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Abstract: Background: The identification of broadly shared, highly immunogenic 
tumor antigens remains a central challenge in cancer vaccine development. Non-
canonical tumor peptides (nonC-TPs) arising from the cancer “dark genome” have 
recently emerged as a highly immunogenic class of tumor antigens with strong 
potential for off-the-shelf cancer vaccine development. These peptides originate 
from aberrant transcriptional and translational events involving transposable 
elements, endogenous retroviruses, untranslated regions, and alternative open 
reading frames, represent a promising antigen class, as they are absent from normal 
tissues, largely excluded from thymic selection, and shared across tumor histologies 
and patients. Molecular mimicry between tumor antigens and viral epitopes has 
been previously demonstrated for canonical tumor-associated antigens (TAAs), 
providing a mechanistic basis for cross-reactive anti-tumor immunity mediated by 
virus-specific memory T cells. This has never been investigated in the nonC-TP 
landscape of the dark genome. Methods: Starting from the proteogenomic dataset 
generated by Lozano-Rabella, comprising 65,504 canonical and non-canonical 
peptides identified in several primary cancer cell lines, we prioritized 244 tumor-
exclusive non-canonical nonamers predicted as strong HLA binders using 
NetMHCpan4.1. Then we focused our analysis on restricted NonC peptides binding 
four HLA-A allotypes. Homology searches against viral proteomes were performed 
using BLAST, followed by HLA binding and stability prediction with 
NetMHCstabpan1.0. Structural modelling and molecular docking analyses were 
conducted to evaluate conservation of peptide-HLA molecular conformations 
between nonC peptides and viral homologs. Results: A significant subset of dark 
genome-derived nonC TPs displayed significant sequence homology with viral 
epitopes across multiple HLA-A alleles, particularly HLA-A*02:01, HLA-
A*03:01, and HLA-A*11:01. Homologous viral sequences were identified from 
clinically relevant pathogens. The homologous peptides frequently conserved 
amino acid residues predicted to mediate TCR interaction, supporting the 
possibility of cross-reactive recognition by pre-existing anti-viral memory CD8+ T 
cells. Structural modelling further demonstrated highly similar peptide-HLA 
docking conformations between nonC peptides and their viral counterparts, 
supporting the potential role of molecular mimicry within the dark 
immunopeptidome. Conclusions: This study provides the first systematic evidence 
that dark genome-derived nonC-TPs exhibit molecular mimicry with viral antigens,  
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extending a well-established immunological paradigm to a previously unexplored 
antigen class. The identified viral-homologous nonC-TPs combine tumor 
specificity, broad sharing across patients and histologies, and potential recognition 
by pre-existing virus-specific memory T cells, positioning them as uniquely 
attractive candidates for next-generation, off-the-shelf cancer vaccines. These 
findings open a new dimension of tumor immunosurveillance and provide a rational 
framework for the development of immunotherapeutic strategies that exploit the 
convergence of dark genome biology, molecular mimicry, and viral mimicry. 

 Keywords: non-canonical tumor peptide; molecular mimicry; cancer vaccine, dark 
genome 

1. Introduction 

The development of effective cancer vaccines relies on the identification of tumor antigens capable of 
eliciting potent and durable cytotoxic T lymphocyte (CTL) responses. For decades, two main antigen categories 
have dominated cancer immunotherapy: tumor-associated antigens (TAAs), self-proteins aberrantly overexpressed 
in tumor cells, and mutation-derived neoantigens (TSA) arising from tumor-specific somatic mutations [1]. While 
neoantigens are strictly tumor-specific and not affected by central tolerance, their clinical impact has been limited 
to now. Large-scale proteogenomic analyses consistently show that the majority of computationally predicted 
neoepitopes are not detectable on the HLA class I surface of tumor cells, and multiple clinical trials of neoantigen-
based vaccines have produced modest results [2–5]. Moreover, the patient-specific nature of these antigens makes 
manufacturing complex and costly, precluding their use as broadly applicable, off-the-shelf therapeutic products. 
TAAs, on the other hand, while sharable across patients and tumors, suffer from partial central tolerance due to 
their expression in normal tissues, limiting the amplitude and quality of T cell responses they can elicit. To 
overcome these limitations, cancer vaccines should ideally be based on highly immunogenic peptides that are 
recognized as non-self, broadly shared across patients, and suitable for off-the-shelf formulations—a combination 
of properties that canonical tumor antigens have failed to deliver. 

