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The identifi cation of tumor antigens is critical to be� er understand the immune response 
to tumors and to develop more eff ective cancer immunotherapies. Immunological screenings 
have frequently identifi ed natural T-cell responses to conventional tumor antigens such as 
neoantigens, cancer-germline, and diff erentiation antigens in cancer patients. Recent evidence 
suggests that peptides derived from nonC proteins are specifi cally presented on HLA-I from 
tumor cells, thus expanding the repertoire of targetable tumor antigens. One of the main con-
cerns is whether those nonC HLA-I ligands can naturally elicit T-cell responses and whether 
they are specifi cally presented by tumor cells, with important implications for designing ther-
apeutic interventions. 

In this thesis, we have studied in detail the personalized repertoire of tumor antigens 
recognized by tumor-reactive T cells in 9 cancer patients with distinct tumor histologies in-
cluding conventional tumor antigens, but also expanding the scope to non-canonical tumor 
antigen sources. 

In the fi rst part, we investigated whether tumor-reactive T cells recognize conventional 
tumor antigens through three diff erent methods including personalized neoantigen screening 
with TMG, in silico prediction and pHLA-I immunopeptidomics. However, the specifi c anti-
gen/s targeted by the majority of tumor-reactive lymphocytes could not be determined. In the 
second part, we used a proteogenomics approach to identify peptides derived from non-canon-
ical proteins presented on HLA-I of patient-derived TCL (nonC-TL). We frequently identifi ed 
nonC-TL which were mainly derived from 5’UTR regions and represented the most abundant 
source of candidate tumor antigens. However, pre-existing T-cell responses targeting nonC-TL 
were not detected in any patient studied. In contrast, tumor-reactive lymphocytes consistently 
displayed preferential recognition of neoantigens and also recognized cancer-germline and 
tissue diff erentiation antigens. Nonetheless, we showed that nonC-TL can elicit de novo T-cell 
responses via in vitro sensitization of donor PBL. We identifi ed TCR specifi c to three nonC-TL 
peptides, two of which mapped to the 5’ UTR regions of HOXC13 and ZKSCAN1 genes, and 
one mapping to a non-coding spliced variant of C5orf22C gene. Importantly, we found that 
these immunogenic nonC-TL display therapeutic potential, as they were expressed across di-
verse tumor types, but were barely detected in healthy cells. Altogether, our results show that 
nonC-TL antigens hold great promise as new therapeutic targets as they can be immunogenic, 
are frequently presented on HLA-I of tumor cells, shared across patients, and barely expressed 
on healthy cells. 

However, despite the extensive immunological screening performed including nonC-
TL, neoantigens, cancer-germline, and melanoma-associated antigens, the specifi city of many 
tumor-reactive lymphocytes remains unknown and warrants further investigation. 





Introduction





In
tr

od
uc

tio
n

15

1. The immune system and cancer
Cancer arises from normal tissues through the accumulation of genetic and epigenetic 

alterations leading to uncontrolled cellular growth and invasion. In the human body with 
more than 1014 cells, billions of cells can experience mutations every day potentially disrupt-
ing cell cycle control. If a mutation gives a selective advantage allowing the cell to grow and 
divide slightly more vigorously and survive more readily than its neighbors, this cell can be-
come a founder of a malignant clone (Albert, 2015). The immune system, which is constantly 
patrolling the body, can sense abnormal changes acquired by malignant cells and eliminate 
arising tumors. 

In addition to the six hallmarks of cancer fi rst proposed in 2000 (Hanahan & Weinberg, 
2000), the evasion of the immune system was introduced as an emerging hallmark of cancer 
in 2011 together with the deregulation of the metabolism (Hanahan & Weinberg, 2011). Now-
adays it is inconceivable to exclude the immune system from the picture, as refl ected by the 
extensive and increasing number of cancer immunotherapies to treat cancer, and it has been 
suffi  ciently validated to be considered part of the core set of the eight hallmarks of cancer (Ha-
nahan, 2022)  (Figure 1).

 

The concept that the immune system plays a major role in the protection against cancer 
was proposed more than one century ago (Erhlich.P, 1909). It was further postulated that the 
immune system has the capacity of recognizing newly arising tumors through the expression 
of tumor-specifi c antigens on tumor cells and eliminating them(Burnet, 1970; Thomas, 1959).

Although the concept of cancer immunosurveillance was initially controversial because 
of the capability of nude mice to reject tumors (Rygaard & Povlsen, 1974), the development 
of genetically engineered mouse models with deeper and be� er characterized immunodefi -
ciencies enabled experiments that demonstrated the role of the immune system in controlling 
cancer(Dunn et al., 2002). Defi ciencies in key immunologic molecules such as IFN-γ (Kaplan 
et al., 1998) or Perforin were shown to enhance the susceptibility to both chemically induced 
and spontaneous tumors(Dunn et al., 2004a). The most convincing evidence demonstrating 
that cancer immune surveillance is mediated by lymphocytes was derived from experiments 

Figure 1. Current validated Hallmarks of Cancer. The eight core hall-
marks of cancer and two enabling factors. Image from  Hanahan, 2022.
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using mice in which the recombinase activating gene-2 (RAG-2) had been selectively inactivat-
ed (Shankaran et al., 2001). These RAG2-defi cient mice cannot rearrange lymphocyte antigen 
receptors and therefore lack T, B, and NKT cells. The results demonstrated, beyond any doubt, 
that lymphocytes protect mice against the development of tumors. Clinical evidence has accu-
mulated supporting that immunosurveillance is also operative in humans (Dunn et al., 2002, 
2004a). The observations that patients with primary (Ga� i & Good, 1971) and acquired im-
munodefi ciencies (Boshoff  & Weiss, 2002) or therapeutically immunosuppressed after organ 
transplantation are at increased risk of viral-induced cancer  (Penn, 1999) have been widely 
confi rmed. Moreover, the identifi cation of naturally occurring T cells capable of recognizing 
autologous tumors demonstrates that patients can spontaneously mount a response against 
cancer cells (Muul et al., 1987).

Despite this clear protective role of the immune system against tumors, other experi-
ments suggested that lymphocytes might also contribute to the emergence of primary tumors 
with reduced immunogenicity potentially favoring immune evasion (Shankaran et al., 2001). 
These fi ndings led to the concept of cancer immunoediting which is a dynamic process com-
posed of three phases (Dunn et al., 2004b) (Figure 2). The fi rst phase is elimination, whereby 
the immune system successfully eradicates the developing tumor. Secondly, the equilibrium 
phase, wherein the host immune system exerts potent and relentless selection pressure on the 
tumor cell variant/s surviving the fi rst phase, which is enough to contain, but not fully elim-
inate the tumor. And last, the escape phase, wherein the tumor cell variants selected in the 
equilibrium phase now can grow, becoming clinically detectable tumors due to genetic/epi-
genetic changes conferring resistance to immune detection and/or elimination combined with 
induction of a favorable tumor microenvironment. Nowadays, the concept of immunoediting 
is widely accepted as a continual process that also occurs during immunotherapy in human 
patients with cancer (Gubin & Vesely, 2022).

Figure 2. The cancer immunoediting process. Cancer immunoediting consists of three phases. The fi rst phase is 
elimination, whereby the innate and adaptive immune systems act to destroy the emerging tumor. The second 
phase is equilibrium, where the tumor outgrowth is immunologically restrained but cancer is not eliminated. 
Further immunologic sculpting of the tumor (resistant tumor clones) and establishment of a suppressive environ-
ment leads to the escape phase, where cancer becomes a clinically apparent disease and spreads to other organs. 
Adapted from Gubin & Vesely, 2022. Image created with BioRender.com.
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1.1. Antigen recognition by T cells 
Conventional T lymphocytes recognize peptides bound to the major histocompatibility 

complex (MHC) on the surface of target cells through their T cell receptors (TCR) (Strominger, 
2002). The peptide sequences that are recognized are called “epitopes,” while their parent pro-
teins are referred to as “antigens”. In the context of cancer, those proteins are known as tumor 
antigens. 

There are two main types of T cells identifi ed by the cluster of diff erentiation (CD) mark-
ers CD8 and CD4. These two types are known to exert diff erent physiological functions and 
to recognize cognate epitopes in two diff erent ways. CD8+ cells recognize short peptides (8-12 
amino acids) typically derived from cytoplasmic proteins via proteasomal digestion that are 
presented on MHC-I (Kloe� el, 2001). In contrast, CD4+ T cells recognize longer peptides pre-
sented on MHC-II that are predominantly derived from both endosomal and ingested proteins 
via lysosomal digestion. While MHC-I is expressed in almost all nucleated cells in the body, 
except for germ cells and placental trophoblast, the basal expression of MHC class II molecules 
is restricted to antigen-presenting cells (APC), although it can be expressed on other cells in the 
context of stress or infl ammation and by some tumoral cells (Nee� es et al., 2011). Either way, 
upon antigen recognition, the molecules associated with the TCR transmit the signal through 
their intracellular domains inducing the activation of diff erent programs in the lymphocyte 
(Kumar et al., 2018).  In the case of cytotoxic T lymphocytes (CTL), the activation eventually 
leads to the destruction of target cells (Golstein & Griffi  ths, 2018).

1.2. HLA-I molecules and pathway

1.2.1. Structure of HLA-I molecules
The molecules of major histocompatibility complex (MHC) class I, also known as human 

leukocyte antigen (HLA) class I in humans, is a family of surface proteins composed of a he avy 
polymorphic α-chain and an invariant chain, the β-2-microglobulin (β2m). Their function is to 
present peptides to CD8+ T cells (Bjorkman et al., 1987) (Figure 3, left).

The HLA-I peptides bind into a cavity located on the α chain known as the peptide-bind-
ing groove. The peptides bound to this cavity are restricted in length (8-12 aa) and amino acid 
composition, which is mainly determined by pe ptide anchor residues that bind to the HLA 
pockets (Figure 3, right) (Kubo et al., 1994). There are three types of HLA-I α chains encoded 
by the HLA-A, HLA-B, and HLA-C genes and they are the most polymorphic molecules in 
humans, with 7.000 to 8.000 HLA alleles reported to date for each of the three genes (h� ps://
www.ebi.ac.uk/ipd/imgt/hla/about/statistics/). The polymorphisms concentrate in the pep-
tide-binding groove that defi nes each HLA allele and have been found to determine peptide 
binding (van Deutekom & Keşmir, 2015). Hence, the specifi c HLA allele limits the peptide se-
quences that can be presented to the immune system. As humans can be heterozygous for the 
three loci, up to six distinct forms of HLA class I molecules can be expressed in each cell of the 
body (except for the above-mentioned exceptions).
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Due to the extreme HLA diversity and co-expression of up to 6 alleles, each individual 
will present a diff erent set of peptides to their T cells, known as peptide repertoire. Therefore, 
the wide application and use of eff ective T cell-based therapies is very complex and largely 
requires personalization. 

1.2.3. Conventional HLA-I antigen presentation pathway 
The HLA-I molecules display small fragments of the proteome on the plasma membrane 

of cells which is crucial for T-cell-mediated immune recognition of pathogens, but also other 
abnormalities such as cancer. The antigen processing and presenting process is complex and 
comprises several steps and specifi c conditions (Figure 4).(Blum et al., 2013)

On  one hand, peptides presented by HLA-I generally originate from proteasomal deg-
radation of cytosolic proteins (Kloe� el, 2001) that are later transported to the endoplasmic re-
ticulum (ER) by the transporter associated with antigen processing proteins (TAP1 and TAP2). 
Once in the ER, peptides can be further trimmed by ER-associated aminopeptidases (ERAP1 
and ERAP2) to generate shorter peptides that fi t into the HLA-I peptide-binding groove. On 
the other hand, both HLA-I α and β2m chains are translated and inserted into the ER, where 
they associate to form a heterodimer in a process facilitated by chaperones. Next, the HLA-I/
β2m heterodimers are recruited to a multiprotein complex called the peptide loading complex 
(PLC) which stabilizes the heterodimer and provides a peptide-rich environment that enables 
peptide loading, generating the HLA-I-peptide complex (pHLA-I). Once loaded with an opti-
mal peptide, pHLA-I complexes traffi  c via Golgi to the cell surface where they will be present-
ed to the CD8+ T cells. Other components such as a tapasin-related protein (TAPBPR) or gly-
coprotein glucosyltransferase 1 (UGT1) have been described in the last years, which add even 
more complexity to the antigen processing and presentation process. (Afl alo & Boyle, 2021)

Although all the expressed intracellular proteins have the potential to be presented on 
HLA-I, only a small fraction of the peptides will actually reach the plasma membrane for 
immune recognition. The relative amounts of the diff erent HLA-I peptides presented at the 

Figure 3. Structure of HLA-I molecules. The pHLA-I complex, composed of a heavy polymorphic α-chain, an 
invariant β-2-microglobulin chain, and the loaded peptide is depicted on the left. A schematic representation of 
the peptides on the peptide-binding groove is depicted on the right. 3D structure of the peptide-binding groove 
(top), potential peptide sequences bound to each HLA allele specifi ed (middle), and the HLA pockets (bo� om). 
The anchor residues at positions p2 and p9 are highlighted in red. Image created with BioRender.com.
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cell surface are infl uenced by the effi  ciencies of interaction with all the components above 
mentioned, but it is also highly dependent on the rate of degradation of their source proteins. 
Indeed, because HLA peptides are presented following the degradation of their proteins of 
origin, short-lived proteins are more represented on the immunopeptidome than long-lived 
proteins. (Milner et al., 2006).

Due to the fact that the proteasome is the main responsible for intracellular proteolysis, 
it plays a key role in HLA-I presentation. Proteasomes are multicatalytic proteinase complexes 
composed by several subunits (α1-7 and β1-7 ) that are constitutively expressed and abundantly 
located in nuclei and cytoplasm (Kloe� el, 2001). However, in some instances, the constitutive 
subunits β1, β2, and β5 can be replaced by inducible subunits (β1i, β2i, and β5i, respectively) 
to assemble a specialized form of proteasomes, known as immunoproteasomes (Basler et al., 
2013). These are mainly expressed in lymphoid tissues, including thymus, lymph nodes, and 
spleen, but they can also be expressed in other cells upon cytokine stimuli such as IFN-γ. The 
incorporation of these subunits modifi es the proteolytic specifi city and is associated with in-
creased effi  ciency of antigen processing for presentation on HLA-I. The immunoproteasome is 
crucially involved in mediating protective immunity against viral and bacterial antigens, and 
it is also involved in cancer immunity, although the role is controversial (Leister et al., 2022). 
While some studies suggest a pro-oncogenic role in the intestine due to infl ammation-driven 
carcinogenesis (Leister et al., 2021), it has also been associated with be� er prognosis and re-
sponse to checkpoint therapies in melanoma (Kalaora et al., 2020).

Figure 4. Conventional HLA-I antigen processing and presentation pathway.Endogenously synthesized pro-
teins are degraded in the proteasome or immunoproteasome. The resulting peptides are transported to the ER 
through TAP and are further trimmed by ERAP to generate shorter peptides that fi t into the HLA-I peptide-bind-
ing groove. HLA-I α and β2m chains are translated and inserted into the ER, where they are recruited to a 
multiprotein complex called PLC, enabling the peptide loading. The pHLA-I complex traffi  cs via Golgi to the 
cell surface. Endoplasmic reticulum (ER), ER-associated aminopeptidases (ERAP), transporter associated with 
antigen processing proteins (TAP), ribosome (Rb), HLA-I α chain (α), β-2-microglobulin (β2m) HLA-I-peptide 
complex (pHLA-I), peptide loading complex (PLC), cytoplasm (CP), plasma membrane (PM), extracellular (EC). 
Image created with BioRender.com.
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1.3. Central tolerance
Although peptide presentation on HLA-I is a requirement for detection by CD8+ T cells, 

presentation does not necessarily ensure recognition. In fact, most of the peptides that are 
presented on HLA-I are derived from normal self-proteins that are typically not recognized 
by T cells, as opposed to peptides derived from foreign sequences. The ability of T cells to dis-
criminate between self and non-self is one of the crucial properties of the immune system and 
is critical for both defense and tolerance.

During T-cell development, an extraordinary high diversity (in the order of 10-12 to 10-
15) of TCR capable of recognizing virtually any pathogen but also self-antigens are generated 
in the thymus (Irla, 2022). Once TCR loci are rearranged, T-cell progenitors are fi rst selected 
to recognize autologous HLA molecules presented by cortical thymic epithelial cells (cTEC), a 
process known as positive selection. Afterwards, immature T cells migrate to the thymic me-
dulla where they undergo negative selection. The expression of AIRE on medullary thymic ep-
ithelial cells (mTEC) induces the transcription of a wide variety of genes otherwise restricted to 
specifi c tissues and contributes to an effi  cient negative selection, but other mechanisms are still 
under active investigation. As a result, a broad representation of the self-proteins expressed 
in the body are potentially presented to immature T cells which die by apoptosis upon strong 
TCR signaling. Hence, a large proportion of self-reactive cells are eliminated, thus reducing 
the possibilities of their potential harmful activation in the periphery. (Morris & Allen, 2012)

Nonetheless, despite this strict developmental control, some self-reactive T cells escape 
and migrate to the periphery. In fact, spontaneous anti-tumor T-cell responses recognizing 
certain self-proteins are relatively frequent in certain autoimmune pathologies and in cancer 
patients indicating that central tolerance, against a fraction of normal self-antigens, is incom-
plete.

1.4. Tumor antigens
Tumor antigens are defi ned as proteins expressed by tumor cells that are presented on 

HLA-I and that are able to elicit a T-cell response. Because T cells targeting tumor antigens can 
mediate tumor killing and are at the core of cancer immunotherapies, their identifi cation has 
been of great importance in the fi eld.

Since the fi rst tumor antigen recognized by naturally occurring T-cell responses was 
discovered in humans (van der Bruggen et al., 1991), many studies have been focused on the 
identifi cation of tumor antigens to exploit them therapeutically. The approaches used can be 
categorized into so-called “forward” and “reverse” antigen identifi cation strategies. Forward 
strategies aim to identify tumor antigens that are recognized by antigen-specifi c T cells typical-
ly isolated from cancer patients. By contrast, reverse strategies aim to isolate antigen-specifi c T 
cells specifi c for a predicted or selected antigen, for instance through the immunization of mice 
(Parkhurst et al., 2009) or stimulation of naïve T-cell responses in healthy donors (Gerdemann 
et al., 2011). 
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Tumor antigens have been classically categorized according to tumor-specifi city and 
have been divided into two main groups (Figure 5): 1) antigens of low tumor-specifi city, also 
known as tumor-associated antigens, which include antigens that are also present in normal 
cells, and 2) antigens with high tumor-specifi city, which include antigens whose expression is 
typically restricted to malignant cells (Coulie et al., 2014)

1.4.1. Antigens of low tumor-specificity
This group comprises antigens encoded by non-mutated self-genes that may also be 

expressed in selected normal tissues. These include antigens derived from proteins that are 
overexpressed in tumors and tissue diff erentiation antigens.

Overexpressed antigens are products of normal genes that are expressed in several nor-
mal tissues but are overexpressed in certain types of cancer (Figure 5). For instance, the on-
cogene and growth factor receptor ERBB2 (also known as HER2) is overexpressed in many 
epithelial tumors including ovarian and breast carcinomas (Fisk et al., 1995). Another example 
is the transcription factor Wilms’ tumor protein (WT1) which is more highly expressed in leu-
kemic cells than in normal cells (Rezvani et al., 2005). T-cell responses targeting both HER2 and 
WT1 have been described in patients. In addition, antigenic peptides derived from carcinoem-
bryonic antigen (CEA), which is expressed in a variety of epithelial cancers such as colorectal 
cancer, have been identifi ed through reverse immunology and have also been explored as 
therapeutic targets (Parkhurst et al., 2009)

Figure 5. Classifi cation of human tumor antigens. Expression and HLA-I presentation in tumor (top) and nor-
mal cells (bo� om) of antigens with low or high tumor-specifi city are depicted from the left to right, respectively. 
Antigens with low tumor-specifi city include antigens that are overexpressed in tumor cells compared to normal 
cells and antigens derived from proteins involved in the diff erentiation of the specifi c tissue from which each 
tumor originates. Antigens with high tumor-specifi city include antigens derived from tumor-specifi c mutations, 
viral proteins, and cancer germline antigens. The la� er are exclusively expressed in germline cells and tumor cells 
as a result of gene demethylation, but are not presented on the cell surface of germline cells due to the lack of 
HLA-I molecules. Adapted from Coulie et al., 2014. Image created with BioRender.com.
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Diff erentiation antigens are expressed only in tumor cells and in the corresponding 
normal tissue of origin (Figure 5). Spontaneous T-cell responses to diff erentiation antigens 
have been well documented in patients with melanoma. The main diff erentiation antigens 
frequently recognized by naturally occurring T cells are derived from Tyrosinase  encoded 
by TYR gene (Brichard et al., 1993), MART-1 encoded by MLANA gene (Coulie et al., 1994),
and GP100 encoded by PMEL (H Bakker et al., 1995). In addition, antigenic peptides derived 
from the prostate-specifi c antigen (Correale et al., 1997) and prostatic acid phosphatase (PSA)
(Olson et al., 2010), which are absent from other tissues have also been identifi ed by reverse 
immunology and explored as therapeutic targets. 

