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immunopeptidome: MHC
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The immunopeptidome, a diverse set of peptides presented by Major
Histocompatibility Complex (MHC) molecules, is a critical component of
immune recognition and response. This review article delves into the
mechanisms of peptide presentation by MHC molecules, particularly
emphasizing the roles of ncRNA-derived peptides and extracellular vesicles
(EVs) in shaping the immunopeptidome landscape. We explore established and
emerging insights into MHC molecule interactions with peptides, including the
dynamics of peptide loading, transport, and the influence of cellular and genetic
variations. The article highlights novel research on non-coding RNA (ncRNA)-
derived peptides, which challenge conventional views of antigen processing and
presentation and the role of EVs in transporting these peptides, thereby
modulating immune responses at remote body sites. This novel research not
only challenges conventional views but also opens up new avenues for
understanding immune responses. Furthermore, we discuss the implications of
these mechanisms in developing therapeutic strategies, particularly for cancer
immunotherapy. By conducting a comprehensive analysis of current literature
and advanced methodologies in immunopeptidomics, this review aims to
deepen the understanding of the complex interplay between MHC peptide
presentation and the immune system, offering new perspectives on potential
diagnostic and therapeutic applications. Additionally, the interactions between
ncRNA-derived peptides and EVs provide a mechanism for the enhanced surface
presentation of these peptides and highlight a novel pathway for their systemic
distribution, potentially altering immune surveillance and therapeutic landscapes.
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1 Introduction

1.1 The role of MHC molecules in
peptide presentation

The immunopeptidome is the assortment of peptides bound to
MHC molecules presented on cell surfaces (1). The immunopeptidome
dynamics include the accessibility of peptides across cellular vicinities,
the turnover by a peptide-loading complex, and the intricacies of
antigen processing and presentation (APP) components (2). Thus, the
characteristics of peptides, such as their affinities for MHC molecules,
half-lives, and dissociation rates, play a crucial role in determining the
landscape of the immunopeptidome (3). Once peptides with sufficient
affinity are bound to MHC molecules, they are transported to the cell
surface for presentation over extended periods. Upon detachment,
MHC molecules are typically internalized and degraded. While it has
been suggested that MHC molecules may participate in the reloading
and re-presentation of new peptides, this is believed to be a relatively
minor phenomenon (4). Additionally, MHC molecules can be released
from the cell surface as soluble entities or bound to EVs (5). This release
presents the potential for MHC molecules to influence immune
responses at remote locations within the body, thereby
demonstrating the broad impact of this research (6).

1.2 Emerging insights: ncRNA-derived
peptides and extracellular vesicles

ncRNA-derived peptides are a novel class of peptides
originating from previously considered non-coding RNAs,
including long non-coding RNAs (IncRNAs) and circular RNAs
(circRNAs), which were initially believed to have no role in protein
production. However, emerging evidence suggests that some
ncRNAs possess internal ribosome entry sites (IRES) that
facilitate their translation into small, functional peptides. MHC
molecules can present these peptides, which are now considered
part of the immunopeptidome and thus can influence immune
recognition and response. This groundbreaking discovery
challenges conventional views and opens new avenues for
understanding immune responses. Importantly, not all ncRNA-
derived peptides come from truly “non-coding” regions, as some
may result from previously unannotated or cryptic open reading
frames (ORFs) (7).

A recent analysis of MHC class I-bound immunopeptidome of
human and mouse cancer cells identified a significant proportion of
peptides encoded by IncRNA genes (8). T cells are crucial in
monitoring the immunopeptidome, identifying ncRNA-derived
peptides, and initiating immune responses. This process helps
eliminate diseased cells and triggers B cell proliferation. While
beneficial, T cell activation can also lead to immune suppression,
tolerance, and pathological conditions in autoimmune and
autoinflammatory disorders (9). Understanding their role in this
context is essential for advancing immunology.

ncRNA-derived peptides diversify the antigenic landscape
monitored by T cells, providing new targets for immune
recognition. The discovery that a significant portion of the MHC-
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bound immunopeptidome is derived from ncRNAs suggests these
peptides may play a previously underappreciated role in tumor
immune evasion and immune system regulation. As researchers
continue to investigate how these peptides interact with T cells, this
area holds great promise for developing novel immunotherapies
and diagnostic tools that can leverage the unique immunogenic
properties of these peptides in a disease-specific context. This
potential for novel immunotherapies and diagnostic tools should
inspire hope and optimism in the scientific community.

The role of EVs is significant in transporting ncRNA-derived
peptides and MHC molecules, spreading immune signals
throughout the body, and contributing to immune surveillance.
Research has focused on understanding the immunopeptidome,
particularly the interaction between traditional peptides, ncRNA-
derived peptides, and EVs, to identify pathogenic peptides, evaluate
their immune potential, and explore their clinical applications.

Figure 1 provides an overview of critical concepts in
immunopeptidomics, focusing on the role of ncRNA-derived
peptides and their contributions to antigen presentation to help
readers better understand the fundamental principles underlying
these processes.

1.3 Diversity and polymorphism in
MHC molecules

While HLA class I cancer antigens have traditionally been a
significant focus in cancer immunotherapy, the role of class II
molecules has been increasingly recognized as crucial in
immunotherapeutic strategies. Studies reveal that certain MHC
allotypes confer considerable resistance to pathogens, making it
essential to understand the allotype-specific HLA peptidome,
particularly concerning ncRNA-derived peptides, to uncover the
genetic basis of this resistance in human and animal populations.
This understanding of MHC diversity is not just important; it is urgent,
as it can significantly impact our ability to combat diseases (10-12).

Genetic variants in MHC-associated genes, such as ERAP1, may
predispose individuals to autoimmune diseases, yet these variants
may persist in populations due to their protective effects during past
epidemics (13-15). Given that ncRNA-derived peptides may
contribute to autoimmune processes, understanding how different
MHC allotypes present these noncanonical peptides is essential.
Certain MHC allotypes may present ncRNA-derived peptides in
ways that either trigger or dampen autoimmune responses.
Additionally, specific HLA allotypes have been linked to disease
resistance and susceptibility, emphasizing the need to understand
the unique peptidomes and individual T cell receptor (TCR)
repertoires associated with these allotypes (16).

1.4 Challenging traditional views: the
composition of the immunopeptidome

Encompassing the role of ncRNAs in a deeper understanding of

antigen processing and presentation is required for more granular
prediction of presented peptides (17). Research into the biogenesis
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4 )
ncRNA-Derived Peptides

o Definition: Peptides generated from non-coding RNAs, which were
traditionally thought to be non-coding, but are now recognized to
contribute to the Immunopeptidome.

e Sources: Derived from non-coding RNAs (ncRNAs) such as
IncRNAs, circRNAsS, retained introns, and sORFs.

o Translation Mechanisms: Involves alternative reading frames,
cryptic splicing, and unconventional start codons.

e Role of EVs: Extracellular vesicles (EVs) like exosomes
disseminate ncRNA-derived peptides, influencing immune
responses and aiding in non-invasive diagnostics.

¢ Potential in Cancer: Tumor-specific antigens and biomarkers, with
cancer detection and personalized immunotherapy applications.

g J
4 )
Immunopeptidomics and ncRNA-Derived Peptides

o Antigen Presentation: ncRNA-derived peptides are presented by
MHC molecules to T cells, expanding the antigen pool beyond
protein-coding genes.

o Technological Advances: Mass spectrometry and computational
tools enable the detection and mapping of ncRNA-derived peptides
to MHC molecules.

e Role of EVs: Extracellular vesicles (EVs), including exosomes,
disseminate ncRNA-derived peptides, influencing immune
responses and serving as potential tools for non-invasive
diagnostics.

e Broader Impact: ncRNA-derived peptides may contribute to
autoimmune disease research by broadening the scope of
antigens recognized by the immune system.