A paradigm shift has emerged from the recognition that up to 75% of the human genome can be transcribed 
and potentially translated, far beyond the 2% accounted for by protein-coding exons [6]. Epigenetic dysregulation 
leads to aberrant reactivation of normally silenced genomic regions, including transposable elements (TEs), 
endogenous retroviruses (ERVs), long non-coding RNAs (lncRNAs), transcribed ultra-conserved regions (T-
UCRs), and non-canonical open reading frames (ncORFs) [7]. The peptides arising from these regions, collectively 
referred to as non-canonical tumor peptides (nonC-TPs) or “cancer dark matter”, are not derived from patient-
specific mutations but from aberrant transcriptional and translational events shared broadly across tumor types and 
patients [8–12]. Because they are absent from normal somatic tissues and largely excluded from thymic selection, 
they are recognized as non-self and can elicit potent CTL responses without central tolerance constraints, 
positioning them as ideal candidates for shared, off-the-shelf cancer vaccines. 

A key mechanism linking the dark genome to nonC-TPs generation is the production of Defective Ribosomal 
Products (DRiPs), aberrant translation products generated by specialized “immunoribosomes” activated in cancer 
cells. DRiPs arise from non-canonical translation events including initiation from alternative start codons, translation 
of 5′ and 3′ UTRs, and nuclear ribosome-mediated translation of introns and pre-mRNA exons [13–15]. Because 
DRiPs are degraded co-translationally and loaded directly onto HLA class I molecules with high efficiency, they 
constitute a privileged and shared source of immunogenic nonC-TPs, bypassing conventional antigen processing 
routes [16–18]. A landmark proteogenomic study by Lozano-Rabella and colleagues provided direct evidence of 
the breadth and immunological relevance of this antigen class, identifying numerous nonC-TPs presented on HLA-
I molecules in patient-derived tumor cell lines from melanoma, gynecological, and head and neck cancers far more 
abundant than classical neoantigens, shared across histologies, and immunogenic upon in vitro sensitization [12]. 

A conceptually distinct but mechanistically complementary dimension of tumor antigen immunogenicity is 
provided by antigenic molecular mimicry, the structural and sequential homology between tumor antigens and 
pathogen-derived peptides [19–21]. The theoretical basis rests on the well-established degeneracy of TCR 
recognition: each T cell clone can potentially cross-react with multiple structurally similar peptide-HLA 
complexes, enabling virus-specific memory T cells to recognize homologous tumor epitopes. Our group has 
systematically investigated this phenomenon over the past decade, demonstrating that canonical TAAs can exhibit 
high sequence similarity to viral peptides at TCR-contacting residues and that cross-reactive CD8+ T cell 
responses can be elicited against paired tumor and viral epitopes from HIV, HBV, HPV, SARS-CoV-2, and 
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herpesviruses [22–25]. These findings establish that the vast pool of anti-viral memory T cells accumulated over 
a lifetime of infections represents a pre-existing immunological resource that can be redirected against structurally 
homologous tumor antigens. 

While molecular mimicry between canonical TAAs and viral antigens has now been firmly established, an 
entirely unexplored dimension of this phenomenon concerns the nonC-TP landscape of the dark genome. This gap 
is critical for several reasons. First, nonC-TPs derived from TEs, ERVs, and ncORFs share evolutionary origins 
with viral sequences, ERVs are by definition remnants of ancient retroviral integrations [26–28]. Second, the 
aberrant translational events generating nonC-TPs in cancer cells parallel those occurring in virus-infected cells, 
where alternative reading frame usage is a well-documented source of immunogenic epitopes [29]. Third, the same 
epigenetic derepression producing nonC-TPs simultaneously generates double-stranded nucleic acids that activate 
innate immune sensors, a phenomenon termed “viral mimicry”, reinforcing the biological analogy between cancer 
and virus-infected cells and creating a pro-inflammatory microenvironment that supports adaptive immune 
activation [30–32]. 

