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According to the latest available data, cancer is the second leading cause of death, highlighting the need for novel

cancer therapeutic approaches. In this context, immunotherapy is emerging as a reliable first-line treatment for

many cancers, particularly metastatic melanoma. Indeed, cancer immunotherapy has attracted great interest

following the recent clinical approval of antibodies targeting immune checkpoint molecules, such as PD-1, PD-L1,

and CTLA-4, that release the brakes of the immune system, thus reviving a field otherwise poorly explored. Cancer

immunotherapy mainly relies on the generation and stimulation of cytotoxic CD8 T lymphocytes (CTLs) within the

tumor microenvironment (TME), priming T cells and establishing efficient and durable anti-tumor immunity.

Therefore, there is a clear need to define and identify immunogenic T cell epitopes to use in therapeutic cancer

vaccines. Naturally presented antigens in the human leucocyte antigen-1 (HLA-I) complex on the tumor surface are

the main protagonists in evocating a specific anti-tumor CD8+ T cell response. However, the methodologies for

their identification have been a major bottleneck for their reliable characterization. Consequently, the field of

antigen discovery has yet to improve.

tumor antigens  immunopeptidome  cancer immunotherapy  epitope prediction

1. Introduction

The recent clinical success of antibodies targeting immune checkpoint molecules, such as programmed death

receptor-1 (PD-1), its ligand PD-L1, and cytotoxic T cell-associated antigen 4 (CTL-A4), have led to a new and

strong interest in the field of cancer immunotherapy . Immune checkpoint inhibitors (ICIs) release the brakes of

the immune system, reviving and boosting the effector function of specific anti-tumor T cells . In 2018, James

Patrick Allison and Tasuku Honjo received the Nobel prize for medicine “for their discovery of cancer therapy by

inhibition of negative immune regulation” . The overall response to ICIs is reportedly unsatisfactory for many

types of cancer , highlighting the need to combine ICIs with cancer immunotherapeutic approaches, such as

therapeutic cancer vaccines, with the artificial generation, stimulation, and tumor microenvironment (TME)

infiltration of cancer-specific CD8+ T cells called cytotoxic T lymphocytes (CTLs) . CTLs patrol the whole

organism, checking the major histocompatibility complex (MHC), called the human leucocytes antigen (HLA) in

humans, that possesses an antigenic peptide that is typically 8–11 aminoacidic residues in length and expressed

on the cellular surface. If an aberrant peptide is eventually spotted in the HLA-I complex, the CTLs kill the cell.

In this context, to create effective tumor protection and rejection strategies, the reliable identification of tumor

antigens in the HLA-I complex plays a pivotal role. To date, the methodologies for the correct identification of
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antigens in the HLA-I complex rely on the direct isolation of peptides from the HLA-I complex and/or the in silico

prediction of relevant antigens .

The direct identification of peptides from the HLA complex is accomplished using different techniques, of which

immunoaffinity purification (HLA immunoprecipitation) and the extraction of HLA peptides are the most well-

established . Isolated peptides are identified by tandem mass-spectrometry (MS/MS). The entire process is

highly laborious and time-consuming . It has been reported that immunoaffinity purification produces a low

yield (i.e., 1–3%) , even though additional experiments in different settings are needed to better determine how

much of the sample is lost . The peptide isolation procedure is universally recognized as the bottleneck of the

entire procedure and therefore requires improvement .

In the antigen discovery process, in silico tools are used to predict immunologically relevant antigens. The

identification of target candidates relies on bioinformatic approaches that allow a structural analysis of genomic and

proteomic data. For instance, next generation sequencing (NGS) approaches can benefit from the use of epitope

prediction tools to combine two kinds of information: the differential gene expression in cancer compared to

matched healthy tissue and the probability of those candidates to be presented on the cell surface onto the HLA

molecule . To achieve this, the actual bioinformatic tools contain T cell epitope algorithms that are able to

predict putative T cell epitopes based on the well-characterized rules to which HLA-I presented peptides adhere 

. Indeed, several predictors of HLA binders have been developed ; these will be defined in Section 4. HLA

binding is only one part of the story; today, the entire processing machinery can be taken into account (e.g.,

proteasomal cleavage, transporter-associated antigen processing (TAP) transport) by the bioinformatic algorithms

to predict relevant T cell epitopes .

NGS and in silico tools are effective methods in antigen discovery; however, improvements are needed. These

methods lack rich and experimentally validated datasets, thus decreasing the accuracy of the predictive algorithms.