. J
4 A
Challenges in Detection

e Low Abundance: ncRNA-derived peptides are often present at low
levels, making them difficult to detect.

e Data Interpretation: Computational challenges remain in
distinguishing bona fide ncRNA-derived peptides from noise,
making validation complex.

- J

FIGURE 1
Key concepts in immunopeptidomics of ncRNA-derived peptides.

of the immunopeptidome—especially contributions from
extracellular vesicles and ncRNA-derived peptides—offers
significant implications for our understanding of immune
responses (18).

The source proteome of the MHC peptidome includes a diverse
array of cellular proteins originating from various organelles, such as
the nucleus and mitochondria (19). The immunopeptidome is shaped
not solely by the law of mass action but reflects complex pathways
that integrate contributions from a range of proteins—mature, long-
lived, short-lived, and incompletely synthesized (20). Some peptides
are templated directly from DNA or RNA, while others result from
post-translational modifications (PTMs). This dynamic interplay
highlights the necessity of including ncRNA-derived peptides and
extracellular vesicles in immunopeptidome research (21, 22).

Understanding how different peptide sources influence T-cell
recognition and immune activation may lead to innovative strategies

for enhancing vaccine efficacy and precision medicine approaches.
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2 Advancements in
immunopeptidome analysis

2.1 Understanding the composition and
complexity of the immunopeptidome

The immunopeptidome is a vast and intricate collection of peptides
presented by MHC molecules on cell surfaces, originating from various
cellular proteins across different compartments (23). It may exhibit
preferences for specific “hotspot” regions in the genome (24). This
complexity includes peptides from traditional protein-coding genes
and non-canonical sources, such as ncRNAs (25). Non-canonical
peptides significantly enrich the immunopeptidome’s diversity,
challenging established antigen-presentation paradigms.

Predicting the immunopeptidome’s composition, including
peptide identities, relative abundance, and PTMs, is a formidable
challenge. The potential peptide sequences that could bind to each
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MHC allele far exceed those presented, a complexity further
heightened by non-canonical peptides that often exhibit distinct
PTMs (26). Mass spectrometry (MS) has become essential for
identifying and characterizing canonical and non-canonical
peptides. The process typically starts with the immunoaffinity
purification of MHC molecules, followed by peptide extraction.
While techniques like Edman degradation were historically used for
sequencing (27), liquid chromatography-tandem mass
spectrometry (LC-MS/MS) is now the gold standard (28).

2.2 Mass spectrometry and Al in
immunopeptidome research

Mass spectrometry is a powerful analytical technique used to
measure the mass-to-charge ratio of ions, enabling the
identification and quantification of molecules in complex
mixtures. Since its inception, mass spectrometry has evolved
significantly, with advancements in instrument design and
ionization techniques leading to enhanced sensitivity and
resolution. The 1990s marked a significant milestone in this
journey when Hunt et al. (29) pioneered the sequencing of the
immunopeptidome, revealing the mechanisms of peptide
presentation by MHC molecules.

With the rise of personalized medicine, accurately identifying
peptide neoantigens has become critical to ensure the effectiveness
of therapy. The integration of LC-MS/MS with advanced high-
resolution instruments, such as Orbitrap and time-of-flight (TOF)
spectrometers, has significantly enhanced the sensitivity and
accuracy of immunopeptidome studies (30, 31). These high-
resolution technologies are crucial for distinguishing between
peptides with similar masses and identifying low-abundance non-
canonical peptides (32).

However, accurately identifying non-canonical peptides
remains a primary challenge due to their limited re-presentation
in standard protein databases (33, 34) and also because they are less
abundant and may undergo unique PTMs, resulting in suboptimal
fragmentation patterns during MS analysis (35).

Al and deep learning technologies have been increasingly
integrated into MS data analysis to tackle these challenges. These
Al-driven tools leverage large datasets of peptide spectra, enhancing
the identification process by predicting non-canonical peptide
sequences with greater accuracy (36-38). AI approaches also
allow flexible management of false discovery rate (FDR)
thresholds. While a strict FDR of 0.01 (1%) is standard, Al tools
can confidently handle higher FDR thresholds without significantly
increasing the risk of false positives. This capability makes them
particularly advantageous for detecting rare non-canonical peptides
that might otherwise be overlooked (39).

In this context, mass spectrometry is the foundational peptide
identification technology. However, AD's synergistic integration
with mass spectrometry enhances the analysis by improving
accuracy and flexibility, particularly in the challenging detection
of non-canonical peptides. This integration is not just a
technological advancement but a significant leap in Al in our
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understanding of the immunopeptidome, revealing a broader
spectrum of peptides that MHC molecules can present.

2.3 Alternative methods for peptide
recovery and analysis

In addition to traditional immunoaffinity purification, methods
like mild acid elution (MAE) have been developed to recover MHC-
bound peptides (40). MAE exposes cell surfaces to mildly acidic
conditions, releasing peptides from MHC molecules without
detaching the MHC heavy chains (41, 42). While MAE can yield
large pools of peptides, including those associated with EVs, the
quality and composition often differ from those obtained via
immunoaftinity purification (23).

MAE-recovered immunopeptidomes may contain a significant
fraction of non-ligand peptides, complicating analysis (43).
However, this method is valuable for enhancing the detection of
newly presented peptides after viral infections (44). Additionally,
screening yeast or mammalian display libraries has been used to
identify a broader range of MHC peptides (45). These libraries
consist of cells transfected with DNA libraries encoding various
MHC allotypes and peptide sequences, making them practical for
discovering novel ncRNA-derived peptides that may influence
immune responses (46). Notably, peptides arising from alternative
splicing or cryptic translation start sites within ncRNAs represent a
largely unexplored frontier in immunopeptidomics.

As previously discussed, identifying post-translational modified
peptides through MS presents an ongoing challenge. Strategies such
as enriching these peptides after immunoaffinity purification and
incorporating potential PTMs as variables in sequence databases are
utilized; however, these approaches do not fully address the
complexities involved. Therefore, validating data for PTM MHC
peptides, especially those derived from ncRNAs, remains a critical
area of focus.

2.4 ldentification and annotation
of ncRNAs

The human translatome likely contains many undiscovered
ORFs from various linear transcript translation frames further
enriched by the thousands of novel unannotated ORFs (nuORFs)
identified in the immunopeptidome. These ORFs include antigens
derived from various transcripts, such as cancer germline,
oncogenic missense mutation, frameshift mutation, splice site,
gene fusion, and cancer-associated viruses (47, 48). Additionally,
there are epitopes not encoded by the genome, known as
noncanonical neoepitopes. These neoepitopes can arise from
cellular processes specifically altered or induced in cancer,
simultaneously resulting in a wide variety of neoantigens.

The mechanisms contributing to these noncanonical
neoepitopes include alternative splicing, post-translational
modification, RNA editing, and aberrant mRNA translation. This
approach was recently reviewed (49, 50). These neoepitopes
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contrast sharply with classic neoantigens, genetically encoded and
produced from only one mutated gene (mRNA or ncRNA) at
a time.

Furthermore, circRNA-derived ORFs, which span the
backsplice junction (BSJ), add another layer of non-genomic
neoantigens that may also be classified as post-transcriptionally
derived neoepitopes. This novel class of noncanonical neoepitopes
could be particularly valuable in cancers characterized by a low
mutational burden, which are thought to evade immune detection
due to the limited availability of classic neoantigens (51).