The fact that T-cell responses targeting these low tumor-specifi c antigens have been de-
scribed in the literature indicates that central tolerance is not complete. Nevertheless, the af-
fi nity of TCR targeting these antigens is expected to be low since high-affi  nity TCR against 
normal cellular proteins are usually eliminated during negative selection in the thymus. 

1.4.2. Antigens of high tumor-specificity 
Three types of tumor antigens display high tumor specifi city: antigens derived from 

mutations, viral proteins, and cancer-germline antigens. 

Mutated genes accumulate during tumor development and have been shown to greatly 
contribute to the immunogenicity of human tumors (Coulie et al., 1995; Hanada et al., 2022; 
Kristensen et al., 2022; Parkhurst et al., 2019; Stevanović et al., 2017; Zacharakis et al., 2022). 
These antigens result from genomic perturbations that occur exclusively in tumor cells (Figure 
5). They can be derived from single nucleotide variants (SNV), insertions or deletions (IN-
DELS), and gene fusions that produce new antigenic peptides by changing one amino acid, 
altering the phase of the reading frame, by extending the coding sequence beyond the normal 
stop codon or by generating new DNA arrangements. Although they are truly tumor-specifi c, 
most of the immunogenic mutations (i.e. neoantigens) are consequence of “passenger muta-
tions” and are typically private for each patient (Parkhurst et al., 2019). Only a small fraction 
of such neoantigens are shared across patients, which are frequently concentrated in positions 
of oncogenic driver genes known as “hotspot driver mutations” (Malekzadehet al., 2020).

A subset of cancers arise as a result of viral infection that leads to the expression of viral 
proteins (Figure 5) with oncogenic properties. For instance, human papillomavirus (HPV) is 
associated with a subset of head and neck, cervical, and anal cancers which express oncopro-
teins (E6 and E7) that can be recognized by patients’ T cells (Eberhardt et al., 2021a). This has 
also been shown for other virus-driven solid cancers, including Merkel cell carcinomas result-
ing from polyomavirus infection (Iyer et al., 2011), and nasopharyngeal carcinomas that result 
from an Epstein-Barr virus (EBV) infection(Lee et al., 2000).

Due to their foreign nature, no central tolerance pressure against mutated and viral anti-
gens is thought to exist. Therefore, T cells targeting them are not eliminated in the thymus, can 
be readily isolated from patients’ tumors or peripheral blood, and typically bear high-affi  nity 
TCR (Aleksic et al., 2012; Bobisse et al., 2018).
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In contrast, cancer-germline antigens are derived from non-mutated self-genes that are 
expressed during fetal development. These genes are epigenetically silenced in most normal 
adult tissues, except germ cells and placental trophoblast, which do not express HLA-I, there-
by their presentation is generally lacking in normal adult cells (Figure 5)(Akers et al., 2010). 
As a result of DNA demethylation, they can be expressed in a variety of tumors and natural 
T cell responses in cancer patients are also frequently observed (Almeida et al., 2009; van der 
Bruggen et al., 1991)

1.5. Cancer Immunity Cycle
To develop an eff ective immune response against cancer, a series of events must be ini-

tiated and followed consecutively to kill cancer cells and ultimately lead to tumor rejection 
(Figure 6).(Chen & Mellman, 2013a).

The fi rst step is the release of tumor antigens that are captured by dendritic cells (DC), 
which are then processed and presented on HLA. Next, these APC migrate to lymph nodes 
where they present the antigens to naïve T cells. An important consideration at this point of 
the immune cycle is that the internalized antigens must be cross-presented to effi  ciently prime 
naïve CD8+ T cells since these cells recognize the epitopes on HLA-I (Cruz et al., 2017). In the 
classical presentation pathway, the peptides presented on HLA-I (described in section 1.2.2) 
are derived from proteins synthesized by the cell itself, whilst the peptides derived from ex-
ogenous proteins are typically presented on HLA-II. In contrast, cross-presentation pathway, 
peptides derived from internalized proteins are presented on HLA-I (Norbury, 2016). More-
over, the presentation must be accompanied by co-stimulation which is induced by immuno-
genic signals. Otherwise, naïve CD8 T cells may be tolerized instead of activated (Lenschow 

Figure 6. Cancer immunity cycle. (1) The fi rst step is the release of tumor antigens that are captured by dendritic 
cells (DCs), which are then processed and cross-presented on HLA-I . (2) Next, these APC migrate to lymph nodes 
where they prime naïve CD8⁺ T cells by presenting the antigen together with co-stimulatory signals. The stimu-
lated T cells proliferate and diff erentiate into eff ector CD8⁺ T cells, leave the lymph nodes and migrate to tumors. 
(3) Activated eff ector T cells specifi cally recognize and kill tumor cells that are presenting their cognate antigen 
on HLA-I. This, in turn, releases additional tumor antigens that increase the breadth and depth of the response 
in subsequent rounds of the cycle. Adapted from Chen & Mellman, 2013b. Image created with BioRender.com.
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et al., 1996). DC play a key role in this step as they are professional APC that display a high 
ability to cross-present and express co-stimulatory molecules under infl ammatory conditions. 
In fact, DC need to be pre-activated through a process that has been designated as “licensing” 
to be able to present antigens to CD8 T cells and induce an eff ector response. DC licensing 
signals are provided by CD4 T lymphocytes an/or innate immunity ligands. 

 Lastly, the activated eff ector CD8 T cells leave lymph nodes and traffi  c to tumors where 
they can specifi cally recognize their cognate antigen that is presented on HLA-I from tumor 
cells and kill them. This, in turn, releases additional tumor antigens that increase the breadth 
and depth of the response in subsequent rounds of the cycle. 

If an y of these steps fails, the tumor can escape the immune system. Indeed, because in 
cancer patients this cycle is not optimal, the goal of cancer immunotherapy is to stimulate the 
anti-tumor response by initiating or reinitiating the cycle of cancer immunity, which can be 
pursued at any point of the cycle depending on the specifi c therapy. For instance, by inducing 
T-cell priming and proliferation, traffi  cking into the tumor, stimulating the eff ector function, 
or reducing the immunosuppressive microenvironment. 

2. T-cell-based cancer immunotherapies
The development of the diff erent modalities of cancer immunotherapy has reached an 

important infl ection point in the history of cancer therapy. These therapies a� empt to mobi-
lize the immune system to recognize and kill cancer cells through diff erent mechanisms and T 
cells play a central role in most of them (Table 1). They can be broadly divided depending on 
whethe r the antigen-specifi city of the T cells is known before the treatment or not.
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2.1. IL-2 
The systemic administration of interleukin-2 (IL-2) was the fi rst type of non-specifi c im-

munotherapy applied in clinical trials and provided evidence that manipulation of the human 
immune system could reproducibly lead to durable tumor regressions (S. A. Rosenberg, 2014).

This cytokine was identifi ed in 1976 as a T-cell growth factor produced by lymphocytes 
and capable of inducing the growth of T lymphocytes in vitro. A decade later, the adminis-
tration of high doses of IL-2 in combination with lymphokine-activated killer (LAK) cells to 
a cohort of metastatic cancer patients demonstrated that it was capable of mediating tumor 
regression in humans(S. Rosenberg et al., 1985). Out of the total 25 patients treated, 11 objec-
tive responses were observed. Remarkably, 4 out of 7 patients with melanoma and 3 out of 3 
patients with renal cancer experimented regression of metastatic lesions, and one patient had 
a complete response. Although generally reversible, early toxicities of high-dose IL-2 were no-
torious. They appeared to result from capillary leaking fl uid specially to the lung interstitium 
sometimes compromising its function. Later on, it was shown that the effi  cacy of the therapy 
was mediated by IL-2 rather than LAK cells. These encouraging results led to an explosion of 
studies utilizing IL-2 in metastatic cancer patients. However, only rare responses were seen in 
patients with other tumor types. The US Food and Drug Administration (FDA) approved IL-2 
for the treatment of metastatic renal cell carcinoma in 1992 and metastatic melanoma in 1998 
(S. A. Rosenberg, 2014).

2.2. Immune checkpoint inhibitors 
Studies of the immune response to chronic viral infection showed that after T-cell activa-

tion several inhibitory pathways are induced to prevent a potentially harmful prolonged T-cell 
response (Barber et al., 2006), which led to the concept of T-cell exhaustion. These molecules 
and pathways involved are known as immune checkpoints and their inhibition has been ex-
ploited in cancer immunotherapies, being PD-1 (programmed death 1) and CTLA-4 (Cytotoxic 
T-Lymphocyte Antigen 4) the most widely exploited so far (Sharpe, 2017).

Immune checkpoint blockade removes inhibitory signals of T-cell activation, which en-
ables tumor-reactive T cells to overcome regulatory mechanisms and mount an eff ective an-
titumor response. However, the specifi c mechanisms of action of PD-1 and CTLA-4 blockade 
are highly complex and not fully understood(Wei et al., 2018). CTLA-4 blockade is thought 
to induce tumor rejection through distinct mechanisms, including the increased priming and 
activation of the eff ector compartment but also depletion of regulatory T cells(Quezada & 
Peggs, 2019). In contrast, PD-1 blockade is thought to reinvigorate CD8 T cells by restoring 
the activity of “exhausted” CD8 eff ectors despite continued PD-L1 (PD1 ligand) expression 
in the tumor microenvironment. However, the mechanism is also controversial since recent 
fi ndings demonstrate that CD28 co-stimulation is necessary for responses to PD-1(Kamphorst 
et al., 2017). This suggests that PD-1 blockade acts not only in tumors but might also act in sites 
of priming. More recently, it has been proposed that PD-1 therapy bursts stem-like cells that 
express CD28 and have a self-renewal capacity (Eberhardt et al., 2021b; Im et al., 2016).
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Although monotherapies using immune checkpoint inhibitors have achieved remark-
able success, especially in melanoma, there is a need to improve effi  cacy across tumor types. 
A primary resistance mechanism is compensatory upregulation of additional immune check-
point molecules. Therefore, several strategies combining targeting of inhibitory (such as LAG3, 
TIM3, TIGIT, VISTA, and) and activation molecules (such as ICOS, OX40, GITR, 4-1BB, CD40) 
are being currently tested in clinical trials. Moreover, despite regulatory approval of immune 
checkpoint inhibitors in a diverse range of human solid malignancies, most patients do not 
benefi t from current cancer immunotherapies. Compiling data suggest that there is a correla-
tion between tumor mutational burden (TMB) with be� er response to checkpoint blockade(-
Yarchoan et al., 2017) and survival across multiple cancer types(Samstein et al., 2019). This 
supports a model in which neoantigens are a major driver of tumor immunogenicity.

2.3. Adoptive T-cell transfer
Adoptiv  e T-cell transfer (ACT) is therapy that consists of the infusion of  high numbers 

of tumor-reactive lymphocytes (up to 1011) (Figure 7). The effi  cacy of this therapy relies on the 
ability of the infused T-cell product to recognize and kill cancer cells. ACT can use T cells nat-
urally exhibiting antitumor activity, as tumor-infi ltrating lymphocytes (TIL), or genetically en-
gineered T cells modifi ed to express receptors (TCR or CAR) targeting specifi c tumor antigens. 
A non-myeloablative lymphodepleting conditioning regimen prior to cell transfer is typically 
required, which eliminates endogenous T regulatory cells as well as endogenous lymphocytes 
that compete with the transferred cells for growth-promoting cytokines. In some instances, 
IL-2 is given following cell transfer to support the growth and survival of the cells infused. 
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The advantages of ACT over immune checkpoint blockade include fi rst, the ability to 
overcome the limi ted capacity of T-cell activation and expansion in an immunosuppressive 
tumor microenvironment by infusing high numbers of ex-vivo expanded T cells. Second, the 
lymphodepleting preparative regimen may remove certain T-cell suppressive mechanisms. 
And third, the use of peripheral blood lymphocytes (PBL) engineered to express a tumor-spe-
cifi c TCR obviates the requisite of fi nding pre-existing TCR targeting a tumor antigen in the 
patient’s repertoire. One clear disadvantage is that ACT requires individual preparation of the 
patients’ autologous T cells for infusion, and thus it can be performed only in a few specialized 
centers. This challenge is currently being addressed through the transfer of allogeneic T-cell 
products or the generation of a genetically modifi ed PBL that can be used as a universal donor 
for all patients.

2.3.1. ACT of tumor-infiltrating lymphocytes (TIL)
The demonstration that TIL obtained from melanoma lesions and grown in IL-2 were 

able to kill autologous human tumors was an important step in the development of cell trans-
fer therapy for the treatment of human cancers (Muul et al., 1987).

A clinical trial in 1988 with autologous TIL was the fi rst report showing the ability of 
adoptive cell transfer to induce the regression of large established cancers in patients with 
metastatic melanoma (S. Rosenberg et al., 1988). Twenty patients with metastatic melanoma 
were treated with ex vivo expanded autologous TIL together with IL-2 and objective tumor 
regression was seen in 11 patients. Since then, many patients with melanoma, but also other 
tumor types have been treated with ACT of TIL (S. A. Rosenberg & Restifo, 2015). 

Retrospective studies in melanoma patients have shown that the T cells infused frequent-
ly recognize diff erentiation or cancer-germline antigens, and in most cases, tumor-specifi c mu-
tations. In a recent study, the frequency of neoantigen-specifi c CD8+ T cells in TIL infusion 
products has been correlated with increased survival in patients treated with TIL (Kristensen 
et al., 2022).

Although TIL can be grown in vitro from virtually all tumors, long-term durable regres-
sions have been mostly achieved in melanoma rather than other tumor types. This can be ex-
plained, at least in part, because TIL with high antitumor reactivity are consistently expanded 
most frequently from melanomas. Nonetheless, T cells recognizing neoantigens can be found, 
albeit probably at lower frequencies, in patients with other epithelial cancers (Hanada et al., 
2022; Stevanović et al., 2017; Tran et al., 2015; Zacharakis et al., 2022), and encouraging case 
reports have shown that ACT can mediate eff ective responses when TIL products are selected 

Figure 7. Adoptive T-cell transfer (ACT). Autologous lymphocytes are expanded up to high numbers (1010- 1011) 
and infused back into patients together with co-administration of IL-2 following a lymphodepleting chemother-
apy. For ACT with TIL, a tumor biopsy or surgically excised tumor specimen is cut into fragments, and cultured 
in T-cell media containing high doses of IL-2 (right). For ACT with genetically engineered T cells, autologous PBL 
are obtained by leukapheresis and transduced with viral vectors encoding receptors (TCR or CARs) targeting 
specifi c tumor antigens (left). Peripheral blood lymphocytes (PBL), tumor-infi ltrating lymphocytes (TIL), chimeric 
antigen receptor (CAR). Image created with BioRender.com
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for tumor-recognition (Tran et al., 2016; Zacharakis et al., 2018). In one report, a patient with 
metastatic cholangiocarcinoma was initially treated with bulk autologous TIL without objec-
tive clinical response (Tran et al., 2014). Thereafter, the patient received a second infusion 
product with TIL selected to contain more than 95% of mutation-reactive T cells which led to 
a dramatic regression of metastases. In another report, a metastatic breast cancer patient was 
treated with anti-PD-1 combined with TIL selected to contain T cells recognizing peptides de-
rived from 3 tumor-specifi c mutations (Zacharakis et al., 2018). At 6 weeks after cell transfer, 
the tumor burden was reduced by 51%, and after 22 months, all target and nontarget lesions 
were resolved. 

Altogether, the clinical experience of ACT with TIL has shown that this personalized 
therapy is feasible and can be highly eff ective leading to durable tumor regressions in selected 
patients, and when the tumor targets are identifi ed and reactive TIL are enriched.

2.3.2. ACT of TCR-engineered T cells
Another strategy that can be used to increase the anti-tumor potential of the infused 

T-cell product is to genetically modify autologous T cells with virus encoding TCR recogniz-
ing specifi c tumor antigens. This therapy typically uses off -the-shelf TCR that were previously 
isolated and characterized. Because TCR recognize their cognate antigen in a particular HLA 
context, patients must be selected based on the HLA typing and based on the level of expres-
sion of the specifi c antigen targeted.

The fi rst example of the successful use of this therapy was reported in 2006 in patients 
with melanoma treated with autologous lymphocytes encoding a TCR recognizing the mela-
noma-associated antigen MART-1 (MLANA gene), which was isolated from TIL of a patient 
responsive to ACT (Morgan et al., 2006). Out of the 31 patients treated, 4 (13%) experienced ob-
jective regression without apparent toxicity. The authors a� ributed the limited effi  cacy to the 
moderate ability of the TCR used to recognize low amounts of antigen and hypothesized that 
a more highly reactive TCR might be clinically more eff ective. This led to a second study us-
ing high-affi  nity TCR targeting the melanoma-associated antigens MART-1 and gp100 (PMEL 
gene) generated by immunizing transgenic mice (Johnson et al., 2009). However, although 
be� er objective antitumor responses were observed in 30% and 19% of patients, respective-
ly, severe toxicities were also observed in the eye and ear associated with the destruction of 
healthy melanocytes present in these specifi c organs.. 

Later on, the administration of T cells transduced with TCR recognizing NY-ESO-1 
showed that targeting cancer-germline antigens could induce tumor regression in synovial 
cell sarcomas as well as melanomas (P. F. Robbins et al., 2011). Importantly, although the TCR 
was modifi ed to display high affi  nity, no severe toxicities were observed, indicating that the 
presentation of the antigen targeted was restricted to the tumor. In contrast, a TCR targeting 
the cancer germline antigen MAGE-A3 showed objective cancer regressions, but patients unex-
pectedly developed severe neurological toxicity. The TCR used was obtained from immunized 
mice and affi  nity-enhanced, and further studies showed that the toxicity was probably due to 
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the cross-recognition of a highly homologous peptide derived from MAGE-A12, a member of 
the MAGE family that is expressed in a small subset of cells in the brain. Another example of 
the use of an affi  nity-enhanced TCR targeting this same antigen MAGE-A3(Line� e et al., 2013), 
led to a fatal event in the two patients treated due to cardiovascular toxicity. Further studies 
showed that the TCR recognized a completely unrelated protein (titin) expressed in the striat-
ed muscle. TCR targeting additional cancer germline antigens have shown promising clinical 
activity in patients with solid cancers and are actively being investigated in the clinic.. 

TCR targeting overexpressed antigens such as CEA have also been explored in clinical 
trials. Despite the use of affi  nity-enhanced TCR targeting this antigen resulted in objective re-
gression of tumors in one of the three metastatic colorectal cancer patients treated, all of them 
suff ered from severe transient infl ammatory colitis (Parkhurst et al., 2011).

Although neoantigens derived from tumor-specifi c mutations have great potential as 
therapeutic targets due to their high tumor-specifi city, the fact that most mutations are private 
has hampered the development of TCR-engineered T cells targeting them. Nonetheless, a few 
clinical trials with TCR targeting neoantigens are currently are actively recruiting patients 
(NCT04520711, NCT04146298, NCT03745326, NCT03190941, NCT05194735, NCT03970382, 
NCT04102436, NCT03412877). Very recently, a patient with pancreatic ductal adenocarcino-
ma resistant to immunotherapy was treated with genetically modifi ed T cells expressing two 
allogenic TCR targeting KRASG12D previously reported (Tran et al., 2016), and an overall partial 
response of 72% was observed (Leidner et al., 2022). Moreover , a recent report of a chemore-
fractory breast cancer patient treated with an allogeneic TCR specifi c for p53R175H showed an 
objective tumor regression (55% reduction in size) that lasted 6 months (Kim et al., 2022).

 The use of TCR-engineered T cells is a promising strategy that has signifi cantly expand-
ed the range of tumors that can be treated by adoptive cell therapy including less immunogen-
ic tumor types such as pancreatic cancer. Nonetheless, these clinical data emphasize the critical 
importance of assessing potential TCR off -tumor toxicities prior to clinical development, both 
on-target or off -target due to cross-reactivity, especially when using affi  nity-enhanced TCR 
that have not undergone thymic selection.