Consequently, it is plausible that a subset of dark genome-derived nonC-TPs share sequence and/or structural 
homology with viral antigens, and may thus be recognized by pre-existing virus-specific memory CD8+ T cell 
populations. This would represent a previously uncharacterized and potentially powerful layer of tumor 
immunosurveillance, in which the anti-viral immune memory accumulated through a lifetime of infections and 
vaccinations contributes to cross-reactive anti-tumor responses directed against nonC-TPs presented by cancer cells. 

Building on the proteogenomic dataset of canonical and nonC-TPs identified by Lozano-Rabella and 
colleagues and on our group’s established expertise in molecular mimicry between tumor and microbial antigens, 
the present study systematically investigates whether dark genome-derived nonC-TPs exhibit sequence and 
structural homology to viral epitopes. Using bioinformatic homology analysis against viral proteome databases, 
we identify a subset of nonC-TPs with significant similarity to known viral peptides and place our findings within 
the broader framework of DRiPs biology and molecular mimicry. We propose that the convergence of these 
mechanisms creates a uniquely immunogenic antigen class with strong implications for the rational design of next-
generation, off-the-shelf cancer vaccines targeting the dark immunopeptidome. 

2. Materials and Methods 

2.1. Selection of the NonC Antigens 

We starting from the list of 65,504 canonical and nonC-TPs, published by Lozano-Rabella, identified in 9 short-
term cultured tumor cell line derived from 4 patients with gynecologic cancer (Gyn), 3 patients with melanoma (Mel), 
and 2 patients with head and neck (H&N) cancer, by LC/MS-MS using state-of-the-art procedures [12]. In particular, 
the authors identified Amino acid (Aa) sequences through a previously described pipeline, Peptide-PRISM [8]. In 
this study we prioritized 244 peptides (nonamers) predicted to be nonC-TPs expressed only by tumor samples (NonC-
TL), highly shared across patients and the different tumor types and predicted to have high binding affinity (strong 
binders). The predicted binding affinity (in nM) and rank (%) of each peptide for the relevant HLA allotype were 
obtained from the NetMHCpan4.1 algorithm (http://www.cbs.dtu.dk/services/NetMHCpan/ accessed on 08 April 
2026) (the lower the value, the higher the affinity). The percentile rank threshold for predicted strong binders is 
inferior or equal to 0.5%. In total, four HLA allotypes were included in the present study: HLA-A*02:01, -A*03:01, 
-A*11:01, -A*24:02. Their prevalence in four populations (Caucasian, African, Hispanic, and Asian/Pacific 
Islanders) was calculated using published allele frequency data. 

2.2. BLAST Homology Search 

The nonC-TPs, identified as SB according to the NetMHCpan 4.1 prediction tool have been submitted to 
BLAST for a protein homology search against viral sequences (Viruses—taxid:10239) within the non-redundant 
protein sequences database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 April 2026). Homologous 
viral protein sequences have been extracted from the protein database of the National Center for Biotechnology 
Information (NCBI) (https://www.ncbi.nlm.nih.gov/, accessed on 22 April 2026) and epitope prediction has been 
performed with the NetMHCstabpan 1.0 tool, selecting the four HLA-A haplotypes. 

2.3. Epitope Modelling and Molecular Docking. 

The 3D structure of interaction between peptides and HLA-A*02:01 was generated using PyMol (PyMol 
ICM (http://www.molsoft.com/ (accessed on 4 May 2026), version 3.8-7d) software. The PDB format of complex 
between HLA molecules and reference peptides were downloaded from RCS Protein Data Bank (PDB) website 
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(https://www.rcsb.org, accessed on 5 May 2026). In particular, HLA-A*02:01 (1AO7), HLA-A*03:01 (3RL1), 
HLA-A*24:02 (7JYV), HLA-A*11:01 (8RYO). The original peptide sequences in the downloaded structures were 
replaced with individual predicted epitopes using PyMol visualization system and Molsoft ICM software (version 
3.9-5) was used to visualize the molecular docking. 