Neoantigens arising from somatic mutations have become
pivotal targets in personalized cancer therapies. MHC molecules
present these novel protein fragments on cancer cell surfaces,
distinguishing them from normal cells and making them prime
candidates for immunotherapy. While traditional neoantigen
research has focused on peptides derived from protein-coding
regions, recent studies highlight the potential of ncRNAs to
generate immunogenic peptides, expanding the antigen repertoire.
This section explores methodologies for identifying, predicting, and
validating these ncRNA-derived neoantigens, integrating
computational tools with experimental approaches to harness
their therapeutic potential.

The crux of ncRNA-derived neoantigen discovery lies in
accurately identifying and annotating ncRNAs within the cancer
genome, and it typically begins with high-throughput RNA
sequencing (RNA-Seq), capturing the full spectrum of the
transcriptome, including both coding and noncoding RNAs.
Computational tools like CPC2 (Coding Potential Calculator 2),
LncADeep, and FEELnc (Finding ncRNAs by Estimating their
Likelihood) facilitate the classification of ncRNAs by analyzing
sequence features, structural motifs, and the absence of long
ORFs (52, 53).

In addition to identifying IncRNAs, these tools are essential for
detecting circRNAs formed through back-splicing events. Tools like
circRNA_finder and CIRI2 are crucial for annotating circRNAs by
identifying back-splice junctions, a hallmark feature of these
molecules (18). Updated resources like circAtlas 3.0 provide
comprehensive annotations of circRNAs across multiple species,
facilitating the identification of circRNA-derived neoantigens (18, 54).

To support ncRNA-derived immunopeptidome research, Table 1
provides an overview of the critical databases and bioinformatics
tools currently available for identifying and analyzing ncRNAs, aiding
in discovering and characterizing non-canonical peptides.

Despite advancements in ncRNA identification and annotation,
several challenges remain. The complexity of the transcriptome,
along with the presence of overlapping genes and variable splicing
patterns, can complicate the accurate classification of ncRNAs.
Additionally, many ncRNAs have tissue-specific expression
profiles, making it essential to analyze samples from various
biological contexts to understand their roles comprehensively (71).

Furthermore, distinguishing functional ncRNAs from
transcriptional noise or high throughput sequencing artifacts
poses a significant challenge, as many ncRNAs exhibit low
expression levels and may be produced only in specific cellular
conditions (72). As the field progresses, continued efforts in refining
computational methods and enhancing experimental techniques
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will be essential for unraveling the full spectrum of ncRNAs and
their functional implications.

2.5 Prediction of hcRNA translation and
HLA presentation

Following the identification of ncRNAs, the next step involves
predicting their potential to be translated into immunogenic
peptides. Ribosome profiling (Ribo-Seq) has become an essential
technique, offering a snapshot of actively translated regions within
the transcriptome. This technique has revealed that many ncRNAs,
previously classified as noncoding, can produce functional
peptides (50).

Computational tools like ORF-RATER and RiboTaper analyze
Ribo-Seq data to identify sORFs within ncRNAs that may encode
neoantigens (18, 26). These sORFs are then evaluated for HLA binding
predictions using algorithms such as NetMHCpan and MHCflurry,
which assess the likelihood of peptide binding to specific HLA alleles
(73). This binding is crucial for peptides to be presented on the cell
surface and recognized by the immune system.

Additionally, specialized tools like SPENCER and ncEP predict and
validate small peptides encoded by sORFs within ncRNAs. SPENCER
integrates ribosome profiling and mass spectrometry data to confirm
peptide translation, while ncEP focuses on predicting non-canonical
epitopes from ncRNAs that HLA molecules could present (74).

Experimental validation is essential to confirm the immunogenic
potential of ncRNA-derived neoantigens predicted through
computational methods. This process typically involves several steps.
Predicted peptides are synthesized and tested for binding affinity to
specific MHC molecules using assays like fluorescence polarization and
enzyme-linked immunosorbent assay (ELISA). These assays help
validate computational predictions. The immunogenicity of the
peptides is assessed by testing their ability to activate T cells through
assays such as T-cell proliferation or interferon-gamma (IFN-y) release
assays, providing direct measures of the peptide’s potential to elicit an
immune response. Integrating mass spectrometry with proteogenomics
allows for direct detection of ncRNA-derived peptides and their
presentation by MHC molecules. Tools like MaxQuant and
MSFragger analyze MS data, offering a high-throughput method for
validating the physical presence of these peptides.

2.6 Integrative proteogenomic approaches

Proteogenomics integrates proteomic data with genomic and
transcriptomic information, essential for validating ncRNA-derived
neoantigens. This approach ensures that peptides predicted by
computational tools are synthesized and presented on cell
surfaces. ProteoMapper and OpenProt map predicted peptides to
their genomic origins, confirming their existence (33).

Robust databases are vital for cataloging these novel antigens.
The Immune Epitope Database (IEDB) offers a comprehensive
repository of immunogenic peptides, including those from
ncRNAs (55). At the same time, LNCipedia and circBase provide
extensive collections of annotated IncRNAs and circRNAs, aiding in
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TABLE 1 Key databases and tools for ncRNA-derived immunopeptidome research.

10.3389/fimmu.2025.1540431

Focus Biological Specimen Reference
IEDB Database Im@unogen{c peptides, including ncRNA- Va-rlous hur-nan and https://www.iedb.org/ (55)
derived peptides animal studies
LNCipedia Database Annotated IncRNAs Various tissues and cell lines https://Incipedia.org/ (56)
circBASE Database circRNAs Various tissues and cell lines | http://www.circbase.org/ (57)
teMH tem-wide MHC- iated https://systemhc.sjtu.edu. 58
SysteMHC Atlas Sys ém wide C associate Multiple biological specimens ps://systemhc.sjtu.edu.cn/ (58)
Atlas v2.0 peptide presentation
FuncPEP Tool/ Functional annotation of pentides Human tissues https://bioinformatics.mdanderson.org/ | (59)
uj uj it
v2.0 Database peP Supplements/FuncPEP/about.html
Exosomal content, including proteins, lipids, Exosomes from cell lines, http://www.exocarta.org/ (60)
E. D
xoCarta atabase and RNA (including ncRNAs) blood, urine, and other fluids
Vesiclepedia | Database Extracellular vesicles, including proteins, lipids, = Cell l?nes, bodily fluids, http://www.microvesicles.org/ (61)
and RNA content and tissues
OpenProt Database/ | Non-canonical proteins and peptides, Human and https://www.openprot.org/ (62)
enPro
P Atlas including ncRNA-derived peptides model organisms
circAtlas 3.0 | Atlas circRNAs across multiple species Multiple species https://ngdc.cncb.ac.cn/circatlas/ (54)
SPENCER Tool Prediction and validation of small peptides Various tissues and cell lines https://spencer.renlab.org/#/home (63)
encoded by sORFs
ncEP Tool Prediction of non-canonical epitopes Various tissues and cell lines http://www.jianglab.cn/ncEP/ (64)
from ncRNAs
CPC2 Tool Coding potential calculator Various tissues and cell lines | http://cpc2.cbi.pku.edu.cn/ (65)
https://ohlerlab.mdc-berlin.d 66
RiboTaper Tool Analysis of ribosome profiling data Various tissues and cell lines psi//o e,r ab.mde-berlin.de/ (66)
software/RiboTaper_126/
LncPep Database Small peptides encoded by IncRNAs Various tissues and cell lines | http://www.shenglilabs.com/LncPep/ (67)
. . . . https: ebi.ac.uk/pri
PRIDE Repository Comprehen'mve protelomlcs data, including Various biological specimens ttps://www.ebi.ac.uk/pride/ (68)
ncRNA-derived peptides
Circulating microRNAs, including EV- http://mirandola.iit.cnr.it/ (69)
. R R Blood, serum, plasma, and
miRandola Database associated RNAs and potentially . .
K i other bodily fluids
derived peptides
HuVarBase Database Hu-man sequ.ence variants, mc'ludmg nf:RNA Various tissues and cell lines th}?s://www411tm4ac.1n/ (70)
variants leading to non-canonical peptides bioinfo/huvarbase/

neoantigen identification (42, 44). SysteMHC Atlas v20 includes
data on canonical and non-canonical peptides, and FuncPEP v20
predicts the functional impact of non-canonical peptides (75).
Not all predicted MHC-binding peptides are immunogenic, and
experimental validation is resource-intensive. Nonetheless, the patient-
specific nature of ncRNA-derived neoantigens makes them ideal for
personalized cancer vaccines, enhancing immunotherapy efficacy (74).
These neoantigens could also be combined with other
immunotherapies to improve patient outcomes (50).