2.3.3. ACT of CAR-engineered T cells
Chimeric  antigen receptors (CAR) are synthetic receptors that exploit the antigen-speci-

fi city of the antigen-binding domains of monoclonal antibodies and combine it to the intracellu-
lar T-cell activation domains. Hence, CAR-transduced T (CAR-T) cells recognize the antigen as 
an antibody does. This means that they recognize the 3D structure of intact membrane-bound 
molecules on the cancer cell surface, independently of HLA molecules, in contrast to conven-
tional T cells. (Maus & June, 2016)

The fi rst report of ACT using a CAR targeting CD19 in a patient with lymphoma was 
published in 2010 and showed a remarkable long-lasting tumor regression (Kochenderfer et 
al., 2010). Although normal B cells were also eliminated because they also express CD19, pe-
riodic immunoglobulin transfusions partially overcame the B-cell aplasia. Subsequent studies 
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in B-cell lymphomas and leukemias have shown impressive regressions which have generated 
considerable enthusiasm and led to the FDA’s fi rst approval of a genetically engineered cell 
therapy in 2017. By contrast, results applying CAR- T to solid malignancies have been com-
paratively modest(Chandran & Klebanoff , 2019) . Several mechanisms can explain the lack of 
eff ectiveness such as ineffi  cient traffi  cking into the tumor bed or a highly immunosuppressive 
tumor environment. 

2.3.4. Vaccines
Therapeutic cancer vaccines apply the large experience of producing preventive vac-

cines to pathogens to generate therapeutic vaccines in cancer.

Anti-tumor vaccines consist in active immunization designed to treat growing tumors 
by the induction and amplifi cation of anti-tumor T cell responses. They aim at activating and 
priming naïve antigen-specifi c T cells through the eff ective presentation of tumor antigens by 
APC, thus stimulating and expanding pre-existing TCR. Several strategies to deliver antigens 
exists such as viral vectors, peptides, DNA, mRNA directly administrated together with adju-
vants, or loaded onto DC.

Since the fi rst human tumor antigen was described(van der Bruggen et al., 1991) enthusi-
astic eff orts were made to develop cancer vaccines. Hundreds of clinical trials had been carried 
out targeting melanoma-diff erentiation antigens such as MART-1, gp100, tyrosinase or TRP-2, 
cancer-germline antigens such as NY-ESO-1 or MAGE-A12, or overexpressed antigens such as 
Her2/neu or telomerase proteins. More recently, advances in next-generation sequencing and 
bioinformatics tools have enabled the systematic and rapid identifi cation of tumor-specifi c 
mutations some of which give rise to neoantigens. However, despite generating high frequen-
cies of reactive T cells in the blood in some cases, in the vast majority of treated patients these 
vaccines failed to induce tumor regressions, as the estimated objective response rate was as 
low as 3.6%(S. A. Rosenberg et al., 2004). This low clinical eff ectiveness has been a� ributed to 
the inability to overcome the immunosuppressive tumor environment. In the case of vaccines 
targeting self-antigens it is thought to result from a limited number of T cells targeting these 
antigens in the periphery together with the low affi  nity of their TCR due to negative thymic se-
lection. Despite the limited effi  cacy, therapeutic vaccines targeting neoantigens, as well as oth-
er antigens, are being actively explored in clinical trials using various adjuvants and delivery 
approaches as well as in combination with immune checkpoint inhbitors.(Blass & O� , 2021)
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3. Iden� fi ca� on of tumor-reac� ve T cells and their targets
Due to the central role of T cells in cancer immunotherapy, many eff orts have focused 

on the identifi cation of tumor-reactive T cells and their specifi c targets. This knowledge is es-
sential not only to broaden our understanding of the immune response to tumors, but also to 
develop more eff ective therapies. 

Current conventional strategies to identify the specifi city of T cells can be divided into 
methods that evaluate the response to a specifi c antigen (functional assays) and methods that 
evaluate whether the TCR can bind to a specifi c antigen bound to HLA (pHLA multimers).  
In the case of CD8+ T cells, upon antigen recognition, the molecules associated with the TCR 
initiate a signaling cascade of reactions that ultimately lead to T-cell activation, acquisition 
of eff ector functions and, eventually, the destruction of target cells. Hence, after co-culture 
of T cells with the targets of interest, cell proliferation, cytolytic activity, cytokine expression 
or the upregulation of activation markers can be used as indicators of antigen recognition. In 
contrast, pHLA-I multimers consist of multimerized and labeled soluble pHLA-I complexes 
(containing α-chain, β2M and peptide) that can bind to TCR recognizing the specifi c pep-
tides they are bound to. Since pHLA-I tetramers were described in 1996(Altman et al., 1996), 
these have become essential reagents for the visualization and isolation of antigen-specifi c T 
cells. Although this technology was initially technically demanding and low high-throughput, 
several advances have facilitated their generation and broad application (Ben� en & Hadrup, 
2017). The main disadvantage is that this method requires previous knowledge of the ability to 
bind to a particular HLA allele of the peptide of interest and that these reagents are typically 
only available for the most frequent HLA molecules.

One critical step to determine the specifi c antigen recognized by a T-cell is the selection 
of the candidates to test in further immunological assays. The particular proteins expressed 
by tumor cells, the mutations accumulated, and the patient’s HLA-I alleles will determine the 
landscape of antigens presented to T cells. Therefore, because each patient’s tumor is unique, 
the eff ective identifi cation of tumor-reactive T cells and their targets should be performed in a 
personalized fashion.

3.1. Tumor cDNA libraries
The use of cDNA libraries was the fi rst strategy employed to identify tumor antigens in 

humans and involved the laborious screening of cytotoxic tumor-reactive lymphocytes clones 
for recognition of tumor cDNA libraries. This method led to the discovery of the fi rst tumor 
antigen identifi ed in humans, the cancer-germline antigen MAGE-A1 (van der Bruggen et al., 
1991).

This method typically starts with the isolation of total RNA from tumor cells which is 
then converted in pools of cDNA plasmids that are further transfected into recipient cells to-
gether with plasmids encoding specifi c HLA molecules. Following isolation of tumor-reactive 
T-cell populations, those are co-cultured with the transfected cells and assessed for recognition 
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of cDNA pools and, subsequently, individual cDNA plasmids. Last, to validate and defi ne the 
epitopes, peptide sequences encoded in the recognized plasmids are synthesized and pulsed 
into cells transfected with the HLA alleles.

Although this method potentially allows the identifi cation of any antigen expressed on 
tumor cells, this method is extraordinarily laborious and time-consuming, and therefore inap-
propriate for high-throughput antigen screening. Moreover, it has some technical limitations 
related to the size of the transcript, expression levels, or GC-richness of transcripts and hence, 
it may be not sensitive enough to detect some tumor antigens (Garcia-Garijo et al., 2019).

3.2. Personalized neoantigen screening with tandem minigenes or long 
peptides

Due to the growing interest in neoantigens and the advances in next-generation sequenc-
ing (NGS) it has become possible to interrogate tumor-specifi c mutations in a high-through-
put, unbiased and personalized manner (Lu et al., 2014; Tran et al., 2014) (Figure 8).

This strategy starts with the identifi cation of tumor-specifi c mutations by performing 
whole-exome sequencing (WES) of tumor and matched normal DNA. Although RNA se-
quencing can alternatively be used, the identifi cation of non-syno nymous somatic mutations 
(NSM) is less reliable, because of the poor quality of the RNA template but also due to mis-
identifi cations of germinal variants. Next, a minigene is generated for each NSM identifi ed, 
consisti ng of the mutation fl anked by 12 amino acids (or more) of the wild-type protein on 
each side. Tandem minigenes (TMG) are then constructed by concatenating the minigenes en-
coding the mutations and cloning these into plasmids that are used as templates to generate in 
vitro transcribed (IVT) RNA. Third, autologous APC are transfected with TMG RNA to allow 
expression, processing and presentation on the patient’s HLA-I (and, potentially, HLA-II). 
Alternatively, the mutated sequences can be synthetized as long peptides (LP) and used to 

Figure 8. Personalized neoantigen screening using tandem minigenes (TMG) and long peptides. WES is per-
formed on tumor and normal DNA to identify tumor-specifi c NSM. When available, RNAseq can also be used in-
stead or in addition to WES to select mutations that are expressed. Once NSM are identifi ed, minigenes encoding 
each of the NSM consisting of the mutation fl anked by 12 amino acids (or more) of the wild-type protein on each 
side are designed, concatenated and cloned to construct TMG. Alternatively, long peptides encoding for the same 
sequences as minigenes can also be synthesized. Thereafter, TMG constructs are used to in vitro transcribe TMG 
RNA, which is electroporated into autologous APC, or long peptides are pulsed onto autologous APC. APC are 
used in co-culture experiments with T-cell populations to evaluate specifi c T-cell recognition. Whole exome se-
quencing (WES), non-synonymous somatic mutations (NSM), tumor (T), normal (N), tandem minigenes (TMG), 
antigen-presenting cell (APC). Image created with BioRender.com
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generate peptide pools which are then pulsed into autologous APC, which is thought to be� er 
mimic the HLA-II pathway as opposed to TMG. Last, the T-cell populations of interest are 
co-cultured with the autologous APC expressing the mutations or pulsed with the peptides 
and the recognition is evaluated by functional assays. Peptide pools or TMG that elicit T-cell 
activation are further deconvoluted to identify the specifi c tumor antigens.

This method allows the detection of neoantigen-specifi c T cells targeting mutations in 
the exome with high effi  ciency, particularly for SNV but also frameshifts derived from short 
INDELs (Leko & Rosenberg, 2020). One advantage of this strategy is that it identifi es neoanti-
gens in a highly personalized and unbiased manner since it does not require previous knowl-
edge of the specifi c epitopes presented, neither in length nor regarding the specifi c allele they 
can bind to. Because autologous APC are typically used, the mutations encoded in the TMG/
LP can be processed and presented presumably on all the patient HLA-I alleles. However, the 
application of this approach is restricted to tumors with a limited number of mutations given 
the cost and eff ort of screening a large set of candidates. In tumors with a high mutation bur-
den, it is necessary to further select candidates based on RNA expression level or HLA binding 
prediction algorithms. 

3.3. HLA-I binding prediction
The advances in computational biology and immunology have led to the development of 

prediction algorithms that  can be used to prioritize the candidate peptides that are more likely 
to be presented on a particular HLA-I allele based on biochemical and biophysical properties.

An extensive number of diff erent algorithms have been developed over the last years, 
each of them has its own particularities as they take into account one or several of the steps 
along the antigen processing and presentation pathway (Mei et al., 2019). One of the most 
widely used is NetMHCPan (Reynisson et al., 2021), which is trained with large datasets of 
experimentally defi ned HLA ligands based on binding affi  nity data combined with mass spec-
trometry-eluted ligands.

Figure 9. HLA-I binding prediction to prioritize candidate tumor antigens and screen for T-cell responses. In-
put Aa sequences of interest are fed to the HLA binding prediction algorithms. In the case of HLA class-I binding 
prediction algorithms, a list of 8-12mers that are predicted to bind to the HLA-I molecules specifi ed is obtained. 
These short peptides are commonly prioritized based on binding affi  nity ranking, synthesized, and tested in 
functional assays using APC expressing the HLA of interest or through the generation of pHLA-I multimers. 
Antigen-presenting cell (APC). Image created with BioRender.com.
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To predict which candidate antigens are more likely to bind to HLA, the prediction tools 
are commonly fed with a list of protein sequences as input (Figure 9). In the case of neoan-
tigens, the input consists of long peptides containing the mutation fl anked by the wild-type 
sequence (as explained in the previous section), for other types of antigens the full-length 
protein of interest is used as input. Because HLA-I binds short peptides typically from 8-12 aa, 
the algorithms generate small peptides from the input sequence and predict the likelihood of 
binding to the specifi ed HLA alleles for each of them. Since several peptides derived from the 
same long peptide (8mer-12mer, containing the mutation at diff erent positions) are generated, 
more than one sequence is likely to bind one or more alleles. Therefore, the potential number 
of candidate peptides can sometimes increase, rather than decrease. The resulting short pep-
tides are commonly prioritized based on binding affi  nity ranking, synthesized and further 
tested in functional assays or with pHLA-I multimers (Figure 9). 

One of the main advantages of these tools is that the predicted candidate peptides are 
the potential minimal epitopes being presented and recognized by T cells. However, is im-
portant to emphasize that they do not predict the immunogenicity but only the likelihood of 
binding to a given HLA allele. Nonetheless, new algorithms to predict the immunogenicity are 
now currently being developed (Schmidt et al., 2021; Smith et al., 2019).

3.4. Mass spectrometry-based immunopeptidomics: naturally presented 
HLA-I ligands

Tumor antigens can be identifi ed by direct interrogation of the endogenous peptides 
that are presented by HLA molecules on the cell surface (HLA ligands), known as the tumor 
immunopeptidome or ligandome (Freudenmann et al., 2018).

Using a laborious task combining mass spectrometry with diff erent chromatography 
separation methods together with immunogenicity assays, a peptide derived from the mela-
noma-associated antigen PMEL was identifi ed in 1994 as the minimal epitope recognized by 
several human CTL clones (Cox et al., 1994). Since then, extraordinary advances in mass spec-
trometers and bioinformatics tools have made possible the study of the immunopeptidome in 
a more comprehensive manner and with increased sensitivity.

This method starts with the lysis of the tumor material followed by immunoprecipita-
tion of the pHLA-I complexes (Figure 10). After elution and purifi cation, the peptides bound 
to HLA molecules are separated and acquired by liquid chromatography coupled tandem 
mass spectrometry (LC-MS/MS), typically in discovery mode (non-targeted). Next, the amino 
acid sequence of each mass spectrum (MS) is usually inferred by database search. To identify 
tumor-specifi c peptides including mutations, customized databases are commonly generated 
by combining NGS data from patients’ tumors with the reference proteome. 
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Cancer-associated HLA-I ligands have been identifi ed by immunopeptidomics for sev-
eral tumor types which have been used to develop cancer vaccines (Bassani-Sternberg & Cou-
kos, 2016). But their identifi cation remains challenging, particularly for neoantigens, which is 
refl ected by the fact that very few are usually detected by this method. Nonetheless, private 
mutations presented on HLA-I have been identifi ed from human tumor cell lines (Kalaora et 
al., 2016), directly from tumor samples (Bassani-Sternberg et al., 2016) and from patient-de-
rived organoids (Newey et al., 2019).

Although the number of candidate tumor antigens identifi ed is reduced as compared to 
the previously-mentioned strategies, the main advantage is that the candidates detected are 
certainly presented on HLA. However, as for HLA-I binding prediction (section 3.3), it the 
identifi cation of peptides bound to HLA-I does not determine their immunogenicity. Hence, 
further evaluation of T-cell reactivity to such peptides is required.

4. Alterna� ve sources of tumor an� gens
The tumor antigens previously described in section 1.4 are considered conventional or 

canonical tumor antigens, as they are generated from coding regions of the genome via con-
ventional transcription, translation, and proteasomal digestion. In contrast, unconventional or 
non-canonical (nonC) antigens, also known as cryptic, are those that arise from either non-cod-
ing regions of the genome or coding regions through aberrant transcription, translation, or 
post-translational modifi cations. Non-proteic antigens, though potentially important, are not 
discussed here.

Although the exome represents approximately 2% of the entire genome and it is gener-
ally accepted as protein-coding, in the last years it has been shown that almost 75% can still 
be transcribed and potentially translated (Djebali et al., 2012) (Figure 11). The development of 
new technologies and bioinformatics tools such as Ribo-seq analysis has enabled the discovery 

Figure 10. MS-based immunopeptidomics strategy to identify naturally presented HLA-I tumor antigens. Tu-
mor cell lines or tumor samples are lysed and homogenized. Following isolation of pHLA-I complexes by affi  nity 
chromatography, the peptides bound to HLA-I molecules are eluted, purifi ed, and analyzed by LC-MS/MS. Next, 
the amino acid sequence is usually inferred by searching each experimental MS2 spectra to a database containing 
the reference proteome and the mutated tumor-specifi c Aa sequences previously identifi ed by WES or RNAseq. 
The candidate peptides derived from tumor antigens are synthesized and tested in functional assays using mod-
ifi ed autologous APC or with pHLA-I multimers. Non-synonymous somatic mutations (NSM), antigen-present-
ing cell (APC). Image created with BioRender.com.
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of alternative open reading frames (aORF) substantially expanding the proteome. In fact, nat-
urally occurring T-cell responses against some non-canonical antigens have been occasionally 
identifi ed (mainly) using cDNA libraries and  reported in the literature (Garcia-Garijo et al., 
2019). 

The fact that non-canonical protein translation can be favored under conditions of cellu-
lar stress suggests that it may be enriched in tumors. Moreover, given that 99% of cancer-spe-
cifi c mutations are located in the non-coding regions of the genome (Khurana et al., 2016) it 
could greatly extend the number of neoantigen candidates. 

4.1. Types of non-canonical antigens

4.1.1. Transposable elements
Transposable elements (TE) are highly repetitive DNA sequences in the human genome 

derived from previous retrotransposition events and comprise about 45% of the human ge-
nome, a sequence space that vastly eclipses that of the coding genome. All TEs can be broadly 
divided into two subgroups (Figure 12): Type I (retrotransposons) and type II (DNA trans-
posons). Whilst retrotranspo sons act via RNA intermediates that are converted to DNA se-
quences before transposition (reverse transcription), DNA transposons do not require RNA. 
Type I TE are also known as endogenous retroelement (ERE) and can be divided into long 
termina l repeat (LTR) elements, which are mainly represented by human endogenous retro-
viruses (HERV) and non-LTR sequences that include short and long interspersed elements 
(SINEs, LINEs, respectively) and SINE-VNTR-Alu (SVA).

Figure 11. A big fraction of the presumably non-coding genome can be transcribed, and potentially translated. 
Whilst the exome (yellow) which represents approximately 2% of the entire genome and is generally accepted as 
truly protein-coding, the remaining 98% of the genome is considered non-coding (blue). In the last years, it has 
been shown that almost 70% can still be transcribed and thus possibly translated (green). Peptides derived from 
such regions can be presented on HLA-I and potentially recognized by T cells. Image created with BioRender.
com.
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The best studied TE in cancer are HERV which are remnants of ancient retroviral integra-
tion events and are located throughout the human genome constituting approximately 8.5% 
of the genomic DNA (Mayer et al., 2011). However, only a small fraction of these loci encode 
functional proteins since they are highly degenerated due to the accumulation of mutations or 
homologous recombination events between LTR, thus the proportion of transcribed HERV is 
unknown. Similarly to cancer-germline antigens, they are generally silenced in normal cells, 
but are more prone to be expressed in tumors due to DNA demethylation during malignant 
transformation. However, it has been shown that HERV can be expressed in normal tissues in 
a tissue-specifi c manner and that they are more highly expressed in mTEC and testis(Larouche 
et al., 2020). Nonetheless, they can be immunogenic and they can also induce a strong interfer-
on response mediated by the formation of double-stranded RNA, a phenomenon called “viral 
mimicry”. Several reports have shown that T cells targeting them can be found in healthy do-
nors, suggesting an incomplete central tolerance (A� ermann et al., 2018). More importantly, 
T-cell responses have been reported in some cancer patients with melanoma, breast, ovarian, 
and renal cell cancer, suggesting a role in cancer immune surveillance (Leko & Rosenberg, 
2020). Although there is limited clinical experience of direct HERV targeting, a clinical trial 
with TCR-transduced T cells directed against HERV-E antigen is currently being tested in pa-
tients with metastatic renal cell cancer (NCT03354390). 

Beyond HERV, the expression of transposable elements in tumors is controversial. On 
one hand they have been associated with immune infi ltration and increased antigenicity(Kong 
et al., 2019), while recent reports have a� ributed the expression of TE to the T cells infi ltrating 
tumors, rather than tumors themselves. Some resports have shown that they can be naturally 
presented on HLA-I in cell lines (Kong et al., 2019; Larouche et al., 2020) and primary melano-
ma tumors (A� ig et al., 2019; Larouche et al., 2020). However, a major impediment to under-
standing their relevance in tumor immunity is the analytic challenge of accurately identifying 
these short-read sequences from such repetitive regions.

Figure 12. Classifi cation of transposable elements in the human genome. Human transposable elements are 
categorized depending on whether they act via RNA to mediate the transposition in the genome (Type I; retro-
transposons) or not (Type II; DNA transposons). Retrotransposons are further categorized based on the presence 
of long terminal repeat (LTR) elements. 
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4.1.2. Aberrant mRNA  Splicing and RNA editing
RNA transcripts can be altered by aberrant splicing or RNA editing, generating novel 

proteins that can potentially be detected by T cells (Figure 13).  