The bioinformatic predictions give hints, but the selection of relevant epitopes from among the candidates always

requires experimental validation .

2. Antigens

The word “antigen” refers to the molecular structure seen by the antibodies or to any molecule or linear molecular

fragment derived from the processing of the native antigen that can be recognized by T cell receptors (TCRs) .

This paper mainly examines CD8+ T cell-restricted antigens. The existence and role of tumor antigens have been

discussed since 1940 and were reported on before the discovery of T cells, which occurred in the 1960s . In

1943, Gross et al. performed a pivotal experiment that showed for the first time the role of the immune system in

tumor rejection . Briefly, mice were treated with methylcholanthrene and subsequently developed tumors. The

tumors were then resected, and the tumor cells were implanted back into the mice. The mice then rejected the

second tumor. This experiment demonstrated that acquired immunity was induced and directed against the tumor

and that the rejection did not depend upon genetic differences between the inoculated mice and the mice that

produced the tumor cells .
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Later, Boon and colleagues achieved similar results using mutagen-treated murine cell lines that failed to form

tumors in syngeneic mice; this research confirmed that tumors express antigens recognized by CTLs and

confirmed the role of the immune system in rejecting malignant cells . However, the molecular nature of the

antigens expressed by tumors and recognized by CTLs was only discovered in 1989 by Lurquin et al. . The

researchers identified a single peptide recognized by CTLs that differed from the self-protein by single point

mutation. This observation clearly showed that upon mutation, the tumors expressed altered proteins, thus labeling

the cells for CTL recognition .

Today, based on the expression of the parental gene, tumor antigens can be classified into the general categories

of tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs)  (Figure 1).

Figure 1. Classification of tumor antigens. Tumor antigens can generally be categorized into tumor-associated

antigens (TAAs) and tumor-specific antigens (TSAs) based on the expression pattern of the parental gene. TAAs

are self-proteins expressed in cancer cells; upon malignant transformation, the following consequences can be

observed: the overexpression of normal proteins (gene overexpressed), the expression of proteins with tissue-

specific gene patterns (differentiation antigens), or the expression of proteins derived from gene expression

restricted to the testes (cancer germline/cancer testis antigens). TSAs are proteins expressed by tumor cells and

can arise from mutations (neoantigens), from viruses involved in the oncogenic transformation (oncoviral antigens),

or from the expression of tumor-specific endogenous retroviruses (TSERVs).

2.1. Tumor-Associated Antigens

TAAs are a large family of antigens that includes antigens derived from genes overexpressed in tumors,

differentiation antigens, and cancer germline/cancer testis antigens . Antigens derived from genes

overexpressed in tumors comprise a class of normal self-proteins which are minimally expressed by healthy

tissues but constitutively overexpressed in cancer cells as a result of their malignant profile. The proteins which are

usually overexpressed (e.g., EGFR, hTERT, p53, carbonic anhydrase IX) are mainly involved in the survival of the

cancer cells and therefore are not susceptible to downregulation mechanisms, making them an attractive target for

cancer therapeutic approaches  . For instance, in 1996, Gaugler et al. discovered an overexpressed antigen in

renal cell carcinoma (RCC) called renal antigen 1 (RAGE-1) . RAGE-1 is the first example of an antigen

recognized by autologous CTLs in RCC, and its expression is restricted to the retina and to different histological
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tumor types. As the retina does not express HLA-I , RAGE-1 becomes a possible candidate to target for cancer

immunotherapy . Another interesting example is HER2/NEU, which is overexpressed in epithelial tumors such

as ovarian and breast tumors . The use of trastuzumab, a monoclonal antibody targeting the extracellular

domain of HER2, has revolutionized the treatment of breast cancer HER2+ . In addition, HER2 is a suitable

candidate for the peptide vaccine approach; indeed, the nonapeptide E75, derived from the HER2 sequence, has

been described as being able to elicit four different ovarian CTL cell line responses . E75 as a monotherapy

(Nelipepimut-S) or in combination with granulocyte macrophage colony-stimulating factor (GM-CSF) (NeuVAx) has

been tested in clinical trials . The genes belonging to the apoptosis pathway are also upregulated in tumor

cells compared to healthy tissues, representing a source of T cell epitopes. For instance, a peptide derived from

survivin, an apoptosis inhibitor protein, was used to generate CTLs in vitro from healthy donors; matched cell lines

and primary malignant cells from patients were then lysed by those T cells . In addition, a p53 derived wild type

peptide (L9V) was used to generate in vitro CTLs that were able to kill squamous carcinoma cell lines in an L9V-

HLA-dependent fashion .