2.4. Statistical Analysis 

Absolute counts and percentage distributions were calculated for all nonC peptide categories, including their 
genomic origin, HLA allele binding preference, and tumor histology of origin. The proportion of strong binders 
(SB) per HLA allele and per tumor type was expressed as percentage of the total nonC-TL peptide pool. Similarly, 
the proportion of nonC peptides exhibiting homology to viral epitopes was calculated as percentage of the total 
SB pool, stratified by HLA allele and tumor histology. Population coverage for each HLA-A haplotype was 
estimated using published allele frequency data across four ethnic groups (Caucasian, African, Hispanic, and 
Asian/Pacific Islanders) applying the standard heterozygosity-corrected formula: prevalence = [F² + 2(F(1 − F))] 
× 100, where F corresponds to allele frequency. Cumulative predicted binding affinity values for viral homolog 
candidates were summarized per HLA allele. All graphical representations were generated using GraphPad Prism 
and/or Excel software. No inferential statistical testing was performed, as the study design was exploratory and 
hypothesis-generating. 

3. Results 

3.1. Selection of Non-Canonical Antigen Candidates 

Starting from the comprehensive proteogenomic dataset published by Lozano-Rabella and colleagues, 
comprising 65,504 canonical and nonC-TPs identified by LC/MS-MS in 9 short-term cultured tumor cell lines 
derived from patients with gynecologic cancer (Gyn, n = 4), melanoma (Mel, n = 3), and head and neck squamous 
cell carcinoma (HNSCC, n = 2), we applied a multi-step selection pipeline to identify nonC peptide candidates for 
downstream homology and structural analysis (Figure 1A). Peptide sequences had been originally identified 
through the Peptide-PRISM pipeline [8]. From this dataset, we prioritized 244 nonamers predicted as non-
canonical peptides expressed exclusively in tumor samples (nonC-TL), highly shared across patients and tumor 
types, and predicted to exhibit high HLA binding affinity (Supplementary Table S1). Binding affinity prediction 
was performed using the NetMHCpan 4.1 algorithm, retaining only peptides classified as strong binders (SB), 
defined by a percentile rank ≤ 0.5%. 

Our analysis was focused on four HLA-A allotypes, A*02:01, A*03:01, A*11:01, and A*24:02, selected 
based on their high prevalence in Western populations. Their cumulative population coverage was estimated using 
published HLA allele frequency data across four major ethnic groups [33]. In particular, the A*02:01 and 24:02 
are the most prevalent across the Continents; the A*11:01 is highly prevalent in South and South-East Asia as well 
as in Oceania. This selection strategy yielded a focused set of 93 immunologically relevant nonC peptide 
candidates for each of the four HLA alleles examined. In particular, for these HLA I selected there are a significant 
prevalence number of nonC-TPs for the HLA-A*11:01 (Figure 1B; (Supplementary Table S2)). 

 

Figure 1. (A) Pipeline used for select nonC peptide candidates for downstream analysis. (B) Number of nonC-TPs 
from tumor cells identified for each HLA I. For each peptide, only the SB predicted by NetMHCpan4.1 was 
considered. The red box shows the HLAs selected for the analyses. 
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3.2. Characterization of Non-Canonical Antigen Candidates 

The selected 93 nonC-TPs candidates, were analyzed for their genomic origin, distribution across the three 
tumor histologies and across the four HLA-A alleles selected in this study. NonC peptides were classified 
according to their dark genome source, including 5′ UTR-derived, out-of-frame translated, lncRNA-derived, and 
other non-canonical genomic regions, revealing a diverse landscape of epigenetically reactivated genomic 
elements contributing to the nonC-TP pool (Figure 2A). The proportion of SB nonC peptides associated with each 
HLA-A allele was evaluated within each tumor type, highlighting both allele-specific and histology-specific 
patterns of nonC peptide presentation. 

The highest percentage of nonC–TPs SBs (67%) was predicted in melanoma (Mel), followed by Head & 
Neck cancer (H&N) (20%) and by gynecologic cancer (Gyn) (16%) (Figure 2B). Then, we evaluated the 
percentage of SBs nonC peptides associated to each HLA-A selected in the different cancer types. Our analyses 
revealed a high variable prevalence of SBs specific to each HLA allele. In particular, the highest percentage was 
predicted for HLA-A*11:01 (69.59%), and was associated exclusively to melanoma. The second highest 
percentage were predicted for HLA-A*03:01 (19.35%) associated for 13.05% to H&N and for 4.30% to Gyn 
cancers (Figure 2C). As previously reported in other immunopeptidomic studies, non-canonical peptides display 
a preferential association with HLA-A*11:01 and HLA-A*03:01 alleles [12,34,35]. This bias likely reflects the 
highly similar peptide-binding motifs shared by these two HLA allotypes, which preferentially accommodate 
peptides containing basic residues at position 9 (P9), a major anchor position for nonamer binding within the HLA 
class I peptide-binding groove (Figure 3). To further evaluate the robustness of the selected non-canonical peptide 
repertoire, we compared our dataset with two recently published large-scale immunopeptidomic studies [36,37]. 
The comparison revealed fifteen nonC-TPs peptides shared with “ncHLAp” detected in PDAC organoid and 
thirteen detected in bulk tumors by Ely et al. [36]. Five of these shared peptides are identified in both data set 
described by Ely et al. [36]. Three of these are among the nonC-TPs from our analysis showing a viral homology. 
Moreover, we identify only two peptides shared with the dataset reported in breast tumor samples by Kina et al. [37] 
(Supplementary Table S3). 