Aberrant mRNA splicing in tumors may result in intron retention or novel exon/in-
tron-exon/intron junctions which can be potentially recognized as non-self by T cells (Figure 
13A) (Frankiw et al., 2019). Several reports have associated an increased alternative splicing 
usage in tumors with mutations in elements of the splicing machinery such as the splicing 
factors U2AF1 or SF3B1 (Se� e & Parone� o, 2022) . More recently, in a study performed with 
RNAseq data from more than 8.000 patients, it was shown that tumors have up to 30% more 
alternative splicing events than normal samples (Kahles et al., 2018). In fact, in this report, the 
authors claimed that neoantigens derived from exon-exon junctions outnumbered the neoanti-
gens derived from SNV, and thus they could be a be� er source of antigens for cancer immuno-
therapy. However, they did not investigate their HLA-I presentation or immunogenicity as the 
study was largely based on RNA expression and HLA-I binding prediction. Similar large-scale 
studies have been reported to date describing new pipelines for the identifi cation of aberrant 
splicing events expressed(Jayasinghe et al., 2018) or even presented on HLA-I (Smart et al., 
2018; Wang et al., 2021), yet the immunogenicity has not been analyzed experimentally.

Nonetheless, several intronic antigens recognized by T cells isolated from patients were 
identifi ed early on using cDNA library screening approaches. Two examples are peptides de-
rived from retained introns of gp100 gene (P. Robbins et al., 1997) and GnT-V gene (Guilloux 
et al., 1996) which although being highly expressed in melanoma cell lines were also expressed 
in melanocytes, among other studies (Godet et al., 2008; Harada et al., 2001; Lupe� i et al., 1998; 
van den Eynde et al., 1999). More interestingly, the recognition of a peptide encoded by an 
exon-intron junction of MUM-1 gene containing a mutation was reported and conferred high 
tumor specifi city (Coulie et al., 1995) in a patient with melanoma. Very recently, an elegant 

Figure 13. Novel peptides derived from aberrant mRNA splicing and RNA editing. (A) Scheme depicting mech-
anisms generating aberrant mRNA splicing (left). In a normal situation, the spliceosome machinery can detect 
and eliminate the introns to generate a mature mRNA (canonical splicing). In some instances, the introns may be 
aberrantly retained in the mature mRNA and translated (intron retention). Likewise, the splicing machinery can 
abnormally splice exons producing junctions derived from atypical exon-exon or exon-intron joins (junctions) 
potentially generating novel protein variants. (B) Scheme representing the most abundant type of RNA editing. 
RNA editing from adenosine-to-inosine (A-to-I) is catalyzed by ADAR. When edited RNAs are processed, the 
ribosomes interpret inosines as guanosines which can lead to non-synonymous substitutions potentially generat-
ing novel protein variants. Image created with BioRender.com.
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study on uveal melanoma (Bigot et al., 2021) was reported.  It is a rare tumor type typically dis-
playing few somatic mutations but carrying mutations in the splicing factor SF3B1 in 20% of 
the patients. The authors showed that oligoclonal memory CD8+T cells targeting intron-exon 
junctions were frequently detected in SF3B1 mutated patients and that these T cells were able 
to recognize and kill uveal melanoma tumor cell lines.

Although this source of antigens is promising, especially in tumors containing muta-
tions in splicing factors, the safety and effi  cacy of targeting antigens resulting from aberrant 
RNA splicing by ACT are still unknown.

Several types of RNA editing have been characterized so far (Eisenberg & Levanon, 2018) 
(Figure 13B). The most abundant is adenosine-to-inosine (A-to-I) editing, in which enzymes 
encoded by the adenosine deaminase acting on RNA (ADAR) gene family catalyze deamina-
tion of adenosine nucleotides to inosines. When edited RNAs are processed, the ribosomes 
and splicing machinery interpret inosines as guanosines instead of the adenosines encoded in 
the genome and it can lead to non-synonymous substitutions potentially generating novel pro-
tein variants. One report showed that HLA-I ligands derived from RNA editing were found in 
primary human melanoma tumors and a fraction of the healthy samples analyzed, albeit less 
frequently. Interestingly, TIL were able to specifi cally recognize the edited peptide but not the 
wild type counterpart, suggesting that edited peptides could be a source of tumor antigens
(Zhang et al., 2018a).

4.1.3. Aberrant RNA Translation
Aberrant RNA t ranslation comprises aORF or translation of allegedly non-coding se-

quences. These include the translation of regions entirely considered non-coding (such as 
non-coding RNA or intergenic regions) but also the translation of regions of coding transcripts 
such as 5’ or 3' untranslated regions (UTR) that presumably do not give rise to proteins (Figure 
14A).

Figure 14. Novel peptides derived from aberrant translation. (A) Aberrant RNA translation of alternative ORF 
(aORF) encoded in normal mature mRNA transcripts (left) or translation of allegedly non-coding regions (right). 
Diff erent mechanisms can induce the translation of 5’/3’ UTR (usually non-translated) or the initiation of the 
translation in a diff erent frame generating completely novel proteins. Some allegedly non-coding regions of the 
genome can be transcribed and translated giving rise to novel proteins generated from introns, intergenic regions, 
or non-coding RNA. (C) Decoding. Prolonged IFN-γ stimuli can lead to tryptophan depletion and induce trypto-
phan to phenylalanine substitutions during ribosome translation.. Image created with BioRender.com.
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A major cause of aberrant translation appears to be a phenomenon called ribosomal 
scan-through or “leaky scanning,” where the ribosomes pass the fi rst ATG and initiate trans-
lation from the next available ATG. Another relatively common mechanism is the initiation of 
the translation from non-ATG start codons (i.e. CTG, GTG, and TTG, which diff er in one NT 
from the canonical start), or the translation from internal ribosomal entry sites (IRES sequence) 
that allow the internal initiation of translation in a cap-independent manner.

Other proposed mechanisms are stop codon read-through, where the ribosome pro-
ceeds to translate 3′- UTR down to the next in-frame stop codon, and programmed ribosomal 
frameshifting (PRF), where the ribosome encounters a “slippery site” and shifts the reading 
frame during translation. Although these mechanisms are thought to be a marginal cause of 
tumor antigen generation, a very interesting report was recently published where the authors 
used ribosome profi ling in melanoma cells to investigate the eff ects of prolonged IFNγ treat-
ment on mRNA translation (Bartok et al., 2021). They observed that the tryptophan depletion 
induced accumulations of ribosomes downstream of tryptophan codons which lead to ribo-
somal frameshifting events. Moreover, they identifi ed aberrant trans-frame peptides (junction 
of wt – fs sequence) presented on HLA-I after treatment with IFNγ that were able to elicit 
T-cell responses induced by in vitro sensitization of PBL from healthy donors. Together, these 
results suggest that this mechanism may have a role in the immune recognition of melanoma 
cells in vivo in the context of infl ammatory conditions by contributing to the diversifi cation of 
the immunopeptidome landscape.

In fact, several tumor antigens encoded in aORF of previously described protein-coding 
genes recognized by T cells isolated from patients have been discovered using cDNA screen-
ing approaches. The fi rst was a peptide encoded in an aORF of the TRP-1 gene (Wang et al., 
1996), which encodes the tyrosinase-related protein 1 (gp75) and is important for melano-
cyte development and function. Two overlapping ORF could be translated from this gene but 
only one was recognized by TIL. This fi nding was followed by other similar examples, mainly 
in melanoma but also in other types of cancer (Aarnoudse et al., 1999; Poullion et al., 1999; 
Probst-Kepper et al., 2001; S. A. Rosenberg et al., 2002; Topalian et al., 1998).

Other mechanisms such as decoding can also alter the native sequence of the nascent 
proteins by substitutions of amino acids (Figure 14B). In a very recent report, it was shown that 
prolonged IFN-γ stimuli which leads to tryptophan (W)  depletion induces phenylalanine (F)  
substitutions (Pataskar et al., 2022). Interestingly, they analyzed immunopeptidome data sets 
containing IFN-γ treated samples and found that peptides containing W>F substitution can be 
presented on HLA-I. Moreover, in an in vitro model, they showed that this can be sensed by 
T cells. Although interesting, the tumor specifi city of such event was not demonstrated and 
natural T-cell responses in cancer patients have not been identifi ed yet. 

Although this source of antigens remarkably expands the repertoire of potential tumor 
antigens, the main concern, given the absence of relevant clinical experience, is whether these 
processes occur exclusively in cancer cells. 
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4.1.4. Post-translational changes
Post-translational changes can alter the native sequence of the protein which can poten-

tially be detected by T cells (Figure 15).  

In addition to linear peptide fragments, it has been shown that the proteasome can gen-
erate spliced peptides through a process called transpeptidation or proteasome-catalyzed pep-
tide splicing (PCPS) (Figure 15A). Such spliced peptides can originate from the same (cis-splic-
ing) or distinct (trans-splicing) parental proteins or from reversed fragments. Whether these 
peptides are abundantly presented by HLA remains controversial. In 2016 Liepe and col-
leagues developed a computational algorithm for the detection of sliced peptides in the immu-
nopeptidome and claimed that around 30% of HLA-I ligands were derived from PCPS. This 
observation was supported by other groups using alternative computational analysis (Faridi 
et al., 2018). In contrast, the reanalysis of the same data by other researchers indicated that the 
contribution of such spliced peptides is remarkably lower (less than 2 to 6%) and showed that a 
big proportion of the reported spliced peptides were due to false identifi cations resulting from 
methodological errors (Erhard et al., 2020; Mylonas et al., 2018). Even if PCPS is a rare event, 
some spontaneous T-cell responses to spliced peptides have been reported in cancer patients, 
typically identifi ed through cDNA libraries (Dalet et al., 2011; Hanada et al., 2004; Michaux 
et al., 2014; Warren et al., 2006). However, the contribution of spliced peptides to the pool of 
immunogenic tumor antigens has been recently estimated to be marginal (Verkerk et al., 2022).

Another type of post-translationally modifi ed tumor antigens consists of proteins with 
en zymatic modifi cations, such as deamidation, phosphorylation, acetylation, citrullination, 
or glycosylation (Figure 15B). The fi rst case reported was a peptide derived from TYR and 
modifi ed by deamidation of an asparagine into an aspartic acid (Skipper et al., 1996) that was 
recognized by TIL. Another example is a phosphorylated peptide derived from MART-1 that 
was found to elicit recognition by circulating CD4⁺ T cells from a patient with melanoma (De-
pontieu et al., 2009). Although these modifi ed tumor antigens can be immunogenic, their iden-

Figure 15. Novel peptides generated from post-translational changes. (A) Diagram depicting peptide splic-
ing mechanisms. In addition to linear peptide fragments (conventional peptides), the proteasome can gener-
ate spliced peptides through PCPS. Such spliced peptides can originate from the same (cis-splicing) or distinct 
(trans-splicing) parental proteins. (B) Enzymatically modifi ed proteins can be degraded by the proteasome and 
preserve these modifi cations as deamidation, phosphorylation, acetylation, citrullination, or glycosylation. Prote-
asome-catalyzed peptide splicing (PCPS). Image created with BioRender.com.
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tifi cation is challenging since the modifi cation occurs after translation and hence it cannot be 
predicted at DNA or RNA level. Therefore, proteomics or immunopeptidomics-based studies 
are be� er suited to identify them. 

4.2. MS-based immunopeptidomics studies to identify non-canonical an-
tigens

All the above-reviewed studies suggest that alternative sources of antigens could ex-
pand the targets for cancer immunotherapy beyond neoantigens, cancer-germline or diff eren-
tiation antigens. However, despite the enormous potential as a source of tumor antigens, their 
systematic identifi cation in humans remains challenging.

One of the main hurdles to identify peptides derived for non-canonical proteins is that 
the reference proteome used to infer the amino acid sequences must contain the proteins of 
interest. The addition of all potential proteins originated from the 6-frame translation of any 
region of the genome into the database massively expands the search space, and the control of 
the false discovery rate (FDR) through standard methods becomes a hard task. Nonetheless, 
thanks to the advances in MS-based immunopeptidomics and bioinformatics tools, a grow-
ing number of proteogenomics-based pipelines have been developed to identify nonC HLA-I 
ligands (Table 2). To generate reduced databases, the inclusion of non-canonical proteins is 
typically restricted to candidates that are being transcribed or translated in a given sample 
by employing data from RNA-seq or Ribo-seq, respectively. Some strategies also compute 
the FDR separately for each class of non-canonical peptides enabling a more reliable identifi -
cation. Indeed, several studies have demonstrated that these ligands represent a substantial 
proportion of the immunopeptidome (Erhard et al., 2020; Laumont et al., 2016; Ruiz Cuevas et 
al., 2021; Scull et al., 2021). A fraction of such aberrant translation events has been postulated 
to be specifi cally presented on tumor cells, representing an abundant source of tumor antigens 
greater than neoantigens or other conventional tumor antigens (Chong et al., n.d.; Cleyle et al., 
2022; Laumont et al., 2018; Ouspenskaia et al., 2022; Zhao et al., 2020). However, the immuno-
genicity of nonC antigens identifi ed through immunopeptidomics is largely unexplored. 

The fact that peptides derived from nonC proteins are presented on HLA-I is not that 
surprising. The conventional pathway of antigen processing and presentation establishes that 
HLA-I peptides originate from degraded long-lived proteins (“retirees”). However, almost 
two decades ago, defective ribosomal products (DRiP) were shown to provide a great source 
of peptide ligands for HLA-I molecules (Yewdell, 2011). DRiP are a subset of unstable and 
rapidly degraded polypeptides including peptides produced as part of the pioneer round of 
translation, premature translation termination, and proteins failing to fold properly or assem-
ble. This concept arises from observations in viral experiments, but it was later shown that 
cancer cells can increase the presentation of DRiP over retirees as compared to non-malig-
nant cells (Bourdetsky et al., 2014). Hence, many of the non-canonical translation products 
are likely to be similar to DRiP: short, unstructured, and non-functional polypeptides that are 
effi  ciently presented on HLA-I presentation.
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Their non-mutated nature and occasionally shared presentation across diff erent patients 
have further a� racted a� ention to these nonC antigens as new therapeutic targets. However, to 
what extent nonC HLA-I ligands are actually tumor-specifi c and contribute to cancer immune 
surveillance in patients remains poorly understood. These features of nonC antigens should 
be further elucidated before or in parallel to the development of immunotherapies targeting 
these antigens. 
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The identifi cation of tumor-reactive T cells and their specifi c targets is essential to broad-
en our understanding of the immune response to tumors and to develop more eff ective cancer 
immunotherapies. Recent evidence suggests that peptides derived from non-canonical pro-
teins are specifi cally presented on HLA-I from tumor cells, thus expanding the repertoire of 
targetable tumor antigens.

We hypothesize that current methods frequently used to identify tumor antigens fail to 
identify a fraction of antigens targeted by tumor-reactive lymphocytes and that non-canonical 
tumor antigens detected through proteogenomics could contribute to tumor immunogenicity 
thus making them a� ractive targets for cancer immunotherapies.

The general objective of this thesis is:

To identify and characterize the personalized repertoire of tumor antigens recognized by 
tumor-reactive T cells in cancer patients including canonical or conventional tumor antigens, 
but also expanding the scope to non-canonical tumor antigen sources by proteogenomics.

The specifi c objectives are:

1. Evaluate the recognition of conventional tumor antigens (neoantigens, cancer-germline 
antigens or tissue diff erentiation antigens) by tumor-reactive CD8+ T cells derived from cancer 
patients 

1.1. Generate autologous patient reagents to identify tumor-reactive T cells.

1.2. Identify tumor antigens targeted by tumor-reactive lymphocytes using several meth-
ods including:

• Personalized neoantigen screen with tandem minigenes
• In silico minimal epitope prediction
• pHLA-I immunopeptidomics

1.3. Determine which fraction of the CD8+ tumor-reactive lymphocytes recognize con-
ventional tumor as compared to unknown tumor antigens.

2. Explore the immunogenicity of non-canonical tumor antigens identifi ed by proteog-
enomics to address whether they can be exploited therapeutically

2.1. Identify tumor-specifi c HLA-I ligands derived from non-canonical proteins in pa-
tient-derived tumor cell lines in a personalized fashion using Peptide-PRISM pipeline.

2.2. Detect pre-existing T-cell responses to non-canonical HLA-I ligands in cancer pa-
tients. 

2.3. Induce de novo T-cell responses to non-canonical HLA-I ligands through in vitro sen-
sitization of donor peripheral blood lymphocytes.

2.4. Determine the tumor specifi city of non-canonical HLA-I ligands and their potential 
use as new therapeutic targets.





Materials and methods
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Patient samples
All patient samples were obtained as part of a project approved by the Institutional Review Board 

at Vall D’Hebrón Hospital and patients signed an informed consent.

Establishment of autologous tumor cell line
To establish patient-derived tumor cell lines a small fragment of tumor biopsies or surgically re-

sected tumor was cultured in RPMI 1640 plus (Lonza) containing 10% FBS Hyclone (GE Healthcare), 100 
U/mL penicillin (Lonza), 100 μg/mL streptomycin (Lonza) and 25 mM HEPES (Thermo Fisher Scientifi c) 
at 37°C in 5% CO2. The medium was replaced once every month until the cell line was established and 
then further expanded in T2 media containing RPMI 1640 plus (Lonza), 10%-20% FBS (Gibco), depend-
ing on the TCL, 100 U/mL penicillin (Lonza), 100 μg/mL streptomycin (Lonza) and 25 mM HEPES 
(Thermo Fisher Scientifi c) or cryopreserved until used. TCL were regularly tested for mycoplasma and 
were authenticated based on the identifi cation of patient-specifi c somatic mutations and HLA mole-
cules. 

TIL expansion
For tumor-infi ltrating lymphocyte (TIL) expansion, small tumor fragments were cultured in in-

dividual wells of a 24-well plate in T-cell media consisting of RPMI 1640 plus (Lonza) supplemented 
with 10% human AB serum (BST), 100 U/mL penicillin (Lonza), 100 μg/mL streptomycin (Lonza), 2mM 
L-Glutamine (Lonza), 25 mM HEPES (Thermo Fisher Scientifi c) and 6e6 IU IL-2 (Proleukin) at 37°C 
and 5% CO2. Fresh media containing IL-2 was added on day 5 and media was changed or TIL were 
split when confl uent every other day thereafter. T cells were expanded independently for 15-30 days 
and cryopreserved until use. In some cases, T cells underwent a rapid expansion protocol (REP), as 
explained below.

Rapid expansion protocol (REP)
T cells underwent a rapid expansion protocol (REP) for 14 days using 30 ng/ml anti-CD3 (OKT3, 

Biolegend), 3e3 IU of interleukin IL-2 (Proleukin) and irradiated allogeneic PBMC (50 Gy) pooled from 
three donors as feeder cells in T-cell medium RPMI 1640 plus (Lonza):AIM-V (Gibco) containing 5% hu-
man AB serum (BST), 100 U/mL penicillin (Lonza), 100 μg/mL streptomycin (Lonza), 2mM L-Glutamine 
(Lonza), 12.5 mM HEPES (Thermo Fisher Scientifi c). After day 6, half of the medium was replaced with 
fresh T-cell medium containing IL-2 every other day. Cells were split when confl uent, harvested on day 
14, and cryopreserved until use.

PBMC isolation
Peripheral blood mononuclear cells lymphocytes (PBMC) were obtained using a Ficol density 

gradient (Lymphoprep, Stem cell) from pheresis or whole blood and cryopreserved for cell sorting, 
DNA extraction for WES and to expand B cells ex vivo. 

T-cell sorting from PBL
PBL were sorted based on the expression of surface markers previously described to be enriched 

for tumor-reactive T cells in peripheral blood such as PD-1 (Gros et al., 2016) and other markers report-
ed to be expressed by tumor-reactive TIL (Duhen et al., 2018). Briefl y, PBMC were thawed and rested 
overnight without cytokines. Following CD8+ enrichment using CD8 microbeads (Miltenyi Biotec), the 
Fc receptor was blocked (Miltenyi Biotec) and cells were stained for 30 minutes at 4°C with the following 
antibodies, CD3-PECy7 (BD, clone SK7, 0.5:50), CD8-APCH7 (BD, clone SK1, 1:50), PD-1-PE (Biolegend, 
clone EH12.2H7, 0.75:50), CD38-APC (Biolegend, clone HIT2, 0.5:50) and HLA-DR BV605 (Biolegend, 
clone L243, 0.75:50). CD3+CD8+ cells expressing PD-1hi alone or in combination with HLA-DR and CD38 
were sorted in BD FACS AriaTM and expanded using a REP as previously specifi ed. 
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Generation of autologous antigen-presenting cells
To generate autologous antigen-presenting cells (APC), B cells were isolated from cryopreserved 

PBMC by positive selection using CD19⁺ microbeads (Miltenyi Biotec) and expanded through CD40-
CD40L stimulation by culturing cells for 4-5 days with irradiated NIH3T3 feeder cells constitutively ex-
pressing CD40L at 37°C in 5% CO2 in B cell medium. B cell medium consisted of Iscove’s IMDM media 
(Gibco) containing 10% human AB serum (Biowest), 100U/ml Penicillin and 100 μg/mL streptomycin 
(Lonza), 2mM L-Glutamine (Lonza), and supplemented with 200 U/ml IL-4 (Peprotech). Up to three 
rounds of stimulation and expansion were performed consecutively. B cells were cryopreserved on day 
5-6 after stimulation until use. When used after cryopreservation, B cells were thawed in B cell medium 
containing DNAse (Pulmozyme, Roche) 20 h before use in co-culture assays. 