As TAAs have a higher expression level in tumors compared to normal tissue and are shared among several

tumors, a safe use for them has been proposed for cancer therapeutic approaches. For instance, novel chimeric

antigen receptor (CAR) T cells have largely been adopted to target this class of antigens . CAR T cells consist of

an extracellular domain made of the variable region of the antibody’s heavy and light chains linked to the

intracellular signaling domain (CD3-zeta, CD28, 41BB). This characteristic makes the CAR T cells able to kill the

target in an HLA-independent manner . The adoption of anti-CD19 CARs has showed good clinical outcomes in

the treatment of B cell lymphomas and leukemias .

However, the main drawback in using TAAs in cancer immunotherapy is the feasibility of the expression analysis of

these proteins in every single tissue under every physiological condition; this hinders a comprehensive safety

profile of the TAAs . Indeed, potential hazards (i.e., “on-target, off-tumor” toxicity, onset of autoimmune disease)

associated with the clinical treatment based on these molecules have been reported. For instance, CAR T cells

targeting carbonic anhydrase IX (CAIX) in RCC patients induced liver toxicity, requiring cessation of the treatment.

Biopsies revealed CAIX expression in the bile duct epithelium with T cell infiltration, including CAR T cells; this is a

typical example of “on-target, off-tumor” toxicity . Moreover, the central and peripheral tolerance mechanisms

eliminate the T and B cells’ ability to recognize self-antigens. A TAA peptide-based vaccine must break the

tolerance, thus stimulating the low-affinity and rare T cells still circulating. This could interfere with the development

of a proper cancer therapeutic vaccine . The identification and use of an effective vaccine adjuvant could

overcome the problem, delivering benefits to cancer patients .

The differentiation antigens represent normal proteins which are expressed as a consequence of a specific function

of the target tissue. These were first reported in melanoma in which proteins (e.g., tyrosinase, Melan-A/MART-1,

gp100/Pmel17) involved in melanin production or melanosome generation were often observed to be targets for

CTLs from melanoma patients and healthy donors . In the 1993 work of Brichard et al., lymphocytes derived

from two melanoma patients were stimulated with irradiated cells from the autologous melanoma, and CTLs that

were able to lyse them were obtained. The authors then demonstrated that the lysis was antigen HLA-0201-
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specific, and upon using the cloning approach, they identified the gene encoding the antigen as tyrosinase .

Rosenberg and colleagues administered tumor-infiltrating lymphocytes (TILs) to treat metastatic melanoma

patients and had good results. The authors used the TILs to clone and determine the antigens involved in the anti-

tumor response. In 1994, Rosenberg and colleagues established a CTL cell line called TIL1200 from a metastatic

melanoma patient and were able to lyse the autologous melanoma and other melanoma HLA-0201+ cell lines. The

authors showed that TIL1200 recognized a self-antigen not mutated in the HLA-0201 context and that the antigen

sequence belonged to a membrane glycoprotein known as gp100/Pmel17 . In the same year, Rosenberg and

colleagues identified a shared and commonly expressed HLA-0201-restricted melanoma antigen that was

recognized by T cells 1 (MART-1), applying a similar approach to that used to isolate gp100/Pmel17 . In the

following years, other melanoma differentiation antigens were identified, such as TRP1/gp75 and TRP2

(tyrosinase-related proteins), in the context of the HLA-A31 molecule . Later, the TRP2 case was reviewed to

identify an HLA-0201-restricted peptide, as HLA-0201 occurs frequently in the population. Based on the peptide-

binding motif for HLA-A0201 and experimental validation, TRP2 peptides 180–188 were reported, and the

sequence was found to be identical to the one recognized by H2Kb-restricted B16 murine melanoma CTLs, paving

the way for a murine tumor immunotherapy model . Furthermore, differentiation antigens such as prostatic acid

phosphatase (PAP) and prostate-specific antigen (PSA) are used for prostate cancer immunotherapy. Naturally

expressed HLA-02 restricted peptides from PAP were identified through sequence analysis and in vitro validation

. Moreover, two PSA HLA-02-restricted peptides which are capable of eliciting CTL responses have been

reported by Correale et al. . In addition, immunization experiments using HLA-0201 transgenic mice were

employed to identify a peptide from carcinoembryonic antigens (CEA) . This is a glycoprotein overexpressed in

colon rectal cancer and other selected epithelial cancers, while in normal conditions, its expression is restricted to

fetal development and in adults’ tissue in the epithelial cells of the gastrointestinal tract .