 
Figure 2. (A) Number of nonC-TL originated from each of the ORF categories noted. (B) Percentage of SBs nonC 
peptides identified in each tumor for HLA-A selected. (C) Percentage of SBs nonC peptides associated to each 
HLA-A identified in each tumor, listed by cancer. 
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Figure 3. Consensus peptide binding motif of the two HLAs predicted to present the majority of the nonC peptides 
identified. Image downloaded from NetMHCpan4.1 motif viewer. 

3.3. Identification of Homologous Viral Epitopes 

To investigate the molecular mimicry between dark genome-derived nonC peptides and viral antigens, we 
performed a systematic homology analysis using BLAST against publicly available viral proteome databases 
within the NCBI non-redundant protein database. Homologous viral protein sequences were extracted from the 
NCBI protein database, and epitope prediction for the identified viral homologs was performed using the 
NetMHCstabpan 1.0 tool, which integrates both binding affinity and peptide-HLA complex stability predictions. 

The analysis revealed that a reproducible subset of nonC peptides from each tumor histology exhibited 
significant sequence homology to viral epitopes across three out four HLA alleles examined (HLA-A*02:01; HLA-
A*0301; HLA-A*1101) and not for HLA-A*2402. In particular, approximately 50% of nonC peptides associated 
with HLA-A*03:01 were homologous to viral peptides, while for HLA-A02:01 and HLA-A*11:01 accounted for 
approximately 33% and 30%, respectively (Figure 4A). This allele-specific distribution suggests that the structural 
constraints and peptide-binding motifs of individual HLA allotypes may influence the likelihood of identifying 
viral-like non-canonical epitopes within the dark immunopeptidome. 

In total, 20 viral peptides displaying sequence homology to the selected nonC-TPs were identified and 
predicted to bind the corresponding HLA alleles with affinities ranging from 4.69 nM, consistent with strong 
binders (SB), to 1000 nM, corresponding to weak binders (WB). Notably, the largest number of homologous viral 
peptides was identified in melanoma-derived nonC-TPs (n = 15), whereas only three and two homologous viral 
peptides were detected for head & neck and gynecologic cancers, respectively (Figure 4B). 

The proportion of homologous viral antigens and their cumulative predicted binding affinity were evaluated 
for HLA allele. Only viral peptides homologous to melanoma specific NonC peptides showed strong binding to 
both HLA-A*0201 and HLA-A*1101 alleles. on the contrary, in H&N and Gyn Cancers we identified only 
homologous viral peptide with High affinity to HLA-A*0301 (Figure 4C). 

The cumulative predicted binding affinity analysis further demonstrated that viral homologs associated with 
HLA-A*11:01 displayed the strongest overall binding profile, with several peptides predicted within the high-
affinity SB range (<50 nM), whereas homologous peptides associated with HLA-A*03:01 generally showed lower 
predicted affinity values (Figure 4D). These findings suggest that the degree of molecular mimicry between viral 
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epitopes and nonC-TPs may differ not only across tumor histologies but also according to the peptide-binding 
properties of individual HLA alleles. 

Homologous viral peptides were derived from multiple clinically relevant human pathogens, including 
Dengue virus, Human Respiratory Syncytial Virus A, Human alphaherpesvirus 2, Enterovirus F4, Human 
adenovirus 4, Hepatitis B virus, Hepatitis C virus, Human papillomavirus, Herpesviridae family members, and 
Influenza A virus. Notably, several homologous peptide pairs conserved amino acid residues predicted to be 
exposed for TCR recognition, supporting the possibility of cross-reactive CD8+ T cell responses between viral 
antigens and dark genome-derived tumor peptides. 