Alternatively, CD4⁺ T cells were isolated from PBMC by positive selection using CD4⁺ microbeads 
(Miltenyi Biotec) or FACS sorting and subsequently expanded through a REP for 14 days as explained 
above.

Whole-exome sequencing and RNA sequencing
To identify the tumor-specifi c NSM, genomic DNA was purifi ed from a cell pellet of patient-de-

rived TCL and matched PBMC. WES libraries were generated by exome capture of approximately 20,000 
coding genes using SureSelect human All exon V6 kit (Agilent Technologies) and paired-end sequenc-
ing was performed on a HiSeq sequencer (Illumina) at Macrogen. The average sequencing depth ranged 
from 100-150 for each of the individual libraries generated.

Alignments of WES to the reference human genome build hg19 were performed using novoalign 
MPI from novocraft. Duplicates were marked using Picard’s MarkDuplicates tool. Insertion and dele-
tion (indel) realignment and base recalibration were performed according to GATK best-practices. Sam-
tools was used to create tumor and normal pileup fi les. Four independent mutation callers (Varscan, 
SomaticSniper, Mutect and Strelka) were used to call somatic NSM according to the following criteria: 
minimum coverage of 10 reads, minimum 4 variant reads, greater than 7% VAF and called by 2 or more 
callers (single nucleotide variants) or 1 for insertions and deletions, and annotated as coding mutation 
in 2 of the three annotation data sets (Refgene, UCSC, Ensembl). 

An mRNA sequencing library was also prepared from patient-derived TCL and healthy human 
cell lines using Illumina TruSeq RNA library prep kit. RNA alignment was performed using STAR. 
Duplicates and marked using Picard’s Mark Duplicate tools. Transcripts per million (TPM) normaliza-
tion was applied to the raw gene counts obtained from feature counts and used to evaluate the gene 
expression

Cloning, in vitro transcription of RNA, and electroporation
TMG were cloned into pcDNA3.1 with HindIII-BamHI and constructed as previously described(-

Lu et al., 2014). For each nonsynonymous variant identifi ed by WES, we constructed a minigene, con-
sisting of the mutant amino acid fl anked by 12 amino acids of the wild type protein sequence. Up to 24 
minigenes were concatenated to generate a TMG construct. 

The HLA sequences of interest or predicted ORF of the immunogenic nonC-TL peptides were 
cloned into pcDNA3.1 using BamH1 and EcoR1. HLA-I sequences were obtained from IPD-IMGT/HLA 
and codon-optimized.  The predicted ORF were constructed from the second nearest upstream in-frame 
start codon (ATG, CTG, or GTG) to the last in-frame stop codon downstream; the sequence was not 
codon optimized nor additional start codons were added. As all expression constructs, they contained a 
Kozak motif upstream of the canonical or predicted start codon. All the plasmids were synthesized by 
Genscript.

For in vitro transcription (IVT) of RNA the plasmids were linearized with Not-I followed by phe-
nol-chloroform extraction and precipitation with sodium acetate and ethanol. Next, 1 μg of DNA was 
used as a template to generate RNA by IVT using HiScribe# T7 ARCA mRNA Kit with tailing (New En-
gland) following manufacturer’s instructions. RNA was precipitated using LiCl₂, resuspended at 1μg/ul 
in molecular grade H₂O, and stored at -80º until use. 
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From 0.5-1e6 TCL, healthy human cells, and B cells were harvested and resuspended in 100 μl of 
Opti-MEM media (Gibco) and transferred into a sterile 0.2 cm cuve� e (VWR electroporation cuve� es). 
From 4 to 8 ug of RNA encoding for the sequence of interest were added for electroporation. Cells were 
electroporated at 150 V, 20 ms, and 1 pulse using an ECM 830 BTX-Electroporator. After electroporation, 
cells were resuspended in pre-warmed specifi c media containing DNAse (Pulmozyme, Roche). B cells 
were cultured in 5 mL polystyrene tubes. TCL and human healthy cells were cultured in tissue-treated 
6 well plates with the corresponding media in a temperature and CO₂ controlled humidifi ed incubator. 
After 20 h cells at 37ºC and 5% CO₂, cells were harvested, washed with PBS, and used in co-culture 
assays. A GFP RNA electroporation control was included for each cell line and assessed by Flow cytom-
etry as a transfection control.

Peptides
The amino acid sequences of the identifi ed tumor antigen HLA-I ligands were obtained from JPT 

Peptide Technologies (Berlin, Germany) as crude and used for screening, IVS, and MS validation with 
synthetic peptides. HPLC peptides were supplied by JPT Peptide Technologies (Berlin, Germany) and 
used in co-culture experiments to confi rm the reactivities. Selected endogenous HLA-I ligands were 
ordered from Thermo Fisher Scientifi c as crude (PePotec grade 3) with one stable isotope-labeled amino 
acid and used for PRM validation.

Co-culture assays: IFN-γ enzyme-linked immunospot (ELISPOT) assay and 
detection of activation marker 4-1BB by flow cytometry. 
Eff ector T-cell populations of interest were co-incubated with target cells and T-cell reactivity 

was evaluated after 20-24 h by measuring IFN-γ release by ELISPOT and by detection of 4-1BB (CD137) 
expression on the CD8+ T cells by fl ow cytometry. T cells were thawed into T-cell medium supplement-
ed with 3,000 IU IL-2 (Proleukin) and DNAse (Pulmozyme, Roche) three to four days before coincuba-
tion with target cells.  All co-cultures were performed in the absence of exogenously added cytokines. 
Cells were stained with CD3-APCH7 (BD, clone SK7, 0.3:40), CD8-PECy7 (BD, clone RPA-T8, 0.1:40), 
CD4-PE (BD, RPA-T4, 0.3:40) and CD137-APC (BD, clone 4B4-1, 0.5:40), and in some cases mTRB-FITC 
(eBiosciences, clone H57-597, 0.2:40) for 30 minutes at 4°C, washed with staining buff er containing PI 
(1:2000) and acquired in BD FACSLyric™, BD FACSCanto™ or BD FACSLyric™.  In parallel, IFN-y 
secretion was detected using IFN-γ capture and detection antibodies (MABtech technologies) assessed 
by ELISPOT assay following manufacturer instructions. ELISPOT plates were analyzed and counted in 
ELISPOT reader.   For all the assays, plate-bound OKT3 (1 μg/mL; Biolegend) was used as a positive 
control. Media, and/or autologous APC pulsed with irrelevant peptides were used as negative controls. 
In some cases, MHC-I blocking antibody (W6/32) was added to the target cells at a concentration of 100 
μg/mL for 2 h and then diluted to 50 ug/mL during the co-culture assay.

For the detection of re-call T-cell responses, from 2e4 to 5e4 T ex vivo expanded TIL, sorted PBL or 
enriched populations of tumor-reactive lymphocytes were co-cultured with 1e5 to 2e5 peptide-pulsed 
autologous APC (either B cells, or CD4⁺). T-cell reactivities were considered positive if the number of 
IFN-γ spots were greater than double the amount of the irrelevant control condition and greater than 
40 spots. Additionally, reactivities had to be observed in at least two independent experiments. Crude 
peptides were preparations were used for screening, and the reactivities were further confi rmed with 
HPLC grade peptides. Experiments were performed at least twice. 

Enrichment of tumor-reactive and antigen-specific T cells
To enrich for tumor-reactive or peptide-reactive T cells, either expanded TIL, sorted PBL, or IVS 

T cells were co-cultured with an autologous tumor cell line or peptide-pulsed autologous APC for 20 h, 
CD3+CD8+ cells expressing 4-1BB were sorted in BD FACS AriaTM or BD Infl ux™ and expanded using 
a REP as previously specifi ed. The same antibodies and dilutions used for co-cultures described above 
were scaled up for sorting 4-1BB⁺ T cells.
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HLA-I expression and restriction
The membrane expression of HLA-I was determined by fl ow cytometry with HLA-ABC-APC 

antibody (Biolegend, clone W6/32, 0.5:50). 

HLA-I alleles were cloned into pcDNA3.1 as described above (Cloning, in vitro transcription of 
RNA, and electroporation). To determine which HLA alleles presenting the immunogenic peptides 
identifi ed, COS7 cells were transfected with plasmids encoding the individual HLA molecules using 
Lipofectamine 2000 (Life Technologies). After resting overnight, cells were harvested and pulsed with 
the corresponding peptides for 2 h, washed, and used as targets in co-culture assays.

In vitro sensitization of PBL
HLA-A*11:01 donor PBMC were stimulated with 5 independent peptide pools (PP) each contain-

ing up to 35 nonC-TL peptides selected by the prediction score to bind to HLA-A*11:01 according to 
NetMHCPan4.0. Cells underwent three consecutive rounds of stimulation every 7 days with 0.25 ug/ml 
per peptide and a combination of IL-21, IL-7 and IL-2. More specifi cally, at day 0, 5e6 donor PBMC were 
cultured in 24-well plates with Opti-MEM media (Gibco) containing IL-21 (Peprotech 25 ng/mL) and the 
corresponding PP at 0.25 ug/ml per peptide. On day 6, IL-2 (Proleukin 18 IU/mL) and IL-7 (Peprotech 10 
ng/mL) were added. For STIM2 (day7) and STIM3 (day14), T cells from the previous STIM were harvest-
ed, counted, and re-stimulated with autologous irradiated PBMC (50Gy) pulsed with the corresponding 
PP at 1:10 ratio. Thereafter, fresh Opti-MEM media (Gibco) containing IL-2 (18 IU/mL) and IL-7 (10 ng/
mL) was replaced when medium looked acidifi ed or cells required spli� ing because of confl uence. 

De novo T-cell responses were evaluated after three stims by co-culturing IVS T cells with autol-
ogous B cells pulsed with the corresponding PP and analyzing 4-1BB upregulation by fl ow cytometry 
as described above (Co-culture assays). T cells recognizing the corresponding PP were sorted based on 
4-1BB expression and expanded for 14 days REP (Enrichment of antigen-specifi c T cells). To identify the 
specifi c peptide recognized within the PP, sorted populations were co-cultured with B cells pulsed with 
individual peptides. The recognition was confi rmed using HPLC purifi ed peptides.

TCR sequencing and PBL transduction
The TCR locus was sequenced by multiplex single-cell RNA sequencing of enriched antigen-spe-

cifi c T-cell populations. The samples were multiplexed using TotalSeq™ barcodes. Sequencing was done 
on an Illumina NS6000 with an S1 fl owcell and v1 chemistry. Mapping, quantifi cation, and clonotype 
defi nitions were done using cell ranger multi software (version 6.1.1 using the reference vdj_GRCh38_
alts_ensembl-5.0.0). Demultiplexing and subsequent analysis was done in R using the packages Seurat 
(version 4.0.3) and scRepertoire (version 1.3.5); Seurat::HTODemux was run using default parameters 
to obtain singlets.

TRA V-J-encoding sequences and TRB V-D-J-encoding sequences were combined to sequences 
encoding the mouse constant TRA and TRB chains (Cohen et al., 2006), respectively. Mouse constant 
regions were modifi ed, as previously described (Cohen et al., 2007; Haga-Friedman et al., 2012). The 
full-length TRB and TRA chains were cloned, in this orientation and separated by a furin SGSG P2A 
linker, into pMSGV1 retroviral vector (GenScript). The use of the modifi ed mouse TCR constant regions 
promotes pairing of the introduced TCR and also facilitates the identifi cation of positively transduced 
human T cells by fl ow cytometry using an antibody specifi c for the mouse TCR-β chain.

To generate transient retroviral rich supernatants, the retroviral vector MSGV1 encoding the an-
tigen-specifi c TCR and the envelope encoding plasmid RD114 were co-transfected into the retroviral 
packaging cell line 293GP (plated the day prior to transfection) using Lipofectamine 2000 (Life Technol-
ogies). Retroviral supernatants were collected at 42-48 h after transfection, diluted 1:1 with DMEM me-
dia (Gibco), and then centrifuged onto Retronectin-coated (10 μg/ml, Takara), non-tissue culture-treated 
24-well plates at 2,000 g for 2 h at 32°C. Donor PBMC activated 2 days before with 50 ng/ml soluble 
OKT3 in T-cell media, were harvested, added onto the retrovirus plates, and centrifuged for 10 min at 
300 g. Activated T cells were transduced overnight, removed from the plates, and further cultured in 
IL-2 containing T-cell media. Cells were typically assayed 10-14 days post-retroviral transduction.
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CRISPR/Cas9 Knock out
Single guides RNA (sgRNA) targeting the predicted ORF for 5’U-HOXC13 were designed with 

CRISPOR tool h� p://crispor.tefor.net/. sgRNA specifi cally binding the genomic peptide location or up-
stream with the highest predicted KO effi  ciency were selected. Next, sgRNA were cloned into len-
ti-Cas9-v2 (Addgene, #52961) with BsmBI.

To generate lentiviral supernatants, the lentiviral vector lenti-Cas9-v2 encoding the sgRNA of 
interest, as well as packaging psPAX2 and envelope pMD2G plasmids, were co-transfected into HEK293 
(plated the day prior to transfection) with PEI (Sigma) and non-supplemented DMEM media (Gib-
co). Media was replaced after 12h with Opti-MEM (Gibco) containing 2% FBS (Gibco) supplemented 
with Pen/Strep (Lonza). Lentiviral supernatants were collected at 42-48 h after transfection, and fi ltered 
through a 0.45 um low-protein binding fi lter (Millipore). Patient-derived TCL plated one day before 
were infected with fi ltered lentiviral supernatants containing polybrene (Sigma) fi nal concentration of 
8 ug/mL) followed by spinoculation 900 g, 32ºC, 50 min. Five days post-infection, T2 media (RPMI 
containing 10% FBS supplemented with Pen/Strep and L-Glut) was replaced with T2 media containing 
puromycin 1 μg/mL to select the cells effi  ciently transduced. Thereafter, media was replaced with fresh 
media containing puromycin when acidifi ed or cells split when confl uent. To evaluate the KO effi  cien-
cy, puromycin-resistant cells were used as targets in co-culture assays with 5’U-HOXC13 specifi c T cells.

Healthy human cell lines
Healthy human cell lines were ordered from Promocell. Cells were thawed and cultured follow-

ing manufacturer’s instructions in the recommended media without antibiotics. Cells were split when 
confl uent with De� aching kit (Promocell). Cells were cultured at the recommended concentration and 
expanded no more than 4 passages until use. HCM-c (Cat: C-128810) were cultured in myocyte growth 
medium (Cat nº: C-39275). HREpC-c (CatC-12665) cultured in Renal Epithelial Cell GM media (Cat 
nº: C-39606). HSAEpC-c (Cat: C-12642) cultured in Small Airway Epithelial cell GM (Cat nº: C-39175). 
NHEM.f-c (Cat: C-12400) cultured in Melanocyte growth medium (Cat nº: C-39415).

Purification of HLA-I peptides 
Purifi ed anti-HLA-I clone W6/32 (ATCC® HB95) antibodies were cross-linked to protein-A Sep-

harose 4B conjugate beads (Invitrogen) with dimethyl pimelimidate dihydrochloride (Sigma-Aldrich) 
in 0.2 M Sodium Borate buff er pH 9 (Applichem). From 5e7 to 3e8 tumor cells were snap-frozen, thawed, 
and lysed with PBS containing 0.6% CHAPS (Applichem) and Protease inhibitor Cocktail Complete 
(Roche). The cell lysates were sonicated (Misonix 3000) and cleared by centrifugation for 1h at max 
speed to obtain the soluble fraction containing the pHLA complexes. The HLA-I affi  nity chromatogra-
phy was performed using a 96-well single-use micro-plate with 3 μm glass fi ber and 10 μm polypropyl-
ene membranes (Agilent). Sep-Pak tC18 100 mg Sorbent 96-well plates (Waters) were used for peptide 
purifi cation and concentration as previously described (Chong et al., 2018). Peptides were eluted with 
500 μl of 32,5% ACN in 0.1% TFA, lyophilized, and further cleaned and desalted with TopTips (PolyLC 
Inc.)

LC-MS/MS acquisition
Purifi ed HLA-I peptides were diluted in 3% ACN, 1% FA. Samples were loaded onto a 300 μm × 

5 cm Acclaim Pep-Map nanoViper, C18 (Thermo Scientifi c) at a fl ow rate of 15 μl/min using a Thermo 
Scientifi c Dionex Ultimate 3000 chromatographic system (Thermo Scientifi c). Peptides were separated 
using a C18 analytical column of 75 μm × 250 mm, 1.8 μm, 100Å (Waters) or 25 μm × 250 mm, 1.8 μm, 
100Å (Waters). Orbitrap Fusion Lumos™ Tribrid (Thermo Scientifi c) mass spectrometer was operated 
in data-dependent acquisition (DDA) mode. Survey MS scans were acquired in the orbitrap with the 
resolution (defi ned at 200 m/z) set to 120,000. The top speed (most intense) ions per scan were fragment-
ed in the linear ion trap (CID) and detected in the Orbitrap with the resolution set to 30,000. Quadrupole 
isolation was employed to selectively isolate peptides of 400-600 m/z. Included charged states were 2 
and 3. Target ions already selected for MS/MS were dynamically excluded for 10 s.



56

Mass spectrometry data analysis of HLA-I peptides 
To identify HLA-I ligands derived from conventional tumor antigens, ProteinScape3 was used 

to identify the amino acid sequences through Mascot search engine. The FDR was set at 5% and the  
Mascot ion score at >20. We created personalized databases for each patient including the reference 
proteome (Swissprot, downloaded 23/01/2019, containing 20416 entries), common contaminants in im-
munopeptidomics (CRAP and MaxQuant, 339 entries), and the personalized list of NSM identifi ed by 
WES. Nt-Acetylation, Methionine oxidation and Serine, Threonine, Tyrosine phosphorylation were set 
as variable modifi cations. All the analyses showed were performed with R studio.

To identify HLA-I ligands derived from nonC proteins through proteogenomics, Peptide-PRISM 
was used as previously described (Erhard et al., 2020) without including random substitutions nor pro-
teasome-spliced peptides. Briefl y, for each identifi ed fragment ion mass spectrum the Top10 candidates 
were fi rst identifi ed by de novo sequencing with PEAKS X and later aligned to a database containing a 
3-frame transcriptome (Ensembl90) and 6-frame genome (hg38). Additionally, vcf fi les from whole-ex-
ome sequencing were used to interrogate non-synonymous somatic mutations (NSM) in a personalized 
fashion.  All identifi ed string matches were categorized into CDS (in-frame with annotated protein), 5’ 
-UTR (contained in annotated mRNA, overlapping with 5’-UTR), Off -frame (off -frame contained in the 
coding sequence), 3’-UTR (all others that are contained in an mRNA), ncRNA (contained in annotated 
ncRNA), Intronic (intersecting any annotated intron) or Intergenic. Then, for each fragment ion mass 
spectrum, the category with the highest priority (CDS>5’UTR>Off -frame>3’UTR>ncRNA>Intronic>In-
tergenic) was identifi ed, and all other hits among the 10 de novo candidates were discarded. The FDR 
was calculated for each category in a stratifi ed mixture model taking into account the peptide length 
and database size. All the analyses  were performed with R studio, the FDR was set at 1% and ALC at 30. 
The same pipeline was applied to immunopeptidomics data obtained from HLA ligand atlas (Marcu et 
al., 2021) including several tissues and HLA allotypes. The ORF from the nonC HLA-I ligands identifi ed 
in the healthy immunopeptidome were retrieved and used to fi lter out the nonC HLA-I ligands from 
our tumor samples derived from the same ORF. The Peptide-PRISM pipeline and the fi ltering of the raw 
data was performed by Andreas Schlosser, University of Wurzburg.  All the downstream analyses were 
performed at VHIO using with R studio, the FDR was set at 1% and ALC at 30. 

HLA-I typing and prediction of binding to patient-specific HLA-I alleles
HLA typing was determined from the WES data using the PHLAT algorithm. Eluted ligand like-

lihood (ELL) percentile rank scores for binding to the patient’s HLA molecules were obtained for all 
unique peptides ≥8 Aa eluted from TCL using NetMHCpan 4.0. The threshold for binding was set to 
<2%-tile rank. 