2.7 Future directions and significance of
immunopeptidome research
for immunotherapy

The integration of mass spectrometry and Al technologies in
immunopeptidome research is revolutionizing the identification
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and characterization of ncRNA-derived neoantigens. By employing
advanced techniques such as LC-MS/MS, Ribo-Seq, and integrative
proteogenomics, researchers are uncovering a rich landscape of
immunogenic peptides that can be harnessed for personalized
cancer therapies. Targeted MS techniques, such as parallel
reaction monitoring (PRM) and selected reaction monitoring
(SRM), are also essential for accurately detecting low-abundance
peptides (73). To ensure reliability, validating non-canonical
peptides requires corroboration of MS findings with
experimental methods.

Despite the challenges associated with identifying and
validating these non-canonical peptides, ongoing advancements in
bioinformatics tools and experimental methodologies are promising
for enhancing immunotherapy strategies. The discovery and
characterization of ncRNA-derived neoantigens could provide
novel insights into immune responses and pave the way for
innovative and effective therapeutic approaches.

frontiersin.org


https://www.iedb.org/
https://lncipedia.org/
http://www.circbase.org/
https://systemhc.sjtu.edu.cn/
https://bioinformatics.mdanderson.org/Supplements/FuncPEP/about.html
https://bioinformatics.mdanderson.org/Supplements/FuncPEP/about.html
http://www.exocarta.org/
http://www.microvesicles.org/
https://www.openprot.org/
https://ngdc.cncb.ac.cn/circatlas/
https://spencer.renlab.org/#/home
http://www.jianglab.cn/ncEP/
http://cpc2.cbi.pku.edu.cn/
https://ohlerlab.mdc-berlin.de/software/RiboTaper_126/
https://ohlerlab.mdc-berlin.de/software/RiboTaper_126/
http://www.shenglilabs.com/LncPep/
https://www.ebi.ac.uk/pride/
http://mirandola.iit.cnr.it/
https://www.iitm.ac.in/bioinfo/huvarbase/
https://www.iitm.ac.in/bioinfo/huvarbase/
https://doi.org/10.3389/fimmu.2025.1540431
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Balakrishnan et al.

3 Advancements in
immunopeptidome composition
and presentation

3.1 Immunopeptidomes’ origin
and biomaterial

The immunopeptidome, encompassing peptides presented by
MHC molecules, originates from diverse sources such as cultured
cells, tissues, tumors, and biofluids. Among these sources, EVs have
gained particular attention for their role in modulating immune
responses by presenting ncRNA-derived peptides (6). EVs,
including exosomes and microvesicles, function as vehicles for
intercellular communication, carrying various molecular cargos
such as proteins, lipids, and nucleic acids, including ncRNAs (6).

As one of the pivots in tumor immunology, EVs are crucial in
presenting tumor-specific antigens, including neoantigens derived
from ncRNAs. Research has identified these tumor-associated
peptides in cultured cancer cells and tumor tissues, with valuable
insights from patient-derived xenograft (PDX) models (61). For
instance, studies have explored the potential of EVs in enabling
non-invasive cancer diagnostics and monitoring treatment
responses by detecting tumor-derived peptides.

Although many peptide sequences from these studies, including
EV-associated peptides, have been deposited in public databases like
the Human MHC Project and the Human Immunopeptidome
Project, no repository is dedicated solely to ncRNA-derived
immunopeptides from EVs. Existing databases like Vesiclepedia
(61), ExoCarta (60), and LncPep (67) provide valuable data on the
proteome, lipidome, and RNA cargo of EVs but do not
comprehensively cover the landscape of ncRNA-derived
immunopeptides associated with EVs.

The relationship between the immunopeptidome, proteome,
and transcriptome is complex. Studies have shown poor
correlations between the relative abundance of MHC peptides
and their source proteins or degradation rates. However, slightly
higher correlations are observed between source protein levels and
the number of HLA peptides identified (76), suggesting that factors
beyond simple protein degradation influence the
immunopeptidome, such as protein synthesis rates, post-
translational modifications, and the presence of ncRNA-
derived peptides.

The theoretical implications of peptide diversity in these
contexts have direct clinical outcomes. For example, the ability of
EVs to transport ncRNA-derived peptides, including tumor-specific
neoantigens, across various cellular environments opens new
avenues for cancer diagnostics and therapies. Identifying such
peptides in patient samples can serve as biomarkers for early
cancer detection or therapeutic targets in precision medicine.

Figure 2 provides a historical timeline highlighting key milestones
and discoveries in this growing field to contextualize the development
of ncRNA-derived immunopeptidome research (22, 77-80).
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3.2 Canonical and non-
canonical immunopeptidomes

Non-canonical MHC peptides arise from sORFs, alternative
reading frames, frameshifting, and retained intron sequences. They
often come from sequences not annotated in the genome,
contributing to the diversity of peptides presented by MHC
molecules (81).

Ribosome profiling has provided strong evidence for the
prevalence of non-canonical peptides derived from unannotated
RNA sequences. This high-resolution technique reveals translation
events from previously thought to be noncoding sequences,
resulting in MHC-bound peptides recognized by T cells that elicit
an immune response (82).

The clinical relevance of this peptide diversity is highlighted in
cancer immunotherapy, where understanding the complex
mechanisms of ncRNA-derived peptides has led to novel
therapeutic approaches. Peptides derived from IncRNA HOXB-
AS3, for instance, inhibit the oncogenic function of the HOXB gene
in colon cancer, showing how non-canonical peptides can directly
affect tumor progression and offer therapeutic targets (83).

3.3 The role of sORFs in ncRNA-
derived neoantigens

Small open reading frames encode peptides shorter than 100
amino acids and can be found in IncRNAs and circRNAs
(Figure 3A). The discovery that ncRNAs can harbor sORFs capable
of producing immunologically relevant peptides has expanded our
understanding of the noncoding genome’s role in cancer biology.

A particularly striking example is the circRNA circ0076651,
hosted by the HSP90ABI gene, detected exclusively in lung cancer
specimens but absent in normal tissues (84), as it demonstrates the
potential of circRNA-derived peptides in biomarker development
for cancer diagnostics. Additionally, microRNAs (miRNAs), often
known for gene regulation, can encode micro peptides that regulate
immune responses. For instance, miPEP31, encoded by pri-
microRNA-31, is highly expressed in Foxp3+ regulatory T cells
(Tregs), where it promotes Treg differentiation (84), highlighting
the role of ncRNA-derived peptides in immune regulation.

3.4 Mechanisms of nhon-canonical
peptide production

The production of non-canonical peptides involves unique
mechanisms such as cryptic translation, alternative splicing, and post-
transcriptional modifications. Cryptic translation allows the synthesizing
of peptides from sORFs that are not traditionally recognized as coding
sequences. This translation often occurs without the canonical AUG
start codon and can be initiated by non-AUG codons.
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Discovery of Regulatory ncRNAs
Small RNAs like miRNAs and IncRNAs are found to regulate
gene expression despite not encoding proteins.