The main disadvantage in exploiting differentiation antigens as vaccines for cancer therapy is the onset of

autoimmune toxicity. In cases of targeting melanoma-melanocyte antigens, reactions such as severe skin rashes

and vitiligo lesions have been reported . CAR T cells targeting CEA that were used to treat three patients with

metastatic colorectal cancer showed a promising outcome in at least one patient; however, severe transient colitis

was induced, most probably due to the CEA presence in the colonic mucosa . These observations highlight the

importance of targeting tumor-specific antigens and/or antigens with limited expression in normal tissues (e.g.,

cancer germline/cancer testis antigens).

Cancer germline/cancer testis antigens (CTAs) are a large family (the CT database consists of 204 genes ) of

tumor-associated antigens expressed in human tumors of different histological origins but not in normal tissue,

except for testis and placenta tissue . In 1991, Van der Bruggen and co-workers identified the first human gene

that encoded for a cancer testis antigen . The authors isolated the CTLs that were capable of lysing the

autologous cell line derived from the melanoma patient MZ2. Using a clonal sub-line and a DNA cloning approach,

they identified the gene which was able to sensitize the sub-line to the CTL lysis. This gene was named melanoma

antigen family A, 1 (MAGEA1), and it is expressed in many human tumors of different histological types. No

expression was detected in normal tissues, with the exception of testis and placenta tissue . In the same
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work, another two MAGE members were reported, MAGE A2 and MAGE A3 . Subsequently, the nonapeptides

derived from HLA-A1-restricted MAGE A1 and MAGE A3 were described .

After this, many antigens were identified in diverse tumors with restricted expression in testis tissue; Old and Chen

called these cancer testis (CT) antigens . To date, the MAGE family is subdivided into type I and type II. Type I

comprises three sub-families, MAGE-A, -B, and -C, and contains the relevant CTAs. Type II includes the MAGE-D,

-E, -F, -G, -H, and -L sub-families and Necdin that are expressed in different adult tissues . Several

members have been identified in the MAGE group , and MAGE A3 is one of the most frequently expressed

TAAs in many tumors, including melanoma, non-small cell lung carcinoma (NSCLC), and head and neck tumors

. In melanoma, the preferentially expressed antigen of melanoma (PRAME) is another example of a CTA;

PRAME is defined as a testis-selective rather than a testis-restricted CTA as its expression has been observed in

endometrial, ovarian, and adrenal gland tissues in addition to testis tissue . Building on the work by Ikeda and

co-workers , Kessler et al. subsequently identified four HLA-0201 peptides that were restricted in PRAME . In

2011, Quintarelli and colleagues were able to generate PRAME-specific CTLs from both healthy donors and

leukemia patients . In 1997, the serological analysis of recombinant tumor cDNA expression libraries (SEREX)

technique was used by Chen et al. to identify novel tumor antigens in esophageal squamous cell carcinoma

patients; the screening revealed sequences belonging to eight genes, among them New York esophageal

squamous cell carcinoma 1 (NY-ESO 1), that were expressed in normal tissue, such as testis and ovarian tissue,

and in several tumors, such as melanoma, breast cancer, bladder cancer, prostate cancer, and hepatocellular

carcinoma . Since then, NY-ESO1 has been employed in several immunotherapy-based treatments . For

instance, recombinant NY-ESO1 protein was used in combination with the adjuvant ISCOMATRIX in 46 patients

with resected NY-ESO1+ tumors. Overlapping peptides were then employed to verify the T cells’ response to NY-

ESO1 upon vaccination, showing CD4+ and CD8+ T cells’ specific response to both known and uncharacterized

peptides derived from NY-ESO1 . In 1997, Türeci et al. used the SEREX technique to investigate human

melanoma and described a novel CTA gene called synovial sarcoma X chromosome breakpoint (SSX2) , to

which a T cell response has been reported in patients with tumors of diverse histological origins . An analysis of

the sub-clones derived from the MZ2 melanoma patient allowed the identification of the B melanoma antigen

(BAGE) gene and the HLA-Cw1601-restricted peptide ; BAGE expression was found only in testis and tumor

(e.g., bladder cancer) tissues, and thus was found to be a member of the CTA family. Using a similar experimental

procedure, other CTAs were identified—the gene G antigen 1 (GAGE) and the HLACw0601-restricted peptide .