Validation of HLA-I peptides with synthetic peptides
Spectrum validation of the experimentally eluted HLA-I ligand tumor antigen candidates was 

performed by computing the similarity of the spectra acquired in the sample with the corresponding 
non-labeled synthetic peptide from the library. Briefl y, synthetic crude peptides obtained from JPT were 
acquired in a pool using LC-MS/MS in conditions similar to those previously used to analyze LC-MS/
MS in conditions similar to those previously used to analyze samples to generate a spectral library. 
Peptide sequences were identifi ed by database search with PEAKS-X Pro using a database containing 
Swiss-Prot as well as all the tumor antigen candidates interrogated. The search was exported as “for 
third party” format and imported into Skyline software to generate the library. The experimentally ac-
quired HLA-I tumor samples were uploaded into Skyline and the similarity of the fragments (b/y ions) 
from the library (synthetic) vs. endogenous (sample) were analyzed considering library dot product 
(dotp) values, which range from 0 to 1 and , being dotp=1 the closest match.

Validation of HLA-I peptides with isotope-labeled peptides
For each selected peptide, a synthetic isotope-labeled peptide at one chosen amino acid was 

spiked into the samples and used as an internal standard for Parallel Reaction Monitoring (PRM) detec-
tion. The amount of internal standard peptide to be spiked in each sample was evaluated using dilution 
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curves and the fi nal concentration was chosen based on a good chromatographic signal and no trace 
detectable of potential unlabeled traces from the synthetic internal standard. For Mel-3 TCL  30% of 
the sample (total of 5e7 cells) and for Mel-1 50% of the sample (total 1e8) was analyzed by PRM using 
diff erent MS machines.

Orbitrap Eclipse (Thermo Fisher Scientifi c) coupled to an EASY-nanoLC 1000 UPLC system 
(Thermo Fisher Scientifi c) with a 50 cm C18 chromatographic column. The chromatographic gradient 
started at 95% buff er A and 5% buff er B with a fl ow rate of 300 nL/min and going up to 25% buff er B 
and 75% A in 52 min and to 40% B and 60% A in 8 min (Buff er A: 0.1% formic acid in water and Buff er 
B: 0.1% formic acid in acetonitrile). The Orbitrap Eclipse was operated in positive ionization mode with 
an EASY-Spray nanosource at 2.4 kV and at a source temperature of 305 ºC. A PRM method was used 
for data acquisition with a quadrupole isolation window set to 1.4 m/z and MS2 scans over a mass range 
of m/z 250-1800, with detection in the Orbitrap mass analyzer at a 240 K resolution. MS2 fragmentation 
was performed using HCD fragmentation at a normalized collision energy of 30%, the AGC was set at 
100,000, and the maximum injection time at 502 ms. All data were acquired with XCalibur software. 

For data analysis fragment ion chromatographic traces corresponding to the targeted precursor 
peptides were evaluated with Skyline software v.21.2. Verifi cation of the endogenous peptides was 
based on: i) the number of detected traces, ii) co-elution of endogenous traces, iii) co-elution of endog-
enous and internal standard peptides, iv) correlation of the fragment ions relative intensities between 
endogenous and internal standard peptides and, v) expected retention time.

Data analysis and visualization
All fl ow cytometry data were analyzed with FlowJo software v7.6.5 and v10 (Tree Star). Mass 

spectrometry data were analyzed as specifi cally described with ProteinScape3, Peptide-PRISM, and 
Skyline software.  Data was represented with GraphPad PRISM 6 software and R studio version 4.1.2.





Results
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1. Iden� fi ca� on of  conven� onal tumor an� gens 
To identify the personalized repertoire of tumor antigens that elicit CD8+ T-cell respons-

es in cancer patients we used the strategy depicted in Figure 16. 

First, we derived tumor cell lines (TCL) from tumor biopsies. In parallel, we obtained T 
cells from the same patient either through the ex vivo expansion of TIL or by sorting specifi c 
T cells subsets from peripheral blood (PBL) based on specifi c surface markers. WES from pa-
tient-derived TCL and matched PBMC was carried out to detect tumor-specifi c NSM (Figure 
16.1).

Figure 16. Strategy to identify the personalized tumor antigens recognized by T cells in cancer patients. (1) 
Tumor biopsies and blood samples were obtained from cancer patients. Lymphocyte populations were expanded 
from TIL or sorted from PBL and biopsies were cultured to generate autologous patient-derived TCL. WES was 
performed from matched tumor or TCL and healthy PBMC to identify tumor-specifi c NSM. (2)  Lymphocyte pop-
ulations were screened for tumor recognition after 20 h of co-culture with the autologous TCL measuring IFN-y 
secretion by IFN-y ELISPOT and upregulation of 4-1BB by FACS analysis. (3) Three distinct approaches were 
used to determine the specifi c antigens recognized by tumor-reactive T cells: (A) Personalized neoantigen screen 
using TMG constructs encoding the NSM identifi ed. (B) Prediction of minimal epitopes from mutated peptides 
based on in silico prediction algorithms. (C) Immunopeptidomics of patient-derived TCL to identify the peptides 
naturally processed and presented on HLA-I molecules. Specifi c T-cell responses were evaluated by co-culturing 
tumor-reactive T cells with autologous APC either electroporated with RNA encoding TMG or pulsed with the 
synthetic peptides. T-cell activation was measured as mentioned above (right panel). Tumor-infi ltrating lym-
phocytes (TIL), peripheral blood lymphocytes (PBL), tumor cell lines (TCL), Whole-exome sequencing (WES), 
non-synonymous somatic mutations (NSM), tandem minigenes (TMG), antigen-presenting cell (APC), in vitro 
transcription (IVT). Image created with Biorender.
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Next, we evaluated autologous tumor recognition in 9 cancer patients (see Table 3) by 
co-culturing the patient-derived TCL with lymphocytes (TIL and/or PBL) and measuring 
T-cell responses through the detection of cytokine release (i.e. IFN-γ) and the upregulation of 
activation surface markers (i.e. 4-1BB) (Figure 16.2).

Last, we investigated the specifi c antigens recognized by tumor-reactive T cells in three 
patients using three diff erent methods: A) personalized neoantigen screen with tandem mini-
genes (TMG), B) in silico minimal epitope prediction, and C) pHLA-I immunopeptidomics of 
TCL. Using the TMG approach, we sought to inter rogate the immunogenicity of all the NSM 
identifi ed by WES without any fi lter or prediction algorithm, since we constructed concatenat-
ed minigenes encoding for each NSM identifi ed (Figure 16.3A). In parallel, we synthesized the 
top 20 mutated minimal epitopes (8-12 Aa) predicted to bind to the patient’s HLA-I molecules 
according to NetMHCPan4.0 (Figure 16.3B). We also eluted the peptides naturally bound to 
HLA-I molecules from patient-derived TCL and analyzed the amino acid sequence by LC-MS/
MS using personalized databases containing the NSM to identify the tumor antigen candi-
dates (Figure 16.3C).

1.1. Generation of patient reagents
In order to study the personalized repertoire of tumor antigens, we fi rst generated pa-

tient-derived TCL from tumor biopsies and expanded lymphocytes from either tumor or blood 
from cancer patients. 

1.1.1. Generation of patient-derived TCL
To generate patient-derived TCL, we cultured a small fragment of tumor derived from 

a core biopsy or surgical resection in medium containing high concentrations of serum and 
regularly assessed tumor cell growth by monitoring colony formation. 

Out of the 60 biopsies and 68 primary resections processed, we established three and 
four patient-derived TCL, respectively. These TCL derived from patients with four gynecolog-
ical malignancies (Gyn), one melanoma (Mel), and two head and neck (H&N) cancer patients. 
In addition, to increase the number of patients studied, we included two additional patient-de-
rived melanoma cell lines previously established by collaborators from the NCI (Table 3).

We performed WES from the TCL and matched PBMC to identify the tumor-specifi c 
NSM and to determine the HLA-I typing. As summarized in Table 5, the number of mutations 
varied widely among patients. While in Gyn-4 only 14 mutations were detected, Gyn-2 and 
Gyn-3 displayed an exceptionally high mutational load (7512 and 14765 NSM, respectively). 
These two TCL harbored mutations in the POLE gene which encodes the catalytic subunit of 
the DNA polymerase epsilon and is associated with hypermutated cases of endometrial can-
cer and other malignancies (Mur et al., 2020). Furthermore, the measurement of HLA-I expres-
sion by fl ow cytometry revealed that the expression varied greatly among TCL. Nevertheless, 
all patient-derived TCL expressed HLA-I on the cell surface which was requisite to further 
develop this project.
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 1.1.2. Lymphocyte expansion
Following standard protocols, TIL were expanded from several small tumor fragments 

and cultured independently in high doses of IL-2 to maintain the tumor heterogeneity. As 
summarized in Table 6, following this strategy we successfully expanded TIL from at least 3 
tumor fragments in all patients studied, with a total of 65 independently expanded TIL popu-
lations (Table 3).

For Mel-1 and Mel-2, since only one or two TIL populations were available (a generous 
gift from our collaborators from the NCI), we took advantage of PBL as an alternative source 
of tumor-reactive T cells. We sorted the T cells by fl ow cytometry-based sorting based on the 
expression of PD-1, a co-inhibitory marker that has been used to identify tumor-reactive lym-
phocytes from TIL (Gros et al., 2014) and peripheral blood (Gros et al., 2016, 2019), either alone 
or in combination with other markers that are currently being investigated in our laboratory 
such as CD39, CD38 or HLA-DR. Figure 17 shows the gating strategy used to sort PBL for Mel-
1 as an example. In this case, CD8+ T cells were sorted based on diff erent expression levels of 
PD-1 (negative, dim, high), either alone or in combination with CD39, a marker that has been 
described to be preferentially expressed by tumor-reactive T cells in tumors (Duhen et al., 
2018).  In total, we sorted 12 CD8+ populations for Mel-1 and 16 CD8+ populations for Mel-2 
from peripheral blood (Table 5).

Figure 17. Flow cytometry-based sorting of Mel-1 PBL to identify circulating tumor-reactive T cells. Represen-
tative FACS plots displaying the gating strategy used for sorting CD8+ T-cell populations from peripheral blood 
of Mel-1 based on the expression of PD-1 (negative, dim, high), CD39 (+/-) alone or the combined expression of 
PD-1 and CD39. Following cell separation, cells were expanded for 14 days through a rapid expansion protocol 
(REP). The gates used for sorting lymphocytes with either unique or combined expression of PD-1 and CD39 are 
displayed in diff erent colors.
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1.2. Identification of tumor-reactive lymphocytes 
Next, we sought to identify tumor-reactive lymphocytes in the 9 cancer patients for 

which both patient-derived tumor cell lines (TCL) and matched lymphocytes were generated, 
as explained in the previous section.  We fi rst assessed whether the independently expanded 
TIL or sorted PBL could recognize their corresponding autologous TCL.  In some instances, 
where tumor-reactive cells were detected at a low frequency, the lymphocyte populations dis-
playing tumor recognition were enriched by fl ow cytometry-based sorting.

1.2.1. Detection of tumor-reactive TIL or PBL by co-culture
To identify tumor-reactive lymphocytes, patient-derived TCL were co-cultured with au-

tologous T-cell populations and tumor recognition was evaluated after 20 h by measuring 
IFN-γ secretion by ELISPOT and the upregulation of the activation marker 4-1BB on CD8+

T cell by FACS. IFN-γ ELISPOT is a highly sensitive technique capable of detecting very in-
frequent T-cell responses, however it does not determine whether the T cells producing the 
cytokine are CD8+ or CD4+. Although FACS analysis is less sensitive, it allows to determine 
the T-cell subset activated regardless of the specifi c cytokine produced.   Hence, by combining 
these two techniques we can study tumor-reactive CD8+ T cells with higher accuracy.
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Figure 18 shows the results of the TIL expanded for Mel-3 as a representative example 
of the 9 patients included in the study. As measured by IFN-γ ELISPOT, 11 out of the 12 ex 
vivo expanded TIL recognized the autologous TCL, but the frequency of tumor-reactive T cells 
varied from very low (<1% in the case of TIL-5, confi rmed in section 1.2.2) to very high (80% 
for TIL-6), as shown by 4-1BB upregulation on CD8+ cells. IFN-γ pre-treatment did not mark-
edly infl uence TCL recognition by TIL for this particular patient, but it greatly enhanced the 
recognition for others (not shown). This could be a� ributed to an increase in HLA-I expression 
following incubation with IFN-γ, which was more evident for those TCL expressing low basal 

Figure 18. Autologous TCL recognition by Mel-3 TIL. The autologous Mel-3 (Autol.) and an irrelevant non-au-
tologous (Non-autol., HLA-I unmatched) patient-derived TCL were co-cultured independently with 12 diff erent 
populations of ex vivo expanded Mel-3 TIL. After 20 h tumor recognition was evaluated by measuring the number 
of IFN-γ spots using an ELISPOT assay and the upregulation of 4-1BB by fl ow-cytometry.  Prior to the co-culture, 
TCL were either left untreated or pretreated with 10 ng/mL of IFN-γ. After ~24h TCL were harvested, washed, and 
4e4 cells were seeded with 2e4 T cells. (A) Representative IFN-γ ELISPOT (top) and fl ow cytometry plots (bo� om) 
for TIL-3 and TIL-7 derived from Mel-3 following co-culture with the targets specifi ed. (B) Tumor reactivity of 
Mel-3 TIL. The number of IFN-γ spots per well (top panel) and the percentage of CD8+ T cells expressing 4-1BB 
(bo� om panel) are shown. OKT3 and media were used as positive and negative controls, respectively. Plo� ed 
cells were gated on live CD3⁺CD8⁺ lymphocytes. ‘>’ denotes greater than 500 spots/2e4 cells. Experiments were 
performed twice.
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levels of HLA-I. Alternatively, it could also be explained by changes in the pHLA-I repertoire 
due to reshaping of the antigen processing machinery upon IFN-γ stimuli, such as the induc-
tion of the immunoproteasome, which can occur in vivo in an infl ammatory context. 

For patients Mel-1 and Mel-2, we also sorted PBL based on the expression of specifi c sur-
face markers as explained in section 1.1.2 (Figure 17). Indeed, co-culture experiments with the 
autologous TCL showed that specifi c circulating T-cell subsets also recognized the autologous 
tumor (Figure 19). More specifi cally, the population of circulating CD8+ T cells expressing 
high or intermediate levels of PD-1 from Mel-1 patient were enriched in tumor recognition, 
as previously described (Gros et al., 2016). The expression of CD39 also identifi ed circulating 
tumor-reactive T cells as shown by IFN-γ ELISPOT, but PDhi alone or the combination of both 
markers (PD-1hi/ dim and CD39+) substantially increased the frequency of tumor-reactive T cells 
in Mel-1, as shown by 4-1BB upregulation. In total, 6 of the 12 sorted PBL populations were 
capable of recognizing the autologous TCL (Figure 19). 

We studied T-cell responses against autologous TCL using the same strategy for all nine 
patients and detected tumor-reactive CD8+ TIL in all of them regardless of the tumor type. 
For Mel-2, circulating tumor-reactive T cells could also be detected (Table 4). Altogether, these 
results indicate that tumor-reactive T cells are frequently detected in cancer patients, not only 
at the tumor site, but also circulating in peripheral blood. 

Figure 19. Tumor reactivity of Mel-1 ex vivo expanded PBL populations sorted based on PD-1 and/or CD39 
expression. TCL recognition was evaluated by co-culturing the diff erent sorted and expanded populations (de-
scribed in Figure 17) with the autologous TCL. After 20 h, T-cell activation was measured by IFN-γ ELISPOT (top) 
and by measuring 4-1BB upregulation (bo� om). OKT3 and media were used as positive and negative controls, 
respectively. In addition, the autologous TCL was treated with an HLA-I blocking antibody to evaluate whether 
TCL recognition was HLA-I -restricted.  ‘>’ denotes greater than 500 spots/2e4 cells
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1.2.2. Enrichment of tumor-reactive T cells
To enrich for infrequent tumor-reactive T-cell populations, we sorted CD8+ T cells ex-

pressing 4-1BB following TCL recognition by fl ow cytometry-based sorting and expanded 
them using a rapid expansion protocol (REP). Thereafter, the cells obtained generally exhibit-
ed increased recognition of the autologous TCL, as shown for TIL-5 and TIL-7 from Mel-3, as 
representative examples (Figure 20). In total, we successfully enriched tumor-reactive lympho-
cytes for 20 populations, as summarized in Table 4.

We used this strategy to prevent loss of tumor recognition that can sometimes occurs 
after long-term culture of T cells. This is particularly useful when cells are expanded through 
a rapid expansion protocol with non-specifi c stimulation since non-reactive T cells frequently 
expand more effi  ciently. Nonetheless, it is also important to mention that at the same time, the 
TCR diversity is reduced and although it is presumed that all the T cells recognizing the tumor 
are selected, we cannot exclude that some tumor-reactive clones are lost during this selection 
and expansion. 

Figure 20. Enrichment of tumor-reactive T cells through selection of 4-1BB+ T cells by fl ow cytometry. Tu-
mor-reactive CD8+ T cells detected at a low frequency within TIL-5 (top) and TIL-7 (bo� om) from Mel-3 were en-
riched by fl ow cytometry sorting based on 4-1BB expression after a 20 h co-culture with the autologous TCL (Aut. 
TCL) and expanded for 14 days through a REP. Plots show 4-1BB expression by CD3+CD8+ T cells immediately 
prior to cell sorting and 4-1BB expression after selection and expansion of the sorted T cells through a REP (right). 
Gates used for sorting are depicted in red. Media was used as a negative control of T-cell activation.
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 1.3. Personalized neoantigen screening using TMG and in silico prediction
Because we were able to fi nd T cells recognizing the autologous TCL, we next wanted 

to identify the specifi c antigens recognized by these T cells. We selected the fi rst three patients 
for which we established tumor cell lines and detected autologous tumor-reactive TIL (H&N-
1, H&N-2 and Mel-3) to perform a detailed characterization of the personalized tumor anti-
gens targeted by T cells. Since neoantigens have been described as frequent drivers of T-cell 
responses in cancer patients (Hanada et al., 2022; Kristensen et al., 2022; Parkhurst et al., 2019; 
Stevanović et al., 2017; Zacharakis et al., 2022), we fi rst investigated whether neoantigens de-
rived from NSM could be recognized.  

1.3.1. Generation of TMG and selection of candidate neoantigens by in 
silico prediction  
We fi rst used WES information from TCL and matched normal DNA to identify tu-

mor-specifi c NSM in H&N-1, H&N-2, and Mel-3 patients.  While patient H&N-1 exhibited a 
high number of mutations (n=2484 NSM), patients H&N-2 and Mel-3 carried a moderate mu-
tational load (n=266 and 283, respectively) (Figure 21A). We also evaluated in silico the number 
of potential neoantigens using the NetMHCPan4.0, one of the publicly available algorithms 
which can be used to predict the minimal mutated epitopes presented on the patient’s HLA-I 
molecules (Figure 21B). As a result, the number of candidate neoantigens increased from ap-
proximately 300 to about 1.200 candidates for the patients with a moderate mutational load, 
whereas it exceeded 16.000 candidates for H&N-1 the prediction exceeded 16.000 candidates.  

In order to screen for neoantigen recognition, we designed and generated 12 TMG con-
taining all or a fraction of the NSM identifi ed by WES for each patient to interrogate the tu-
mor-specifi c mutations (Figure 16.3A). Each TMG was constructed by concatenating up to 24 
minigenes, each encoding the mutated amino acid fl anked by 12 amino acids of the wild-type 

Figure 21. Tumor-specifi c NSM identifi ed by WES and candidate neoantigens according to in silico prediction 
in patients H&N-1, H&N-2 and Mel-3.(A) Number of tumor-specifi c NSM identifi ed by WES from the TCL for 
each patient. The NSM potentially giving rise to a mutated epitope and selected for TMG design and construc-
tion are depicted in dark grey and the ones not included are shown in white. NSM that do not generate mutated 
epitopes (nonsense mutations) are depicted in light grey. The number of NSM included in the TMG, and the total 
number NSM are indicated for each patient. (B) Minimal mutated epitopes from 8 to 12 Aa predicted to bind to 
the patient’s HLA-I molecules according to NetMHCPan4.0. Y-axis shows the minimal percentile rank (%tile 
rank) for each peptide. Peptides were considered binders if %tile rank≤2. Each dot represents one peptide and the 
total number of predicted binders, per patient, is noted. The top 20 best binders for each patient, highlighted in 
turquoise, were selected and synthesized to test their immunogenicity and were included in a minimal epitope 
pool (MEP).
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protein on each side. For patients H&N-2 and Mel-3 all missense mutations were included. In 
contrast, due to the exceptionally high number of NSM in patient H&N-1, we were forced to 
limit the candidates to 260 by selecting the mutations with a be� er binding prediction to the 
patient’s HLA-I (Figure 21A). 