Nobel Prize for RNAi Mechanism

RNA interference (RNAI) discovery by Andrew Fire & Craig
Mello demonstrates how small RNA fragments can silence
gene expression.

Discovery of Peptides Encoded by ncRNAs

Small open reading frames (SORFs) in ncRNAs are discovered
to encode peptides, suggesting a role in the
Immunopeptidome.

Mass Spectrometry Techniques Unveil ncRNA-Derived Peptides
ncRNA-derived peptides are identified on MHC molecules,
revealing their potential in immune responses.

First Comprehensive ncRNA Immunopeptidome Study
Groundbreaking study shows ncRNA-derived peptides can
elicit immune responses and affect cancer immunotherapy.

Bioinformatics and Databases for ncRNA-Derived Peptides
New bioinformatics tools and databases emerge to predict,
catalog, and analyze ncRNA-derived peptides.

Nobel Prize in Medicine
Victor Ambros and Gary Ruvkun are awarded the Nobel Prize
for their discovery of microRNA, a key regulatory element in

10.3389/fimmu.2025.1540431

gene expression.

FIGURE 2
Historical timeline of ncRNA-derived immunopeptidome research.

For example, cryptic antigenic peptides encoded by tumor-
specific circRNA circFAM53B have shown a potential to induce
antitumor immunity in breast cancer (85). Similarly, post-
transcriptional modifications like adenosine-to-inosine (A-to-I)
RNA editing can create novel sORFs, generating peptides with
immunogenic properties (86).

3.5 Other sources of non-canonical
immunopeptidome targets

Families of transposable elements (TEs) comprise a significant
portion of the human genome, with estimates suggesting that they
make up about 50% of the DNA, often dismissed as “junk DNA.”
However, recent research has revealed that these TEs are now emerging
as a potential source of unique peptides that could trigger immune
responses against tumors. In particular, the reactivation of TEs has
been observed in patients undergoing immunotherapies, where they
produce novel tumor-specific antigens that are subsequently presented
via human leukocyte antigen (HLA) molecules.

Frontiers in Immunology

In addition to TEs, other genomic elements, such as
pseudogenes - non-functional copies of genes, also generate non-
canonical immunopeptidome targets. Pseudogenes can become
aberrantly expressed under certain conditions, producing
unconventional peptides that may serve as neoantigens, further
broadening cancer immunotherapy targets (as detailed earlier).

This growing body of evidence underscores the underestimated
potential of what has traditionally been considered the genome’s
“dark matter.” These elements now have the potential to shed light
on previously overlooked immunological targets. (87).

3.6 Challenges and opportunities in
exploiting ncRNA-derived neoantigens

Identifying and exploiting ncRNA-derived neoantigens poses
several challenges but also offers significant opportunities.
Traditional methods for predicting neoantigens focus on
mutations within protein-coding genes and are unsuited for
detecting ncRNA-derived peptides. Therefore, new bioinformatics
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presentation to CD8+ T cells via TCR binding is shown. Arrows indicate the direction of peptide transport and the pathways involved in presentation.
(C) MHC Il Extracellular Peptide Uptake: The panel shows the uptake and presentation of extracellular ncRNA peptides via MHC Class Il molecules to
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tools and experimental techniques are needed to predict and
validate these non-canonical peptides accurately.

One promising approach is Ribo-Seq, which provides a
snapshot of actively translated regions of the transcriptome,
including ncRNAs. Coupling Ribo-Seq with mass spectrometry
can help identify and characterize ncRNA-derived peptides
presented by MHC molecules on the surface of tumor cells (88).
Additionally, high-throughput screening techniques and machine
learning algorithms are being developed to predict the coding
potential of ncRNAs and identify sORFs that may serve as
sources of neoantigens.

The clinical potential of this research is vast. Targeting ncRNA-
derived peptides allows for more personalized and precise
immunotherapies, enhancing treatment outcomes in various
cancers, particularly in tumors with low mutational burden where
traditional neoantigens are scarce (74). This peptide diversity
expands the repertoire of potential therapeutic targets and
provides new tools for diagnostics and disease monitoring, mainly
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through non-invasive methods like EV analysis. As research
progresses, understanding sORF translation and non-canonical
peptide production will be crucial in harnessing their full
potential for innovative immunotherapy strategies.

3.7 Translational potential of ncRNA-
derived peptidome in clinical oncology

Recent advances in neoantigen research have accelerated the
development and approval of tumor immunotherapies, including
cancer vaccines, adoptive cell therapy, and antibody-based
treatments, particularly for solid tumors. Neoantigens are formed
by tumor cells due to alterations like genomic mutations and
abnormal RNA splicing; thus, they are recognized as non-self and
elicit immune responses that bypass tolerance mechanisms (89).

ncRNA inclusion into identifying and predicting tumor-specific
neoantigens has improved significantly due to enhancements in
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next-generation sequencing mass spectrometry and bioinformatics
(58). In the advancing field of immunopeptidomics, innovative
methodologies have improved our ability to identify and
characterize peptides presented by MHC molecules on cell
surfaces. High-resolution mass spectrometry now allows for
precise detection of peptides, even at lower abundances.
Improvements in LC-MS/MS enable deeper coverage of the
immunopeptidome from limited samples. Additionally, advanced
bioinformatics tools predict MHC binding affinities and enhance
peptide identification accuracy. Integrating genomic and
transcriptomic data provides insights into the origins and
functions of these peptides in immune recognition. These
advancements are essential for understanding tumor immune
landscapes, guiding peptide-based vaccine design, and developing
personalized immunotherapies that target specific cancer antigens,
ultimately improving patient outcomes. These methodological
advances were recently comprehensively reviewed (74, 90-93).

Unlike tumor-associated antigens, neoantigens are highly
immunogenic and specific to tumors, making them valuable
targets for personalized cancer therapies and indicators of
survival prognosis and responses to immune checkpoint blockade.
Understanding the mechanisms behind neoantigen-induced
immune responses will enhance cancer therapy development and
implement neoantigen-based treatments (74).

Studies have shown that small open reading frames exist in ncRNA
genes with peptide encoding potential (8, 83, 85, 94). Thus, the
simultaneous deregulation of ncRNAome as a template for anti-
cancer immunopeptide synthesis can be deployed as a novel anti-
cancer vaccine. Studies also reassess the coding vs. non-coding
potential of the genome for developing cancer immunotherapies
(95-97). Several clinical and preclinical models have identified
neoantigens unique to tumor cells as primary sources of tumor-
specific antigens (TSAs) that activate anti-tumor immunity through
cytotoxic T lymphocytes (CTLs) (8, 98-101). Identifying these
antigenic peptides is essential for developing anti-tumor therapies,
such as vaccines and engineered T-cell treatments (85). While earlier
research focused on nonsynonymous mutations in the protein-coding
genome to find TSAs, many cancers have low mutational burdens.
Therefore, it is crucial to explore other methods for identifying tumor-
specific peptides. One promising approach is using peptides encoded
by ncRNAs, which are abundant in malignant cells and distinct from
those found in normal tissues (85). These ncRNA-encoded peptides
may stimulate antigen-specific T cells (85). However, the
immunosuppressive tumor microenvironment can limit antigen
presentation and T-cell activation.