Being immunologically privileged sites, the testes and placenta do not express HLA molecules ; therefore, CTAs

are promising targets for cancer immunotherapy. Indeed, MAGE A3 as a recombinant protein has been used in the

largest ever phase III lung cancer clinical trial, the MAGE A3 as Adjuvant Non-Small Cell Lung Cancer

Immunotherapy (MAGRIT) trial . In phase II, the vaccination protocol was well tolerated and the results

promising; however, MAGRIT failed to show any improvement in disease-free survival (DFS) when compared with

a placebo . In addition, TCR gene modified T cells to target the MAGEA3/A12 HLA-A0201 restricted peptide

were used to treat nine patients with tumors expressing MAGE A3/A12 in a phase I/II clinical trial. The encouraging

cancer regression that was observed was dampened by severe neurotoxicity that resulted in the deaths of two

patients. Subsequent analysis revealed the expression of MAGE A12 in the brain, explaining the inflammation and
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neuronal degeneration that was observed . The use of CTAs, such as MAGE family members, is promising;

however, caution is required in further applications.

2.2. Tumor-Specific Antigens

TSAs are a category of antigens restricted to tumors and are not found in healthy cells; this is the result of

malignant mutations or the expression of viral elements. Neoantigens, oncoviral antigens, and endogenous

retroviral elements belong to this category .

Neoantigens are a subset of TSAs produced as a direct consequence of genetic alteration caused by tumor DNA

mutations (e.g., non-synonymous single point mutations, frameshifts, insertions/deletions) and are patient-specific

. In 1995, Coulin et al. reported the first example of a neoantigen . The authors identified the source gene

of the antigen that was recognized by an autologous CTL and called it melanoma ubiquitous mutated (MUM-1). As

the gene was expressed ubiquitously, the authors wondered whether a mutation had occurred in the gene to

induce an anti-tumor T cell response. Actually, MUM-1 in the melanoma cells carried a single point mutation that

resulted in an amino acid change in the nonapeptide HLA-B44 restricted, making it suitable for interaction with the

T cells . Several other neoantigens have since been identified. For instance, Rosenberg and colleagues

discovered a single point mutation in the b catenin sequence in one melanoma patient that resulted in a change

from a serine to a phenylalanine residue at position 37; the derived peptide (SYLDSGIHF) showed a high affinity

binding for HLA-A24, the patient’s HLA allele . Moreover, a single point mutation in the gene encoding CDK4

resulted in the generation of an HLA-A0201-restricted peptide that was recognized by autologous CTLs in the

melanoma patient, and the mutation altered the cell cycle regulation . A mutation in the CASP-8 gene that

reduced the function of the protein and generated an HLA-B3503-restricted peptide that was recognized by

autologous CTLs was reported in a patient with squamous cell carcinoma of the oral cavity .

The neoantigens in cancer immunotherapy have the undiscussed advantage of being non self-antigens and hence

the T cells are not affected by central tolerance, making them highly immunogenic antigens . However, their

main limitation is their great variability within and between tumors. Great variability within tumors can induce

negative selection, allowing the survival of the cancer cells that no longer express the neoantigens. Great variability

between tumors requires characterization and the development of a specific vaccine for each patient. In addition,

the mutational burden plays a pivotal role in the generation of neoepitopes. Tumors with a high mutation frequency

are most likely to generate neoantigens. Tumors with a low mutation burden may be difficult to investigate in terms

of identifying neoantigens and subsequent vaccine production .

Oncoviral antigens consist of proteins derived from the viruses driving the oncogenic transformation; these proteins

are the source of peptides present on the cellular surface in the HLA context and recognized by T cells. As

oncogenic viruses are shared by the same kinds of tumors, this class of antigen is not patient-specific .