The TMG constructed were used as templates to generate in vitro transcribed RNA, 
which were then electroporated into autologous APC. By expressing the minigenes encoding 
for all or a large fraction of NSM, we enable the APC to express, process and present the neo-
antigens in HLA-I and, potentially, HLA-II. The main advantage of the TMG strategy is that it 
bypasses in silico prediction, which can frequently miss immunogenic candidates. To further 
test this, we also selected and synthesized the top 20 predicted mutated minimal epitopes for 
each patient (Figures 16.3B, and 21B).

1.3.2. T-cell responses to neoantigens were detected for H&N-1, H&N-2 
and Mel-3
Next, we tested whether the selected candidate neoantigens could elicit T-cell responses 

by co-culturing TIL with autologous APC either electroporated with RNA encoding the TMG 
or pulsed with the predicted mutated epitopes included in one pool (minimal epitope pool or 
MEP). After 20 h, T-cell activation was measured by IFN-γ release and 4-1BB upregulation on 
CD8+ T cells (the la� er is not shown). 

For patient Mel-3, we detected reactivity against TMG1 and the MEP in TIL-2, TIL-3, 
TIL-5, and TIL-7, as shown by IFN-γ ELISPOT (Figure 22). To determine the specifi c mutation 
recognized, long peptides encoding the individual mutations contained in TMG1 (Figure 23A) 
or the minimal epitopes contained in the MEP (Figure 23B) were independently tested.  Inter-
estingly, TIL-3 and TIL5 both recognized the same NSM derived from ETV1p.E455K which was 
contained in both TMG1 (p9) and the MEP (p13). Moreover, TIL7 recognized GEMIN5p.S1360L, 

Figure 22. TIL derived from Mel-3 react to neoantigens encoded by TMG1 and contained in the minimal epi-
tope pool. Recognition of neoantigens was evaluated by co-incubating 2e4 lymphocytes with 4e5 autologous APC 
electroporated with TMG1-12 RNA encoding for all the NSM identifi ed by WES, or 2e5 APC pulsed with 1 μg/
mL of the minimal epitope pool (MEP) containing the top 20 best predicted binders. Y-axis shows the number of 
IFN-γ spots per well measured by ELISPOT for each TIL co-cultured independently with the targets specifi ed. 
Autologous ex vivo cultured B cells were used as APC. T cells cultured with media or B cells pulsed with an irrel-
evant peptide were used as negative controls. OKT3 and autologous TCL stimulated T cells were used as positive 
controls. 
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which was also present in both TMG1 (p5) and the MEP (p14) (Figure 23). Hence, for patient 
Mel-3, both strategies led to the detection of the same neoantigens, as the minimal mutated 
epitopes recognized by tumor-reactive TIL were included in the top 20 best HLA-I binders 
according to in silico prediction.

Figure 23. Mel-3 TIL recognize ETV1p.E455K and GEMIN5p.S1360L neoantigens identifi ed by tumor WES. To deter-
mine the specifi c mutation recognized, (A) long peptides (LP) encoding the individual NSM contained in TMG1 
or (B) the minimal epitopes contained in the MEP were independently pulsed onto autologous APC at 5 μg/mL 
O/N or 1 μg/mL for 2 h, respectively. APC were then washed and co-cultured with REPed TIL-3, TIL-5, and TIL-7. 
After 20 h the reactivity was measured by IFN-γ ELISPOT assay or upregulation of 4-1BB by fl ow cytometry as 
indicated in the x-axis. The specifi c mutated protein, Aa change, and sequence of the reactive peptides are noted 
on the right. The mutated Aa is highlighted in red and bold and the recognized minimal epitope is depicted in 
grey. Autologous B cells either electroporated or pulsed with an irrelevant TMG or peptide were used as negative 
controls.
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To further confi rm and be� er characterize T-cell responses detected at a low frequency, 
neoantigen-specifi c T cells were enriched by fl ow cytometry based-sorting (Figure 24A, left) 
and expanded using a REP (Figure 24A, right). As shown by peptide titration experiments, 
the diff erent neoantigen-specifi c T-cell populations exhibited variable functional avidity to 
the specifi c neoantigen recognized, but were capable of recognizing down to 0.1 ng/mL of 
peptide (approximately equivalent to 0.1 nM). In addition, they also displayed diff erent levels 
of recognition of the wild-type (wt) counterparts (Figure 24B). ETV1p.E455K-specifi c T cells were 
markedly mutation-specifi c, while GEMIN5p.S1360L-specifi c T cells also recognized the wt pep-
tide to some extent. Nonetheless, considerably lower concentrations of the mutated minimal 
epitope were required to activate T cells compared to the wt counterpart (Figure 24B). More-
over, the recognition of ETV1p.E455K and GEMIN5p.S1360L by T cells was restricted to HLA-B*35:01 
and HLA-A*11:01, respectively (Figure 24C). Importantly, co-culture experiments showed that 
the enriched populations of neoantigen-specifi c T cells were able to recognize the autologous 
TCL, ultimately demonstrating that these peptides are genuine tumor antigens (Figure 24A).  

Figure 24. Enrichment and characterization of Mel-3 ETV1p.E455K and GEMIN5p.S1360L specifi c T cells. (A) T cell 
populations containing a limited frequency of reactivity to the mutated HLA-I peptides indicated were enriched 
by fl ow cytometry-based sorting of CD8+4-1BB+ T cells after co-culture with B cells pulsed with the peptides 
followed by ex vivo expansion for 14 days. Plots show the reactivity of the T cell populations to the peptides 
specifi ed or to the autologous (Aut.) TCL by measuring 4-1BB expression on CD3+CD8+ T cells immediately prior 
to cell sorting (left) and after selection and expansion of the sorted T cells (right). Gates used for cell sorting are 
depicted in red. Media or an irrelevant peptide were used as negative controls of T-cell activation. (B) B cells 
were pulsed with serial dilutions of the wild-type (Wt) or mutant (Mut) ETV1p.E455K and GEMIN5p.S1360L peptides 
and co-cultured with the corresponding neoantigen-enriched T-cell population. T-cell reactivity was evaluated 
by measuring upregulation of 4-1BB expression after 20 h. (C) COS7 cells were co-transfected with the indicated 
individual HLA-I alleles and pulsed with the corresponding peptides to determine the restriction element. After 
20 h of co-culture with neoantigen-enriched T cells, T cell activation was measured by IFN-γ ELISPOT (left axis) 
and upregulation of 4-1BB by fl ow cytometry (right axis). 
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The same strategy was used for patients H&N-1 and H&N-2, leading to the detection of 
2 neoantigens recognized by TIL in H&N-1 and 2 neoantigens in H&N-2, as summarized in 
Table 5 . However, as opposed to Mel-3, in these two patients, the top 20 neoantigens selected 
through in silico prediction did not include the neoantigens identifi ed using the TMG screen-
ing strategy nor any other immunogenic NSM.  

In summary, we identifi ed neoantigens recognized by pre-existing tumor-reactive T 
cells in all three patients studied. However, while the personalized high-throughput neoanti-
gen screen with TMG, including a larger list of candidate neoantigens, enabled the detection of 
immunogenic mutations in all of them, in silico prediction only detected neoantigens in patient 
Mel-3, but failed for H&N-1 and H&N-2. 

1.4. Identification of tumor antigens through HLA-I immunopeptidomics
To further investigate the specifi c antigens recognized by tumor-reactive T cells in the 

same three patients (H&N-1, H&N-2, and Mel-3) we sought to explore in greater detail the 
peptides presented by the HLA-I molecules on tumor cells through immunopeptidomics. In 
addition to neoantigens, we investigated whether other types of antigens such as cancer-germ-
line antigens and melanoma-associated antigens were presented and recognized by tumor-re-
active T cells. 

1.4.1. Elution of peptides from HLA-I molecules
To identify candidate tumor antigens naturally presented on tumor cells, the peptides 

bound to HLA-I molecules (HLA-I ligands) were eluted and the amino-acid sequences were 
identifi ed by LC-MS/MS.

Briefl y, the TCL were fi rst expanded up to high numbers depending on the expression 
of HLA-I (Figure 25A), harvested, and lysed. Next, the pHLA-I complexes were isolated by 
affi  nity chromatography, and the peptides were further purifi ed and analyzed by LC/MS-MS. 
Thereafter, the amino acid sequences corresponding to each acquired mass-spectrum (MS) 
were inferred by database search. Importantly, to enable the identifi cation of patient-specifi c 
neoantigens, we generated personalized databases including both the reference proteome and 
the NSM identifi ed by WES (Figure 16.3C).
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Using this strategy, we identifi ed from 4.000 to 6.000 unique peptide sequences for each 
TCL analyzed (Figure 25B). These peptides, displayed typical features of HLA-I ligands, as 
shown by the peptide length distribution (mainly 8-12 Aa, Figure 25C) and the great percent-
age of peptides predicted to bind to patient-specifi c HLA-I molecules (Figure 25D). 

In addition, we carried out an unbiased clustering analysis of the peptides identifi ed 
for each patient using GibsCluster2.0. This program aligns the peptides of interest and cre-
ates groups based on amino acid usage without any additional information other than the Aa 
sequence. We found that these peptides clustered in groups containing sequence motifs con-
sistent with the conserved amino acids at anchor positions (p2 and p9). Of note, those groups 
displayed a remarkable resemblance to the consensus motifs of the patient’s HLA alleles de-
fi ned by NetMHCPan4.0. (Figure 26).

Altogether these analyses suggested that most identifi ed sequences corresponded to 
peptides eluted from HLA-I rather than derived from contaminants or due to misidentifi ca-
tions.

Figure 25. Peptides eluted from patient-derived TCL display typical HLA-I peptide features. (A) HLA-I expres-
sion by the TCL derived from the patients measured by fl ow cytometry using a PanHLA-I reactive antibody. Un-
stained cells were used as negative controls. Only H&N-1 TCL unstained control is shown, but all TCL exhibited 
similar autofl uorescence. (B) Number of unique peptides eluted from HLA-I and identifi ed by database search for 
each patient at 5% FDR using ProteinScape3. Only unique peptide sequences were considered. (C) Peptide length 
distribution of the total unique HLA-I peptide sequences identifi ed for each patient. (D) Percentage of peptides 
predicted to bind to corresponding patient HLA-I molecules according to NetMHCPan4.0. Peptides are classifi ed 
as strong binders (SB, %tile rank <0.5), weak binders (WB, %tile rank 0.5-2) and non-binders (NB, %tile rank >2). 
For each peptide, the minimal predicted %tile rank across all the patient’s HLA molecules was considered. 
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Figure 26. HLA-I binding preference and sequence motifs of the peptides eluted from HLA-I of patient-de-
rived TCL. (A) HLA-I allele binding preference distribution of peptides for each patient-derived TCL studied. 
Only the minimal rank according to NetMHCpan4.0 for each peptide was considered. (B) Comparison of HLA-I 
binding motif for the patients’ HLA-I alleles defi ned by NetMHCPan4.0 (top) with the motifs generated by unbi-
ased grouping of peptides generated by GibsCluster2.0 (bo� om). Only unique HLA-I peptides 9-mers identifi ed 
for each TCL were selected for the analysis. The optimal solution according to GibsCluster2.0 analyzed by default 
se� ings is depicted. The number of sequences (n=) per group is indicated. 
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1.4.2. Candidate tumor antigens presented on HLA-I
Since all the proteins expressed in a cell can potentially be presented on HLA-I, we in-

vestigated whether tumor-specifi c peptides could be detected among the repertoire of eluted 

HLA-I ligands. As expected, we found that the vast majority of the HLA-I ligands were 
derived from normal proteins (Figure 27A). In contrast, only 0.4% could be a� ributed to con-
ventional antigens, including peptides derived from tumor-specifi c mutations and cancer-ger-
mline antigens. For patient Mel-3, we also considered some well-defi ned melanoma-associ-
ated antigens derived from tissue diff erentiation proteins known to frequently contribute to 
tumor immunogenicity in melanoma (Coulie et al., 2014), and found peptides derived from 
some of them (Figure 27A).

Figure 27. Candidate tumor antigens identifi ed through pHLA-I immunopeptidomics.   (A) Pie charts depict 
the percentage of peptides derived from normal self-proteins or derived from conventional tumor antigens (left), 
and the percentage of each of the tumor antigen categories (right). (B) HLA-I peptides derived from NSM. The 
specifi c mutated protein and Aa change and the peptide sequence are noted on the left and right, respectively. 
The mutated Aa is highlighted in red bold le� ers. Immunogenic mutated peptides identifi ed in the previous sec-
tion are marked with an *. (C) HLA-I binding prediction rank of HLA-I peptides eluted from TCL. HLA binding 
of all unique peptide sequences to the patient’s HLA molecules was predicted using NetMHCPan4.0. Each dot 
represents a unique peptide. For each peptide, only the minimal percentile rank across all the patient-specifi c 
HLA alleles was considered and plo� ed accordingly.  The HLA-I alleles are specifi ed in black.  Peptides derived 
from non-mutated and mutated peptides are shown in grey and turquoise, respectively. For mutated peptides, 
the mutated protein and Aa change is specifi ed. D) Heat map displaying the number of HLA-I peptides derived 
from specifi c cancer-germline antigens per patient or E) derived from melanoma-associated antigens in Mel-3.
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More specifi cally, we identifi ed a total of 8 mutated HLA-I ligands in patients H&N-
1 and Mel-3 (Figure 27B). Of note, in addition to the three bona fi de neoantigens previously 
shown to be immunogenic as described in section 1.3.2 (GEMIN5p.S1360L, ETV1p.E455K and RPL14p.

H20Y), fi ve new candidat e neoantigens were detected. This was particularly relevant for patient 
H&N-1, because not all the mutations were interrogated through the TMG approach due to 
the high number of NSM. In fact, the mutations EPS8L3p.R466W and SLC12A1p.M106V were not 
included in any of the TMG constructed for H&N-1, since they did not rank within the top 
260  binders. However, the identifi ed HLA-I ligands containing these two mutations were still 
predicted to bind to the patient’s HLA as strong or weak binders, respectively (Figure 27C). 
It is also important to mention that not all the neoantigens identifi ed for patients H&N-1 and 
H&N-2 through TMG strategy (Table 5) were detected by HLA-I immunopeptidomics.

An additional advantage of immunopeptidomics is that identifi es the specifi c sequence 
and length of the HLA-I ligands potentially recognized by T cells, referred to as minimal epi-
topes. As opposed to TMG and LP, minimal epitopes are short peptides that do not require 
processing. At high concentrations, they directly bind to HLA-I by displacing the ligands pre-
sented. Consequently, the activation of antigen-specifi c T cells is typically stronger and their 
detection is more effi  cient. Therefore, although CD74p.E164K and SLC12A1p.M106V were previously 
interrogated through TMG screen in Mel-3 (section 1.3.2), testing these neoantigen candidates 
in minimal epitope format was still of interest. (Figure 27C). 

Furthermore, we detected HLA-I ligands derived from cancer-germline antigens de-
scribed in the CTdatabase (Almeida et al., 2009) in all three patients, as shown in Figure 27D. 
Finally, we also identifi ed peptides derived from the melanoma-associated antigens MLANA, 
PMEL, and TYR in Mel-3 (Figure 27E). 

In summary, HLA-I immunopeptidomics of patient-derived TCL led to the detection 
of a total of 66 tumor antigen candidates naturally presented on HLA-I. These included both 
new and previously identifi ed candidate neoantigens, as well as candidates derived from can-
cer-germline or melanoma-associated antigens. 

1.4.3. Immunogenicity of tumor antigen candidates identified by HLA-I im-
munopeptidomics  
To determine whether the tumor antigen candidates identifi ed through HLA-I immu-

nopeptidomics were actually able to elicit a T-cell response, the peptides (n=66) were synthe-
sized and pulsed onto autologous APC and co-incubated with tumor-reactive TIL popula-
tions.  When several peptides derived from the same antigen were identifi ed, they were pooled 
together (peptide pool, PP). T-cell activation was evaluated 20 h later by IFN-γ release and 
4-1BB upregulation, as above. 

For patient Mel-3, in addition to the previously identifi ed neoantigens GEMIN5p.S1360L 
and ETV1p.E455K recognized by TIL-2, TIL-3, TIL-5, and TIL-7, we detected T-cell responses to 
the PMEL peptide pool (PP; TIL-3, TIL-7, and TIL10) as well as a peptide derived from MLA-
NA (TIL-7) (Figure 28A). In fact, T-cell reactivity to PMEL was clearly dominant in TIL-3, since 
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80% of the T cells expressed 4-1BB upon antigen recognition. In contrast, the frequency of T 
cells reactive to   ETV1p.E455K was far lower (<1%) (Figure 28A, bo� om). However, no reactivity 
was detected to any of the cancer germline antigens tested. 

We also further investigated the specifi c peptide contained in the PMEL PP recognized 
by TIL-3 and TIL-10 and observed that both TIL targeted the same epitope (GTATLRLVK) 
(Figure 28B).

We tested the candidate tumor antigens identifi ed through HLA-I immunopeptidomics 
using the same strategy in H&N-1 and H&N-2. Unfortunately, whereas in patient Mel-3 this 
technique enabled the identifi cation of the neoantigens previously detected, but also two new-
ly identifi ed immunogenic melanoma-associated antigens, no additional tumor antigens were 
detected for patients H&N-1 and H&N-2 (Table 6), as compared to those detected using the 
TMG and minimal epitopes (Table 5).

Figure 28. Mel-3 TIL recognize 2 neoantigens and 2 melanoma-associated antigens identifi ed through HLA-I 
immunopeptidomics. (A) Recognition of tumor antigen candidates was evaluated by co-incubating 2e4 lympho-
cytes with 2e5 autologous APC pulsed with 1 μg/mL of synthetic peptides individually or pooled according to the 
protein of origin (PP).  The number of IFN-γ spots per well measured by ELISPOT assay for each TIL co-cultured 
with the targets specifi ed (top) and the percentage of CD8+ cells expressing 4-1BB measured by fl ow cytometry 
(bo� om) are shown. B cells were used as APC. Media and B cells pulsed with an irrelevant peptide were used as 
negative controls. OKT3 and autologous TCL were used as positive controls. (B) Individual peptides from PMEL 
PP were individually pulsed onto autologous APC at 1 μg/mL for 2 h, washed, and co-cultured with REPed TIL-3 
and TIL-10. After 20 h the reactivity was measured by IFN-γ ELISPOT assay. > denotes greater than 500 spots/
well.
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1.5. The specific antigen recognized by tumor-reactive T cells could not be 
determined despite extensive screening

Collectively these results indicate that tumor-reactive CD8+ lymphocytes can frequently 
be detected in cancer patients. Although the level of recognition varied widely among TIL 
derived from diff erent fragments, we detected from 5 to 11 TIL capable of recognizing the au-
tologous TCL in each of the three patients studied (Figure 29 bo� om). Moreover, we detected 
CD8+ T cells targeting neoantigens in all of them (two neoantigens in each patient). In addition, 
T-cell responses to two peptides derived from melanoma-associated antigens were also detect-
ed in patient Mel-3 (Figure 29 top). 

However, it should be noted that the frequency of activated cells upon recognition of 
specifi c antigens tested was remarkably low as compared to the level of activation induced 
by the autologous TCL, with few exceptions. This observation suggested that these tumor-re-
active T cells might be in fact recognizing additional tumor antigens. Likewise, we could not 
detect any specifi c target for many tumor-reactive TIL.

Figure 29. The specifi c antigens targeted by the vast majority of tumor-reactive T cells are still unknown. The 
percentage of tumor reactivity displayed by each tumor-reactive T-cell population and patient based on 4-1BB ex-
pression is depicted (bo� om). The percentages of tumor reactivity explained by recognition of the tumor antigens 
identifi ed are represented in diff erent colors or grey when the target was not identifi ed (top). The explained reac-
tivity was calculated as a percentage taking into account the frequency of CD8+ lymphocytes expressing 4-1BB af-
ter co-culture with the TCL and the percentage of CD8+ T cells expressing 4-1BB upon specifi c antigen recognition.  
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Altogether, these results indicated that despite extensive screening using multiple ex-
perimental approaches, the specifi c antigen recognized by tumor-reactive T cells could not be 
determined.
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2. Iden� fi ca� on of non-canonical  tumor an� gens through 
proteogenomics

 The antigens investigated in part 1 all derive from the annotated reference proteome 
encoded by the exome, including mutated as well as non-mutated proteins, referred to as con-
ventional or canonical tumor antigens. 