Therapeutic vaccines utilizing ncRNA antigenic peptides or
circRNAs may help enhance these processes. Researchers have
identified HLA-I-binding antigenic peptides from tumor-specific
circRNAs, circFAM53B, which effectively primed naive CD4+ and
CD8+ T cells and induced anti-tumor immunity. The expression of
circFAM53B and its peptides were linked to significant infiltration
of CD8+ T cells and improved survival in breast cancer and
melanoma patients (58). This study emphasizes the potential of
tumor-specific ncRNAs for developing cancer vaccines, though
further research is needed to assess their effectiveness as
standalone or combined treatments (102, 103).
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Certain ncRNAs can suppress tumor suppressor genes or
modulate immune checkpoint pathways, which may facilitate
tumor immune evasion. In contrast, peptides derived from
ncRNAs—often processed into novel cancer-specific antigens—
have been shown to activate T-cell responses, leading to tumor
rejection in preclinical models of melanoma and lung cancer. These
peptides represent potential targets for vaccine development. This is
supported by preclinical research in which synthetic long peptides
derived from tumor antigens have elicited strong immune
responses in melanoma patients (104). Identifying such peptides
is just the first step in creating a vaccine. The process becomes more
complicated when combining MHC-decorated immunopeptidomes
with adjuvants and delivery vehicles. Therefore, exploring naturally
formed MHC complexes on the surface of EVs that can serve as
vehicles while carrying adjuvants (e.g., PD-L1; (105)) may provide a
valuable tool for delivering bioactive molecules that support
antitumor immunity by presenting tumor antigens to immune
cells. For example, dendritic cells loaded with tumor-derived
exosomes have been used in clinical trials to stimulate immune
responses in patients with advanced non-small cell lung cancer,
demonstrating a novel therapeutic approach that leverages the
natural antigen-presenting properties of these vesicles (106-108).

4 Biogenesis of
the immunopeptidome

4.1 Biosynthesis of the immunopeptidome
from non-templated sequences

As previously discussed, ncRNAs play a critical role in
expanding the repertoire of potential neoantigens. In addition to
sORFs, the emergence of spliced peptides is another intriguing
aspect of the immunopeptidome. The clinical potential of this
research is vast. Targeting ncRNA-derived peptides allows for
more precise immunotherapies, enhancing treatment outcomes in
various cancers, particularly in tumors with low mutational burden
where traditional neoantigens are scarce (74). Although the
prevalence of spliced peptides remains debatable, their potential
contribution to the immunopeptidome is significant, particularly in
the context of cancer, where the complexity of the tumor
microenvironment demands diverse antigenic profiles.

In parallel, non-canonical peptides derived from various
ncRNAs are also produced through non-canonical translation
mechanisms (109). For example, when tryptophan levels are
depleted due to elevated enzyme indoleamine 2,3-dioxygenase
(IDO1) activity, the ribosome may misincorporate phenylalanine
instead of tryptophan during translation. This misincorporation
results in non-templated peptides, which significantly enhance the
diversity of the immunopeptidome, particularly during immune
responses. Together, the roles of spliced and non-canonical peptides
highlight the dynamic nature of the immunopeptidome,
underscoring its importance in generating a robust immune
response against tumors (110).

Furthermore, as highlighted earlier, the role of EVs in
disseminating ncRNA-derived peptides cannot be overstated, as
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they are crucial for transporting MHC-bound peptides that
influence local and systemic immune responses (111). Their
ability to transfer tumor-associated antigens derived from
ncRNAs not only aids in immune surveillance but may also
facilitate immune evasion, emphasizing their significance in
tumor biology (112, 113).

By integrating the concepts of ncRNAs, spliced peptides, and
EVs, researchers can gain deeper insights into the intricacies of the
immune landscape.

4.2 ncRNA-derived peptides and
proteasomal proteolysis

Traditionally, the generation of the immunopeptidome has
been attributed to proteasomal proteolysis, which degrades the
cellular proteome to produce peptides for MHC presentation
(114). However, ncRNA-derived peptides challenge the notion
that the proteasome is the sole source of MHC-bound peptides.
The degradation of these ncRNA-derived peptides involves both the
proteasome and other proteolytic systems, underscoring the
complexity of their biogenesis (109, 115) (Figure 3B).

While the proteasome has been viewed as the primary source of
peptides for MHC class I molecules, evidence shows that
proteasome inhibition does not uniformly reduce MHC peptide
presentation. In some cases, the presentation of specific peptides
increases, suggesting the existence of alternative proteolytic
pathways, such as those involving autophagosomes or lysosomal
systems (116). Additionally, ncRNAs can modulate protein stability
and degradation, further complicating the relationship between the
proteasome and MHC peptide generation (117).

4.3 The role of EVs in
immunopeptidome formation

Extracellular vesicles, including exosomes and microvesicles,
play a pivotal role in the transport and presentation of ncRNA-
derived peptides as evidenced by Transporter Associated with
Antigen Processing (TAP) proteins, which are a class of
transporter proteins present in EVs (15). By transporting MHC
molecules loaded with ncRNA-derived peptides, EVs can influence
immune surveillance and modulate responses in distant tissues. It is
especially pertinent in cancer, where EVs may carry tumor-specific
antigens that enhance anti-tumor immunity or help evade immune
detection (50, 118).

Analyzing EVs from biofluids, such as blood or pleural
effusions, provides insights into the systemic spread of ncRNA-
derived peptides and their role in disease progression (119). This
non-invasive approach not only aids in identifying potential
biomarkers for early diagnosis but also opens new avenues for
therapeutic interventions targeting the immunopeptidome.
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4.4 Challenging the proteasome-
centric dogma

Observations that proteasome inhibition does not uniformly
reduce MHC peptide presentation indicate the existence of
alternative pathways, such as those involving autophagosomes
and specialized vesicular compartments, in generating the
immunopeptidome (113).

The involvement of EVs in presenting ncRNA-derived peptides
further complicates the conventional understanding of MHC
peptide presentation (120). Delivering these peptides to antigen-
presenting cells (APCs) and facilitating cross-presentation EVs alter
the immune responses. This complexity highlights the need for a
nuanced understanding of the sources and pathways involved in
MHC peptide presentation.

The biogenesis of the immunopeptidome is a multifaceted
process involving proteasomal proteolysis, alternative proteolytic
pathways, and the critical role of EVs. ncRNA-derived peptides,
presented through these diverse mechanisms, significantly
contribute to the immune landscape, offering new insights into
immune surveillance and evasion. As our understanding of these
processes evolves, targeting ncRNA-derived peptides and EVs may
become increasingly important in therapeutic interventions,
particularly cancer treatment.

4.5 ncRNA-derived peptides and EVs in the
conventional pathways of
antigen presentation

Protein-coding gene-derived peptides (the peptidome) arise
from proteins processed by the proteasome pathway - the
primary enzyme responsible for degrading cellular proteins and
generating peptide substrates in the cytosol. While short ncRNA-
derived peptides may bypass some of the proteasome-mediated
steps, it has been shown that treatment of melanoma cells with IFNy
or the proteasome inhibitor did not significantly alter the
presentation of circRNA-BSJ-derived peptides in comparison to
canonical peptides, suggesting they follow similar routes of antigen
processing and presentation (94).

The proteasome thus downgrades proteins into peptide
substrates for transport into the endoplasmic reticulum (ER),
where these peptides are further trimmed by ERAP1/2 (ERAAP)
before being loaded onto MHC class I molecules. Studies show that
inhibiting the proteasome reduces MHC presentation, indicating a
dependence on the proteasome for peptide availability (121, 122).
However, recent findings suggest that the rate of expression of
peptide-receptive HLA molecules may be the limiting factor in HLA
presentation (123, 124). Additionally, immunoproteasome subunits
are located within the MHC class II locus and are upregulated
during inflammation, supporting the role of immunoproteasomes
in producing suitable peptides for MHC presentation (125).
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Questions remain about the proteasome being the sole source of
MHC ligands, as inhibitor studies reveal complex changes in the
presentation of peptides derived from coding transcripts and
ncRNA (126), suggesting that alternative pathways also contribute
to peptide generation. The coordination between proteasome and
lysosomal pathways and EV that also present MHC complex and
TAP proteins is essential for cross-presentation, highlighting the
complexity of this process. While the proteasome is vital in the
immunopeptidome, other proteolytic systems in compartments like
the autophagosome may also significantly influence various
antigen-processing pathways (127, 128).

