 1 119 liposomal RNA vaccine (FixVac) which NCT02410733/3!
encompasses four non-mutated melanoma
tumor-associated antigens (NYESO-1,
MAGE-A3, tyrosinase, and TPTE)

Tumor Phase 2b 157 mRNA-4157/V940 + pembrolizumab NCT03897881/144
neoantigens/APCs

Clinical Translation and Regulatory Challenge

Despite promising preclinical and early clinical findings, several barriers continue to limit the widespread clinical
translation of RNA nanotherapeutics in melanoma immunotherapy.®#% One of the major challenges involves
the intrinsic instability of RNA molecules, which are highly susceptible to nuclease-mediated degradation and
therefore require efficient protective delivery systems.®>13%13! Nanocarriers must not only stabilize RNA cargoes
but also promote tumor penetration, cellular uptake, endosomal escape, and controlled intracellular release.*->
Additional physiological and biological barriers further complicate the clinical translation of RNA
nanotherapeutics in melanoma. Tumor heterogeneity, including differences in vascularization, immune
infiltration, stromal composition, antigen expression, and metastatic behavior, may substantially influence

24161 Moreover, dense extracellular matrix

nanoparticle accumulation and therapeutic responsiveness.
components, elevated interstitial fluid pressure, abnormal tumor vasculature, and immune-excluded
microenvironments may limit nanoparticle penetration and intracellular RNA delivery within melanoma
lesions.**#1:80 These factors contribute to variability among preclinical and clinical outcomes and highlight the

need for actively targeted, stimuli-responsive, and microenvironment-adapted RNA delivery systems.”!

Safety considerations also remain critically important. Cationic and ionizable nanoparticles may induce
inflammatory responses, complement activation, hepatic accumulation, and systemic toxicity following repeated
administration.> In addition, nonspecific immune activation and off-target effects may compromise therapeutic
efficacy and safety.” Therefore, optimization of nanoparticle composition, biodegradability, and immune
compatibility remains essential for clinical application.>% Manufacturing and regulatory challenges additionally
complicate clinical implementation. RNA nanotherapeutics require reproducible large-scale production under
good manufacturing practice (GMP) conditions, strict control of nanoparticle size and polydispersity, RNA

29,82

encapsulation efficiency, sterility, storage stability, and batch-to-batch consistency.””** Furthermore, personalized
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mRNA vaccine approaches may present additional logistical and regulatory complexities because individualized

neoantigen selection and rapid manufacturing workflows are required. '*°

Nevertheless, recent clinical successes involving lipid nanoparticle-based mRNA technologies have substantially
accelerated interest in RNA nanomedicine platforms.3*!®> Clinical investigations of RNA-based melanoma
therapies, including FixVac and individualized neoantigen vaccines such as mRNA-4157/V940, support the
translational potential of RNA nanotherapeutics in combination with immune checkpoint blockade.?! However,
additional large-scale clinical trials and long-term safety studies remain necessary before routine clinical

implementation can be achieved.*3¢

Conclusion

Despite significant progress in melanoma treatment, particularly in the realm of immunotherapy, mortality rates
remain high following metastasis to various organs. Moreover, the incidence of side effects associated with
immunotherapy poses a significant challenge to its clinical application. Consequently, researchers have
endeavored to reduce these side effects by integrating nanotechnology with immunotherapy, thereby enhancing
its efficacy.” RNA-based therapies, a novel approach, offer several advantages, including heightened selectivity
and reduced off-target effects, rendering them increasingly pivotal in immunotherapeutic regulation compared to
traditional antibody- or protein-based modalities. RNA nanotechnology demonstrates therapeutic potential across
all stages of melanoma progression. In early-stage disease, it may serve as an adjuvant strategy to prevent
recurrence. In locally advanced melanoma, RNA-based nanocarriers can be engineered to deliver therapeutics
directly to the tumor microenvironment, enhancing specificity and minimizing off-target effects. In metastatic
settings, these platforms offer opportunities to modulate immune suppression and restore effective antitumor
immunity. However, therapeutic efficacy is expected to vary depending on tumor burden and the functional status
of the host immune system.>*® Moreover, the development and manufacturing of RNA-based therapeutics are
cost-effective and expedient.?’ Additionally, nanotechnology, particularly through the utilization of nanocarriers,
addresses RNA's inherent limitations such as susceptibility to degradation by nucleases. These nanoparticle-based
delivery systems facilitate targeted delivery of therapeutic payloads, including high-dose RNA therapies, to
specific cells or tissues. Furthermore, preclinical studies demonstrate the potential of combining RNA-mediated
Nano-immunotherapy with conventional chemotherapeutics or photodynamic treatments.!'*'*> However,
nanoparticle recognition by the immune system may lead to clearance via renal/hepatic pathways or activation of

the innate immune response, necessitating further investigation.>

This review article highlights the promising outcomes of employing nanomaterials for targeted delivery of RNA
to tumor or immune cells, thereby eliciting an anti-tumor immune response. Moreover, the synergistic integration
of RNA-based nanotechnology with immunotherapy alongside conventional treatments like chemotherapy and
photodynamic therapy presents a compelling avenue for advancing cancer therapeutics, particularly in melanoma
treatment. Nonetheless, the clinical utility of RNA delivery nanoplatforms in cancer treatment remains
contentious, necessitating extensive experimentation and exploration. This underscores the imperative for further
research endeavors aimed at elucidating the intricacies of this therapeutic modality. Future research should focus
on enhancing the clinical translation of RNA nanotherapeutics by developing safer and more efficient delivery
systems, improving endosomal escape strategies, and creating actively targeted nanocarriers that can penetrate
immune-excluded melanoma lesions.®""%3 Additional priorities include optimization of personalized neoantigen

mRNA vaccines, integration of RNA nanotechnology with immune checkpoint blockade and adoptive cell
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therapies, and identification of predictive biomarkers for patient stratification and treatment response.'#
Furthermore, standardized safety assessment, scalable good manufacturing practice (GMP)-compliant production,
and long-term toxicity evaluation remain essential for regulatory approval and broader -clinical
implementation.®"-'4 Advances in lipid nanoparticle engineering, artificial intelligence-assisted nanocarrier
design, and precision oncology approaches may further accelerate the development of next-generation RNA

nanomedicines for melanoma immunotherapy. 6313
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