Among the most representative examples, the Dengue Virus 2-derived peptide TLARTKPTL shared 7 out of 
9 identical amino acids with the melanoma-derived nonC peptide TLARTTPSL, including conservation of residues 
predicted to contribute to HLA anchoring and TCR interaction. Similar patterns of sequence conservation were 
observed across all viral/nonC peptide pairs, supporting the hypothesis that dark genome-derived tumor antigens 
may structurally mimic pathogen-associated epitopes recognized by pre-existing antiviral memory T cells. 

(A) (B) 

 

 
(C) (D) 

Figure 4. (A) Percentage of Viral antigens homologous to NonC Peptides for each HLA-A allele selected. (B) 
Cumulative number of Viral predicted antigens homologous to nonC peptides identified in each tumor. (C) Number 
of viral predicted antigens associated to each HLA allele selected homologous to nonC pep identified in each tumor. 
(D) Cumulative predicted affinity of Viral predicted antigens listed by HLA allele. The blue, red and green dots 
represent the viral predicted antigens for HLA*02:01, HLA*03:01 and HLA*11:01 respectively. 

3.4. Peptide Modelling and Molecular Docking 

To validate the predicted interactions between the identified nonC peptides, their viral homologs, and the 
relevant HLA molecules, three-dimensional modelling and molecular docking were performed using PyMol and 
Molsoft ICM software. 

Reference HLA-peptide complex structures were downloaded from the RCSB Protein Data Bank for each 
allele: HLA-A*01:01 (PDB: 3BO8), HLA-A*02:01 (PDB: 1AO7), HLA-A*03:01 (PDB: 3RL1). The original 
peptide sequences within each downloaded structure were replaced with the individual predicted nonC and viral 
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epitopes using the PyMol visualization system, and molecular docking was performed and visualized using 
Molsoft ICM. 

In detail, all viral/nonC peptide pairs analyzed shared identical contact patterns with the HLA molecule and 
extremely similar contact patterns with the alpha and beta chains of the TCR. In Figure 5 are shown two examples 
for the HLA-A*02:01 (A) and HLA-A* 11:01 (B) of the impact of residue differences on the molecular 
conformation. In the two example, the amino acid substitutions do not induce significant conformational changes 
in the structure of paired epitopes. Overall, the analysis confirmed that regardless of the position of the amino acid 
substitution along the peptide sequence, viral antigens may have a similar, if not identical, conformation and 
pattern of contact with the α and β chains of the TCR, as shown by the footprints of the paired peptides (Figure 5). 

 
Figure 5. Impact of residue differences on the affinity to HLA alleles. Examples of different changes in the epitope 
sequences and their impact on the affinity to HLA-A*02:01 (A) and HLA-A* 11:01 (B) alleles as well as on TCR 
alpha and beta chains. Residues in the viral epitopes that differs from the nonC epitopes sequences are indicated in 
red color. Red areas = contact points with HLA-A molecule; blue areas = contact points with TCR α chain; green 
areas = contact points with TCR β chain. 

4. Discussion 

The present study explores, for the first time, the intersection between the dark immunopeptidome and 
antigenic molecular mimicry, providing evidence that non-canonical tumor peptides (nonC-TPs) generated 
through aberrant translational mechanisms can share significant sequence and structural similarity with viral 
epitopes. Building on previous proteogenomic evidence provided by Lozano-Rabella and integrating our previous 
findings on tumor viral molecular mimicry, we propose that dark genome-derived antigens may represent a 
previously unrecognized bridge between cancer immunogenicity and anti-viral immune memory. 

The present work extends this paradigm to the nonC-TP landscape, representing a conceptual and 
methodological advancement of considerable significance. The demonstration that such peptides can additionally 
share homology with viral antigens opens a new dimension of potential immunogenicity that had not previously 
been considered. 