While it’s well-established that MHC class II molecules present
peptides from extracellular proteins absorbed through
phagocytosis, the claim that all such peptides originate externally
is unsubstantiated (129, 130). Research shows these molecules also
present peptides derived predominantly from intracellular proteins
across various cell types. The exact contribution of intracellular
versus extracellular sources to the MHC class II peptidome remains
unclear and warrants further investigation. Notably, both MHC
class I and IT peptidomes often contain peptides from cells or tissues
other than those presenting them, notably from dying cells, which
are significant for cross-presentation (131). Finally, vesicular
systems, including EVs and exosomes (132) but also processes
like trogocytosis (133), and the transfer of peptides via gap
junctions (134), also contribute to this dynamic.

5 The impact of therapeutic stress on
immunopeptide presentation

5.1 Mechanisms of therapeutic stress

Immunotherapies, such as immune checkpoint inhibitors,
adoptive T-cell therapies, and cancer vaccines, induce significant
cellular stress, modifying the immune response and altering the
immunopeptidome. These therapies can lead to oxidative stress,
metabolic changes, and proteotoxic stress within tumor cells,
impacting protein synthesis, degradation, and the repertoire of
peptides presented by MHC molecules (135).

For example, immune checkpoint inhibitors, like anti-PD-1 and
anti-CTLA-4 antibodies, block inhibitory signals on T cells,
resulting in enhanced immune activation (136). Such heightened
immune response fosters an inflammatory tumor
microenvironment, which can increase proteolytic activity and
subsequently change the immunopeptidome (137). Similarly,
adoptive T-cell therapies promote targeted killing of cancer cells,
inducing stress and antigen release. Stress from immunotherapy can
upregulate proteasomal activity, leading to increased degradation of
cellular proteins, including those from ncRNAs (138).

The enhanced proteolysis may expose cryptic peptides, typically
hidden within larger protein structures, thereby increasing their
availability for MHC binding and presentation. Therapeutic stress
can also disrupt normal cellular processes, resulting in changes in
PTMs such as phosphorylation, ubiquitination, and glycosylation
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(139). For instance, stress-induced phosphorylation of a protein can
generate new epitopes recognized by the immune system (140).

5.2 The contribution of DRIiPs to
the immunopeptidome

Under stress, the rate of protein synthesis can be compromised,
leading to the production of Defective Ribosome Products (DRiPs).
These include peptides derived from ncRNAs that are quickly
degraded and presented by MHC molecules (135). Increasing
DRiPs can yield more diverse peptides, potentially enhancing the
immune system’s ability to recognize tumor cells.

DRiPs, comprising MHC peptides from rapidly degraded
cellular proteins, may represent a significant portion of the
immunopeptidome. While estimates suggest that 30-70% of the
immunopeptidome consists of DRiPs, methodological limitations
make it challenging to determine their precise proportion (1).
Identifying DRiPs-derived MHC peptides can be approached
using dynamic-SILAC analysis, which tracks the incorporation
and degradation of stable isotope-labeled peptides, helping to
identify rapidly turned-over peptides indicative of their origin as
DRiPs (141).

Furthermore, hypotheses suggest that specialized ribosomes
may preferentially synthesize fragments of defective proteins for
rapid degradation and MHC presentation. These specialized
ribosomes have been referred to as “Immunoribosomes,” a subset
of ribosomes predominately focused on generating proteins more
efficiently targeted to antigen processing (Jonathan W. 142, 143).
Compartmentalized production of peptides may also facilitate the
effective management of unstable proteins, ensuring proper
processing into immunogenic peptides (144). This strategy
enhances the efficiency of antigen processing and cross-
presentation, which is critical for initiating immune responses
against intracellular pathogens or abnormal proteins produced by
cancer cells. Despite extensive studies on EV-revised MHC-I
peptides, a significant gap remains in demonstrating the role of
extracellular vesicles in presenting DRiPs-derived peptides. This
lack of evidence may stem from the complex biological mechanisms
involved, experimental limitations, and a prevailing focus on other
antigen-processing pathways that overshadow the potential
contributions of EVs.

5.3 The impact of proteasome inhibition on
the immunopeptidome

Therapeutic stressors, such as proteasome inhibition, can
profoundly influence the immunopeptidome’s composition.
Inhibiting the proteasome leads to cellular stress characterized by
protein accumulation and depletion of free ubiquitin, which is
crucial for MHC trafficking and antigen presentation (145).

This inhibition alters the repertoire of peptides presented by
MHC molecules, with some peptides decreasing while others
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increase, indicating stress-induced changes in protein degradation
pathways (146). Dying cells under stress do not effectively present
MHC peptides, complicating the relationship between proteasomal
activity and antigen presentation (147). Stress factors are crucial for
cross-presentation, where APCs must degrade extracellular proteins
in lysosomes and present them on MHC molecules (148). However,
the complex proteolytic pathways suggest that matching cross-
presented peptides with those produced endogenously is not
guaranteed, especially under stress (149).

5.4 Examples of ncRNA-derived peptides
under therapeutic stress

NcRNA-derived peptides, which arise from noncoding genome
regions, are susceptible to changes in immunopeptide presentation
under therapeutic stress. These peptides may be produced from
alternative reading frames, sORFs, or other non-canonical
translation events. Immunotherapy-induced stress can alter the
expression and processing of ncRNAs, leading to the generation
of novel peptides not typically present under normal
conditions (150).

For instance, stress-induced modifications in the expression or
processing of IncRNAs can lead to the presentation of unique
peptides recognized by the immune system. Similarly, therapeutic
stress can affect circRNAs, generating circRNA-derived peptides
that contribute to the immunopeptidome (151). Cancer patients
undergoing immune checkpoint blockade often show increased
presentation of peptides derived from ncRNAs due to stress-
induced changes in the tumor microenvironment (152).

Therapeutic strategies like oncolytic virus therapy can directly
lyse cancer cells while modulating immune responses to the tumor
microenvironment (153). This dual action offers a unique
opportunity to evaluate ncRNA-derived peptides as targets for
immune recognition. Under stress from therapies such as
chemotherapy or radiation, the translation of ncRNAs into
bioactive peptides is significantly altered, influencing cellular
responses to therapy-induced damage (18, 83). These findings
indicate that therapeutic stress can modulate the spectrum of
ncRNA-derived peptides, unveiling novel targets for
immunotherapy and enhancing anti-tumor responses.

5.5 Role of extracellular vesicles in
immunopeptide presentation under stress

Immunotherapy-induced stress can significantly alter EV
content and function, impacting their roles in immune
surveillance and tumor antigen dissemination (154). Therapeutic
stress may enhance EV release from tumor cells, increasing the
dissemination of ncRNA-derived peptides. These EVs can interact
with immune cells, such as dendritic and T cells, facilitating the
transfer of stress-induced immunopeptides and promoting immune
recognition. The ability of EVs to present stress-induced ncRNA-
derived peptides highlights their potential as biomarkers for
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monitoring immunotherapy efficacy and as vehicles for
therapeutic peptide delivery (155).

Moreover, EVs can transmit stress signals within the tumor
microenvironment. By transferring stress-induced ncRNA-derived
peptides to neighboring cells, EVs can amplify the immune
response, enhancing overall immunotherapy effectiveness (155).
This intercellular communication demonstrates EVs’ importance
in therapeutic stress contexts and their potential to overcome tumor

immune evasion.