Prophylactic vaccines have been produced and mainly rely on eliciting neutralizing antibodies to prevent the virus

from entering the cells. The treatment of established tumors involves targeting T cell epitopes . For instance,

human papillomavirus (HPV) is associated with benign papilloma or warts and cancer of the cervix, anus, penis,
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and head and neck . Ramos et al. isolated PBMCs from patients with HPV+ cancer and stimulated them in vitro

with a mix of HLA-I-restricted and HLA-II restricted peptides, covering the E6/E7 proteins of HPV16; the authors

were able to demonstrate that the patients had E6- and E7-specific T cells . These have been called HPV-ST,

and an on-going phase I clinical trial is evaluating the effect of HPV-ST cells in treating HPV+ tumors

(NCT02379520). Another example is the development of therapeutic vaccines for cancers related to the Epstein–

Barr virus (EBV) which is involved in the onset of several disorders, such as B-cell lymphoproliferative disorders

and nasopharyngeal carcinoma . In a phase I clinical trial, 16 patients with established HBV+ tumors were

treated with modified vaccinia Ankara (MVA) encoding the full length of LMP2 and the C-terminal of EBNA1

proteins from EBV. A specific T cell response to LMP2 and/or EBNA1 was detected, showing the feasibility of

boosting an EBV-specific immune response . However, the extent of the clinical benefits is still being

investigated in a phase II clinical trial (NCT01094405). Oncoviral antigens lack expression in healthy cells, making

them highly tumor-specific. They are also common to patients. However, 15% of cancers have a viral

etiopathology, limiting their clinical application .

Endogenous retroviral elements (ERVs) or human endogenous retroviral elements (HERVs) are fragments of

genomic DNA derived from the integration of retrotranscribed retroviral RNAs that infected the germ line cells of

humans’ ancestors. Over time, ERVs have been vertically transmitted and, to date, they represent 8% of the

human genome. ERVs have accumulated mutations over time, losing the capability of producing competent

replicative viral particles . Moreover, epigenetic mechanisms (e.g., methylation) suppress most of their

expression in healthy cells. For instance, in the thymus, ERVs are partially epigenetically silenced, and ERVs

which are reactive to T cells do not go through complete negative selection . In cancer, ERVs are induced upon

malignant transformation and/or epigenetic therapy, becoming targets for cancer therapeutic approaches . In

2015, Rooney at al. investigated the cytolytic activity and expression pattern associated with 66 ERVs in tumors

compared to healthy tissues. Surprisingly, they found three ERVs (ERVH5, ERVH48-1, and ERVE4) with minimal

or undetectable expression in normal tissue and overexpression in tumors; these have been termed tumor-specific

endogenous retroviruses (TSERVs) . Interestingly, in regard to ERVE4, Rooney´s data had already been

experimentally validated. For instance, following hematopoietic stem cell transplantation (HSCT), RCC patients

experienced disease regression. Child and colleagues found RCC-reactive CD8+T cells derived from the donor.

Using a cDNA cloning approach, the authors identified the antigen in HERV-E gene products and described an

HLA-A11-restricted 10-mer peptide (ATFLGSLTWK) as the target recognized by the tumor-reactive CTLs . The

same authors also reported the identification of three HLA-A0201-restricted peptides derived from HERV4env that

were able to elicit RCC-reactive CTL responses  . ERVH-5 has been reported in bladder, colorectal, head and

neck, lung squamous, ovarian, stomach, and uterine cancers. ERVH48-1 is prominently expressed in bladder

cancer and prostate cancer . Schiavetti et al. described CTLs which were reactive against the peptide derived

from HERV-K-MEL in two melanoma patients. The authors determined that the peptide sequence (MLAVISCAV)

was HLA-A2-restricted, showing that the CTLs’ reactivity against the peptide occurred only in the two patients and

not in the healthy donors . Based on the presence of HERV-K gag proteins in the cytoplasm of primary tumor

cells and on the detection of antibodies to HERV-K gag in patients with seminoma, Rakoff–Nahoum investigated

the HERV-K-specific T cell-mediated immune response in the blood of those patients. The authors synthetized 15
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HERV-K predicted peptides based on the HLA-I binding motif and proline-enriched region. Next, PBMCs from

seminoma patients and healthy donors were screened with four pools of these peptides. The T cell reactivity was

higher in at least three pools of peptides in the seminoma patients compared to the healthy donors .

Their high tumor specificity and expression and incomplete T cell tolerance  make ERVs the ideal target for

cancer immunotherapeutic approaches. In addition, autologous CTLs which are able to recognize HLA-restricted

peptides have been reported , and ERVs are common to cancer patients. This allows for off-the-shelf therapy.

However, the epitopes recognized by CTLs which are found in cancer patients are still few, and the expression of

different HERV families in cancer is still limited. Therefore, future proteomic analysis, especially of the thymus, and

an in-depth understanding of the mechanisms involved in HLA-I presentation will shed light on the use of ERVs in

cancer immunotherapy .
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