Starting from a large proteogenomic dataset of 65,504 canonical and nonC–TPs identified across three tumor 
histologies, we applied a multi-step bioinformatic pipeline to select 244 HLA-A-restricted strong binders 
expressed exclusively in tumor cells and shared across patients and cancer types. A particularly important finding 
of the present study is that viral homologs were identified for nonC-TPs restricted by three of the four HLA alleles 
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analyzed: HLA-A*02:01, -A*03:01, and -A*11:01, while no homology was detected for HLA-A*24:02. This 
allele-specific pattern is consistent with the well-established structural differences in the peptide-binding grooves 
of HLA allotypes, which impose distinct constraints on the physicochemical properties of bound peptides and 
therefore on the probability of sequence overlap with viral proteomes [31]. Notably, a number of nonC-TPs 
identified in the present study are common to non-canonical peptides previously described [36,37] and three of 
them are among those showing viral homology. Such findings suggest that the mimicry could have a general 
relevance and be exploited in several tumor settings. 

The viruses for which homologous nonC-TPs were identified (i.e., Dengue Virus 2, Human Respiratory Syncytial 
Virus A and hepatic viruses), are among the most globally prevalent human pathogens, associated with widespread and 
long-lasting immune memory in human populations. This is immunologically significant, indeed, the breadth and 
durability of memory CD8+ T cell responses to these pathogens implies that a substantial fraction of individuals in 
affected populations carry circulating virus-specific T cell clones that could, in principle, cross-recognize the 
homologous nonC-TPs presented by tumor cells. This concept aligns with the broader evidence that anti-microbial 
immune memory shapes the anti-tumor immune repertoire in ways that are only beginning to be understood. 

The structural modelling and molecular docking analyses performed in the present study provide an important 
layer of mechanistic support for the functional plausibility of TCR cross-reactivity. By demonstrating that both 
nonC peptides and their viral homologs adopt compatible conformations within the relevant HLA binding grooves, 
we show that the sequence homology identified by BLAST translates into structural equivalence at the peptide-
HLA interface, a prerequisite for shared TCR recognition. However, structural modelling demonstrated that 
homologous viral and non-canonical peptides can be accommodated within highly similar HLA-binding 
conformations, the present computational approach was not designed to quantitatively predict TCR recognition. 
Future studies integrating molecular dynamics simulations, surface electrostatic analyses, and TCR–peptide–HLA 
modelling will be valuable to further characterize the structural determinants underlying potential cross-reactive 
immune responses. Moreover, computational modelling cannot substitute for experimental validation of T cell 
cross-reactivity, but provides a rational and evidence-based framework for prioritizing candidate peptide pairs for 
downstream immunological testing. 

The present findings should be interpreted within the broader biological context of dark genome reactivation 
in cancer. The same epigenetic dysregulation that generates nonC-TPs through aberrant translation of TEs, ERVs, 
lncRNAs, and ncORFs simultaneously produces double-stranded nucleic acids that activate innate immune 
sensors, RIG-I, MDA5, and the cGAS-STING pathway, triggering a state of viral mimicry in cancer cells that 
promotes type I interferon signaling, pro-inflammatory chemokine production, and immune cell recruitment to the 
tumor microenvironment [29]. This creates a self-amplifying immunological circuit in which the dark genome 
simultaneously provides both the antigenic substrate for adaptive immune recognition, through nonC-TPs, 
including those with viral homology and the innate immune activation signal necessary to sustain and amplify T 
cell responses. The convergence of molecular mimicry and viral mimicry within the same biological process 
represents a uniquely powerful immunological mechanism that may explain why immune-infiltrated tumors with 
high dark genome activity are more likely to respond to immunotherapy. 

From a translational perspective, the shared, non-mutated nature of dark genome-derived nonC-TPs and their 
demonstrated homology to viral antigens position this antigen class as a highly attractive foundation for the 
development of next-generation, off-the-shelf cancer vaccines. Unlike patient-specific mutation-derived 
neoantigens, these peptides are broadly expressed across tumor histologies and patients, and their potential 
recognition by pre-existing virus-specific T cell memory may confer an inherent immunological advantage in 
terms of response magnitude and durability. Future studies should focus on the functional validation of cross-
reactive T cell responses against the identified nonC peptide–viral epitope pairs, using ex vivo assays with PBMCs 
from cancer patients and healthy donors, as well as on the integration of DRiPs modulation strategies to enhance 
the in vivo presentation of these antigens on tumor cells. 

Collectively, these results contribute to a growing body of evidence that the dark genome, far from being 
immunologically inert, represents a rich and clinically exploitable source of tumor antigens whose full potential is 
only beginning to be revealed. 
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