5.6 Opportunities for novel
immunotherapeutic strategies

Therapeutic stress significantly alters the immunopeptidome,
particularly for ncRNA-derived peptides. This alteration can arise
from various chemical, physical, and biological stresses, each uniquely
influencing the mechanisms of immunopeptide presentation. Increased
proteasomal activity, altered PTMs, and the production of DRiPs under
stress highlight new therapeutic opportunities, particularly as ncRNA-
derived peptides, typically minor components, become prominent
targets for immune recognition.

The pivotal role of EVs in facilitating the transfer of ncRNA-
derived peptides under stress enhances the immune system’s
capacity to recognize and respond to cancer cells. This function
opens avenues for innovative immunotherapeutic strategies,
including developing vaccines targeting stress-induced
neoantigens. Non-invasive tracking of ncRNA-derived peptides
from EVs can yield real-time insights into tumor dynamics and
therapeutic impacts.

Research into ncRNA-derived peptides under therapeutic stress
enhances our understanding of cancer immunotherapy and
emphasizes the need for advanced detection and characterization
technologies. Integrating mass spectrometry with Al and machine
learning can help overcome current limitations. Establishing a
centralized database for ncRNA-derived peptides would facilitate
research collaboration and accessibility.

While ncRNA-derived peptides present challenges, they also offer
significant opportunities for advancing cancer immunotherapy.
Addressing research gaps could improve our capacity to target
these novel antigens, potentially leading to more effective and
personalized treatments.

6 Contribution of noncanonical RNA-
derived peptides and extracellular
vesicles in MHC class | and

Il presentation

6.1 Noncanonical pathways of MHC class Il
peptide generation

Recent research has challenged the conventional view that all
MHC class II peptides are derived from proteins taken up from the
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extracellular environment, particularly in the context of
noncanonical RNA-derived peptides and their presentation
through EVs. It is now understood that in cells expressing class II
molecules, a significant proportion of the presented peptides
originate from the degradation of intracellular proteins, including
those encoded by ncRNAs (115). These ncRNA-derived peptides
contribute substantially to the immunopeptidome.

6.2 The role of EVs in antigen transport
and MHC peptide presentation

MHC class I and II peptidomes can include peptides from
various cells or tissues, especially during cross-presentation, where
antigens from dying cells provide rich sources (156). It has already
been established that extracellular vesicles are pivotal in
transporting ncRNA-derived peptides and MHC molecules
between cells. They can carry fully formed MHC complexes
loaded with these peptides, facilitating a process known as
trogocytosis (157). Figure 3C shows that these EVs are crucial in
antigen transport and presentation dynamics. Additionally,
apoptotic vesicles containing partially degraded proteins can be
processed by APCs for MHC presentation (130).

The balance between extracellular peptide uptake via EVs and
the presentation of intracellularly expressed ncRNA-derived
peptides is still under investigation. However, the role of EVs in
delivering these peptides may redefine our understanding of
immune responses, particularly in cancer immunotherapy, where
identifying tumor-specific ncRNA-derived peptides presented by
EVs could uncover novel therapeutic targets (118).

6.3 Potential for novel
therapeutic approaches

Advancements in analytical techniques, such as dynamic stable
isotope labeling and mass spectrometry, enable precise
characterization of the immunopeptidome. These methods
provide insights into how stress factors, including proteasome
inhibition, influence peptide production and presentation
dynamics (158). It is becoming clear that stress-induced changes
in ncRNA translation and EV biogenesis are critical in shaping the
peptide repertoire presented by MHC molecules (159).

Much of the previous research has utilized cultured cell lines,
which may exhibit defects in antigen-processing pathways due to
their cancerous nature (74), thus highlighting the need for studies in
more physiologically relevant models to fully understand the
immunopeptidome in normal and diseased tissues. As research
progresses, insights gained from studying ncRNA-derived peptides
and EV-associated antigens will be crucial for developing
personalized immunotherapies and more effective vaccines
against viral and other infectious diseases. Understanding the
interplay between ncRNA translation, EV-mediated transport,
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and MHC presentation will pave the way for innovative
therapeutic approaches in cancer and autoimmune diseases.

7 Conclusion

Therapeutic stress, particularly from immunotherapy,
fundamentally transforms the immunopeptidome by altering the
presentation of peptides, especially those derived from ncRNAs.
These changes occur through various mechanisms, including
enhanced proteasomal activity, altered post-translational
modifications, and the production of defective ribosome products.
As a result, ncRNA-derived peptides become more prominent under
stress, presenting novel targets for immune recognition (13, 15-18).

PTMs tremendously increase the complexity of the proteasome,
and glycosylation plays a significant role among them, impacting
over 50% of mammalian proteins. Aberrations in protein
glycosylation have been linked to many neurodegenerative
disorders; thus, a deeper exploration into protein glycosylation
can illuminate intricate molecular mechanisms that precipitate
these conditions. For glycosylation, the leading technique up till
today is LC-MS/MS. However, the current method of sequence-
based searching falls short of glycan structure-based determination
because of its limited occurrence. Spectral searching methods can
utilize fragment intensity information, but difficulties hinder them
in spectral libraries. Many new hybrid deep learning frameworks,
such as DeepGP, can aid with this shortcoming. Still, a small
database availability limits the deep learning model due to the
lack of a standardized LC-MS/MS technique. This model only has
information related to N-glycoproteins because of the even smaller
available data for O-glycoproteins (160).

Extracellular vesicles play a crucial role in this process, facilitating
the transfer of ncRNA-derived peptides and modulating the immune
response under therapeutic stress (155, 156). Their potential as
biomarkers and delivery vehicles underlines their significant impact
on developing innovative immunotherapeutic strategies.

The dynamic nature of antigen presentation during therapeutic
interventions, such as oncolytic virus therapy, diversifies the peptide
landscape on MHC molecules, including peptides derived from
ncRNAs generated through stress-related reprogramming of
cellular translation and RNA processing (18, 159). These peptides,
including potential neoantigens, could enhance the efficacy of
immunotherapies by providing additional targets for T-
cell recognition.

However, the characterization and identification of these novel
antigens pose challenges due to the absence of a comprehensive
database for ncRNA-derived peptides, similar to UniProt for
canonical peptides. Deep data-independent acquisition (DIA)
techniques, enhanced by AI tools like Prosit, play a vital role in
overcoming these challenges. Deep DIA significantly enhances
peptide discovery by enabling accurate peptide spectra and
retention times predictions without relying solely on experimental
libraries. This integration of in silico and experimental approaches
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broadens the scope of proteomics, yet the annotation of non-
canonical peptides remains a pivotal hurdle to address (161).

Al innovations, exemplified by AlphaFold’s Nobel Prize-winning
achievements, highlight transformative potential in addressing these
limitations (162). Deep DIA and advanced Al-driven structural and
functional analyses can refine identifying and characterizing ncRNA-
derived peptides, supporting new avenues for biological insight.
Advanced mass spectrometry is essential for tackling these challenges
when paired with AI and machine learning. Together, these
advancements promise to resolve barriers in this challenging research
area, accelerating progress in proteomics and unlocking the potential of
previously uncharted peptidomes. (31, 37, 38, 58, 161, 163). In
conclusion, while ncRNA-derived peptides present unique challenges,
they also offer significant opportunities for advancing cancer
immunotherapy. Improving our detection capabilities and developing
a centralized database for ncRNA peptides could significantly enhance
our ability to target these novel antigens, leading to more effective and
personalized therapeutic strategies. This research underscores the novel
contributions of ncRNA-derived peptides and EVs to the
immunopeptidome, paving the way for future studies and
clinical applications.
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