The exome constitutes only the ~2% of the entire genome and it has been commonly 
accepted as the protein-coding part of the genome, but almost 75% of the genome is actually 
transcribed and, potentially, translated (Djebali et al., 2012). Indeed, a growing number of 
studies have demonstrated that peptides derived from nonC ORF or from allegedly non-cod-
ing regions are presented on HLA-I  (Erhard et al., 2020; Laumont et al., 2016; Ruiz Cuevas et 
al., 2021; Scull et al., 2021). A fraction of such considered aberrant translation events have been 
postulated to specifi cally occur in tumor cells, thus substantially expanding the repertoire of 
targetable tumor antigens (Laumont et al., 2018; Ouspenskaia et al., 2022; Zhao et al., 2020). In 
fact, spontaneous T-cell responses against peptides derived from nonC proteins have been oc-
casionally identifi ed by screening T cells using tumor cDNA antigen libraries (summarized in 
Garcia-Garijo et al., 2019).  However, the systematic identifi cation of truly tumor-specifi c nonC 
antigens in humans remains challenging. Most of the studies reported so far rely on the direct 
identifi cation of HLA-I ligands through immunopeptidomics, but only a few have examined 
their contribution to tumor immunogenicity (Chong et al., 2020).

Figure 30. Experimental strategy to identify and determine the immunogenicity of non-canonical tumor an-
tigens. HLA-I ligands derived from nonC proteins were identifi ed through HLA-I immunopeptidomics of TCL 
through conventional procedures.  The Aa sequence of each mass spectrum was fi rst identifi ed by de novo se-
quencing and later aligned to a database containing the 3-frame transcriptome and 6-frame genome. The nonC 
peptides preferentially presented on tumor cells (top) were further selected for immunological testing based on 
tumor specifi city using data from the HLA ligand Atlas. To detect pre-existing T-cell responses in cancer patients, 
either TIL or sorted PBL were screened for peptide recognition (middle). To stimulate T-cell responses de novo, do-
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Given the potential of nonC HLA-I ligands as a new source of tumor antigens, in this 
section, we explored their presentation and immunogenicity to address whether they could 
explain, at least a fraction of the T-cell reactivity observed against the autologous TCL, and 
also whether they could be exploited therapeutically. To this end, we used a recently described 
proteogenomics pipeline (Erhard et al., 2020) to identify nonC HLA-I ligands derived from the 
off -frame translation of coding sequences and non-coding regions (UTR, ncRNA, intronic, and 
intergenic) presented by our patient-derived TCL. This pipeline was further modifi ed to select 
the tumor-specifi c candidates by exploiting immunopeptidome data from healthy tissues. We 
aimed to be� er understand their natural or induced immunogenicity by testing for pre-exist-
ing or in vitro sensitized T-cell responses to non-canonical tumor HLA-I ligands (Figure 30).

2.1. Identification of non-canonical HLA-I ligands in patient-derived TCL  
We fi rst determined whether we could detect HLA-I ligands originated from nonC pro-

teins in the 9 patient-derived TCL that were recognized by autologous T cells, as described in 
section 1.2. This included 4 Gyn, 3 Mel, and 2 H&N cancer patients. 

nor PBMC were serially stimulated with nonC-TL every 7 days (bo� om). T-cell recognition of the specifi c targets 
was assessed in both cases after a 20 h co-culture by IFN-γ ELISPOT and by measuring the upregulation of 4-1BB 
by fl ow cytometry (right panel). Image created with BioRender.com.

Figure 31. Identifi cation of canonical and nonC HLA-I ligands presented by TCL using Peptide-PRISM. The 
Top 10 candidates for each mass spectrum were fi rst identifi ed by de novo sequencing and later aligned to a data-
base containing the 3-frame transcriptome, and 6-frame genome including the mutations identifi ed by WES. The 
FDR was calculated by each category in a stratifi ed mixture model (left panel). All canonical peptides containing 
mutations and peptides derived from cancer-germline or tumor-associated antigens were selected for immuno-
logical screening. For nonC HLA-I ligands, an immunopeptidomics healthy dataset containing several tissues 
and HLA-I allotypes obtained from the HLA ligand atlas was used to eliminate those derived from normal ORF 
and to select for nonC tumor ligands preferentially found in tumor (nonC-TL) (right panel). Image created with 
BioRender.com.
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2.1.1. NonC-TL are frequently identified in patient-derived TCL and display 
features similar to peptides derived from canonical proteins
First, peptides bound to HLA-I were isolated and analyzed by LC-MS/MS using state-

of-the-art procedures, as described in section 1.4.1. Next, to identify peptides derived from 
nonC proteins, the amino acid sequences were inferred through Peptide-PRISM  (Erhard et 
al., 2020)  developed by our collaborator Andreas Schlosser from the University of Würzburg 
(Figure 31). Briefl y, for each MS spectrum, the top 10 candidates were fi rst identifi ed by de novo
sequencing and later mapped to a database including the human 3-frame transcriptome, as 
well as the 6-frame genome. Additionally, WES information from each TCL was included to 
interrogate personalized mutations. The FDR was calculated independently from each catego-
ry considering the search space and peptide length in a stratifi ed mixture model as previously 
described (Erhard et al., 2020). 

Following this strategy and selecting a stringent 1% FDR, we identifi ed both C, but also 
nonC HLA-I ligands in all studied patients, which ranged from 0.5% to 5.4% of the total eluted 
peptides (Figures 31 left, and 32A). 

Figure 32. NonC-TL are frequently presented on patient-derived TCL and display features similar to HLA-I 
ligands derived from canonical proteins. (A) Number of canonical and non-canonical HLA-I peptides identifi ed 
in each TCL. (B) Number of nonC ligands derived from ORF predicted to be present or absent from healthy tissue 
using a healthy tissue immunopeptidome data set (nonC-H and nonC-TL, respectively).   (C) ALC identifi cation 
score boxplot. Data from all patients was pooled together. (D) Predicted hydrophobicity index (y axis) and re-
tention time (x axis). Each dot represents one unique HLA-I ligand sequence. Data from patients acquired in the 
same conditions (130min gradient run) is depicted. (E) Length distribution of unique HLA-I peptide sequences. 
Only peptides <20 Aa are depicted. (F) Percentage of peptides predicted to bind to the corresponding patient HLA 
alleles according to NetMHCPan4.0. Peptides were categorized into strong binders (SB; %-tile rank<=0.5), weak 
binders (WB; %-tile rank 0.5-2) or non-binders (NB; %-tile rank >2). Data from all patients was pooled together for 
B, C, D, E, F. Only unique peptide sequences were considered. In all the analyses shown, the FDR threshold was 
set at 0.01 and ALC score at 30.
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In order to select nonC HLA-I ligands preferentially presented in tumor cells, we used 
immunopeptidomics data from several healthy tissues and samples available from the HLA  
ligand atlas (Marcu et al., 2021) to fi lter out peptides described to be presented in non-malig-
nant tissues. To overcome a potential bias toward frequent alleles, the peptides were excluded 
at the ORF level rather than the amino acid sequence (Figure 2 right). For example, peptides 
were excluded if they derived from an ORF that was predicted to be translated based on the 
healthy ligandome dataset. Hence, we believe that although the alleles less frequently found in 
the population would probably be underrepresented in the immunopeptidomics dataset em-
ployed for fi ltering, the use of nonC ORF instead of the nonC HLA-I ligand sequences might 
reduce said bias.  As a result, we found that from the total 823 unique nonC peptides detected 
in our tumor samples, 38.5% were derived from ORF also present in healthy tissue (nonC-H). 
Hence, 61.5% of the nonC HLA-I ligands were considered preferentially presented in tumors, 
from now on referred to as nonC HLA-I tumor ligands (nonC-TL) (Figure 32B). 

Moreover, nonC-TL displayed characteristics similar to peptides derived from canonical 
proteins such as the MS identifi cation score (ALC) or the correlation between the retention 
time and hydrophobicity index (Figures 32C-D). Additionally, nonC-TL displayed the typical 
HLA-I ligand features, as shown by the length distribution and the high percentage of pep-
tides predicted to bind to the patient HLA-I molecules according to NetMHCPan4.0 (Figure 
32E-F). Together, these analyses indicate that our approach accurately identifi es the HLA-I 
ligand repertoire and showed that nonC-TL are frequently detected in patient-derived TCL.

2.1.2. NonC-TL are mainly derived from  5’UTR regions and preferentially 
bind to HLA-A*11:01 and A*03:01
Next, we evaluated the genomic origin of the identifi ed nonC-TL. Consistent with previ-

ous studies (Erhard et al., 2020; Ouspenskaia et al., 2022; Ruiz Cuevas et al., 2021) , we found 
that translation of 5’UTR was the main source of nonC-TL, followed by off -frame and non-cod-
ing RNA (ncRNA) (Figure 33A). Peptides derived from 3’UTR, intronic and intergenic regions 
were less frequently detected. In addition, one nonC peptide derived from a 5’UTR containing 
a mutation was detected in patient Gyn-3 (Figure 33A).   Importantly, the specifi c tumor type 
did not infl uence the frequency of nonC HLA-I ligands identifi ed, but rather the expression 
of HLA-A*11:01 and HLA-A*03:01 was a major determinant (Appendix Figure 1). We noticed 
a bias in the HLA-I binding preference distribution of nonC peptides toward these alleles ac-
cording to NetMHCPan4.0 (Figure 33B). Interestingly, both HLA alleles display a similar motif 
containing basic residues at p9 (Figure 33C), a unique feature among all the alleles studied 
(Appendix Figure 2). Indeed, the binding preference of nonC HLA-I ligands to HLA-A*11:01 
and/or HLA-A*03:01 alleles has been previously reported in other immunopeptidomics stud-
ies(Erhard et al., 2020; Laumont et al., 2016). However, the exact mechanism underpinning this 
bias is unknown.
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2.2. Distribution of candidate tumor antigens presented on HLA-I  
To examine whether nonC-TL could be therapeutically exploited as a new source of 

tumor antigens we fi rst compared them with clinically relevant tumor antigens, including 
peptides encoded in canonical coding regions either derived from mutations or derived from 
cancer-germline and tumor-associated antigens.

2.2.1. NonC-TL constitute an abundant source of candidate tumor antigens 
First, we evaluated the number of peptides presented on HLA-I from patient-derived 

TCL for each antigen category. While the number of HLA-I ligands detected from canonical 
tumor antigens ranged from 24 to 36 peptides, nonC-TL outnumbered the other categories, 
exceeding a total of 500 unique tumor antigen candidates (Figure 34A). This observation was 
consistent across each of the patients studied, with few exceptions (Figure 34B). More specif-
ically, a total of 33 peptides derived from mutations were detected in 6 out of 9 patients. De-
spite the number of eluted HLA-I ligands containing mutations was low compared to the total 
NSM identifi ed by WES, these results are in line with previous immunopeptidomics studies 
where few mutated peptides are typically detected (Bassani-Sternberg et al., 2016; Kalaora 
et al., 2016; Newey et al., 2019) (Figure 34B and 34C). Moreover, 36 peptides derived from 12 
cancer-germline antigens and 24 peptides derived from 5 melanoma-associated antigens were 
identifi ed in 8 out of 9 patients (Figure 34D). As mentioned above, nonC-TL originated mainly 
from 5’UTR and off -frame translation, while nonC-TL derived from intergenic and intronic 
regions were not or barely detected, and this was consistent in most TCL (Figure 34E).   

Figure 33. NonC-TL mainly derive from 5’UTR regions and are predicted to preferentially bind to HLA-A*11:01 
and HLA-A*03:01. A) Number of nonC-TL originated from each ORF category.  B) Allele binding preference of 
Can and nonC-TL peptides. For each peptide, only the min rank according to NetMHCpan4.0 was considered. 
C) Consensus binding motif of the two HLAs predicted to bind to the majority of the nonC peptides identifi ed. 
Image downloaded from NetMHCpan motif viewer. Data from all patients was pooled together for A, B. Only 
unique peptide sequences were considered. The FDR threshold was set at 0.01 and ALC score at 30.
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2.2.2. NonC-TL are shared across cancer patients 
One potential advantage of exploiting non-mutated antigens over private mutations as 

targetable tumor antigens is that they may be shared in diff erent patients, facilitating the de-
velopment of off -the-shelf vaccines or T-cell therapies. Similar to cancer-germline or melano-
ma-associated antigens, we observed that ~10% of nonC-TL were shared by at least 2 patients 
(Figure 35). Interestingly, nonC-TL included one and three peptide sequences identifi ed in 5 
and 4 patients, respectively, indicating that some can be widely shared. In contrast, all the mu-
tated peptides detected derived from private mutations, and thus, were exclusively identifi ed 
in a single patient. (Figure 35). 

Figure 34. Candidate tumor antigens presented on HLA-I of patient-derived TCL. (A) Total number of unique 
peptide sequences derived from tumor antigens (TA) by category. Data from all patients was pooled together. 
Only unique peptide sequences were considered. (B) The number and category of tumor antigens are displayed 
for each TCL. (C) The number of mutated peptides eluted from HLA-I (left) and the number of NSM identifi ed by 
WES (right) are displayed for each patient. (D) Heat map displaying the number of epitopes derived from specifi c 
cancer-germline or melanoma-associated antigens per patient. (E) Number of nonC-TL originated from each ORF 
category per patient. In all the analyses the FDR threshold was set at 0.01 and ALC score at 30.
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Altogether, this data highlights nonC-TL as promising targets for the development of 
therapeutic interventions since they constitute the most abundant source of candidate tumor 
antigens compared to peptides derived from mutations, cancer-germline, or melanoma-asso-
ciated antigens, and can be shared across patients.

2.3. Validation of tumor antigen candidates
Although the analysis performed in section 2.1.1 indicate that the HLA-I peptides detect-

ed through Peptide-PRISM were accurately identifi ed, we next wanted to verify the sequences 
of the candidates experimentally.  

In view of the extensive number of candidates to test (600 peptides) and the complexity 
of the method typically used to accurately validate peptide sequences by mass spectrometry 
(targeted MS using internal standards), we used this approach for a selected list of peptides.  
We additionally decided to interrogate the maximum number of candidates through the com-
parison of the MS/MS fragmentation mass spectra with those of synthetic peptides. 

2.3.1. Parallel reaction monitoring with internal standards 
To determine whether the peptide sequences detected through this approach were accu-

rately identifi ed, we synthesized heavy versions of 15 selected peptides isotopically labeled at  
one chosen amino acid. Next, these isotope-labeled peptides were spiked into the correspond-
ing pHLA-I sample (where they were previously identifi ed), and both heavy (isotope-labeled, 
spiked in) and light (endogenous) peptides were monitored through parallel reaction moni-
toring (PRM). Since both versions have the same chemical characteristics, they should display 
similar features, chromatographic retention time and MS/MS fragmentation pa� ern. But they 
can be distinguished by LC-MS/MS thanks to their diff erence in mass.

Figure 36 shows the LC-MS/MS extracted ion chromatogram signals for one peptide of 
three diff erent antigen categories (mutation, melanoma-associated, and nonC-TL) identifi ed in 
Mel-3, as an example of validation with PRM and internal standards. The upper panels corre-
spond to the endogenous peptides and the lower panels to the respective isotopically labeled 

Figure 35. NonC-TL can be shared across patients. Percentage of nonC-TL uniquely identifi ed in one patient or 
shared by tumor antigen category. Data from all patients was pooled together. Only unique peptide sequences 
were considered. The FDR threshold was set at 0.01 and ALC score at 30.
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standards spiked into the samples. Taking into account the remarkable similarity in retention 
time, co-elution, peak shape, and MS transition rank, all three peptides were considered val-
idated (Figure 36). Using this strategy we validated 14 out of the 15 HLA-I ligands tested. In 
addition to the examples shown in Figure 36, 6 out of the 7 mutations identifi ed in Mel-1 as 
well as 2 nonC-TL, 2 mutated peptides, and 1 melanoma-associated peptide in patient Mel-3 
were validated (not shown). 

2.3.2. Spectrum comparison with synthetic peptides
In order to increase the number of candidates evaluated, we explored an alternative 

method to validate the amino acid sequences in a more high-throughput manner. First, the 
candidate peptides were synthesized without labeling and shotgun LC-MS/MS data was ac-
quired for a pool of the peptides using conditions comparable to the previously analyzed sam-
ples (non-targeted). Next, we determined the similarity of the fragmentation pa� ern (MSMS 
mass spectrum) obtained from the synthetic peptides to those previously assigned to the en-
dogenous peptides identifi ed. To this end, we generated a library containing the MSMS spec-
tra of the synthetic peptides and computed the similarity to the MSMS spectra  identifi ed in 
the original sample by considering the library dot product (dotp) values provided by Skyline 
Software. This strategy enabled the comprehensive analysis of an extended list of candidates 
in an unbiased and automatized manner, without the need to manually review all mass spec-
tra pairs one by one (Figure 37).

Figure 37A depicts the endogenous (top) and synthetic (bo� om) mass spectrum of a 

Figure 36. Validation of selected HLA-I ligand tumor antigen candidates identifi ed in Mel-3 with isotope-la-
beled peptides. Isotope-labeled peptide versions for each selected HLA-I ligand sequence were spiked into the 
corresponding HLA-I peptide sample and both the heavy and the light peptides were monitored through parallel 
reaction monitoring. Representative co-elution profi les of transitions of endogenous (top) and isotope-labeled 
(bo� om) peptides using Skyline software are displayed for three HLA-I ligand tumor antigen candidates. Tumor 
antigen category, patient ID, and the amino acid sequence validated are specifi ed for each peptide. Isotope-la-
beled amino acids are marked with *.
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nonC-TL candidate and the corresponding relative intensities of each of the fragment ion sig-
nals integrated using Skyline (Figure 37B). As visually observed and also measured by dotp 
(0.94), both peptides displayed a very high similarity in the fragmentation pa� ern. A dotp 
close to 1, indicates that both MS are highly similar, suggesting that they probably derived 
from the same peptide sequence.

Figure 37. Validation of HLA-I ligand tumor antigen candidates with synthetic peptides. Spectrum validation of 
the experimentally eluted HLA-I ligand tumor antigen (TA) candidates was performed by computing the similar-
ity of the spectra acquired in the sample with that of the corresponding non-labeled synthetic peptide from the 
library. A spectral library was generated with synthetic peptides acquired in a pool using comparable LC-MS/MS 
shotgun conditions. The similarity of the MS/MS fragmentation pa� ern from the library compared to the sample 
was evaluated using Skyline Software considering library dot product (dotp) values of the integrated peak areas 
for the observed fragment ions. (A) Representative example of an MS/MS fragmentation pa� ern of a nonC-TL 
eluted from Mel-3 TCL HLA-I (experimental identifi cation, top) and its corresponding synthetic peptide (library, 
bo� om), PEAKS XPro visualization. (B) b/y ions generated from the library (synthetic) compared to fragments 
acquired in the sample (experimental identifi cation) with Skyline software. The similarity is measured according 
to dotp, which ranges from 0 to 1, being dotp=1 the closest match. Example of the same peptide represented on 
A.C) Overall acquisition data of tumor antigen (TA) candidates matched to synthetic peptides.  The analysis of the 
library dot product (dotp) shows the level of agreement of each identifi ed sequence (x-axis) to library 
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Using this approach we analyzed all the peptides matching the library and observed that 
most peptide sequences displayed a dotp close to 1 (Figures 37C and 37D), independently of 
the tumor antigen type, suggesting that the peptides were properly identifi ed. 

Unfortunately, although we a� empted to acquire all the TA candidates in the pool to 
evaluate the similarity of all of them, it was not possible for a small fraction (13.3%) since the 
synthetic peptides were not identifi ed by MS. Hence, these candidates could not be included in 
the library, and thus, were not interrogated through this method. Nonetheless, considering a 
stringent dotp of 0.85, we were able to validate the amino acid sequence of at least 70.8% of the 
tumor antigen candidates, indicating that most of them were accurately identifi ed, including 
tumor antigen candidates derived from canonical antigens (mutations, cancer-germline, and 
tumor-associated) but also nonC-TL.

2.4. Immunogenicity of nonC-TL in cancer pa tients
To evaluate the role of nonC-TL in cancer immune surveillance, we investigated the 

presence of pre-existing T-cell responses targeting candidate tumor antigens including all 
nonC-TL identifi ed. In parallel, we also tested the immunogenicity of canonical HLA-I ligands 
derived from mutated, cancer-germline and tumor-associated antigens detected through the 
same pipeline. To this end, the ex vivo expanded lymphocytes recognizing the autologous TCL 
identifi ed in section 1.2., were co-cultured with APC pulsed with the synthetic personalized 
candidate peptides. Again, T-cell reactivity was assessed by measuring IFN-γ release by ELIS-
POT and the upregulation of 4-1BB on CD8+ T cells by fl ow cytometry.  Given the larger num-
ber of nonC peptides tested, up to 35 peptides were pooled together (PP).

2.4.1. Mel-3 TIL recognize neoantigens and tumor-associated antigens, but 
not nonC-TL 
For patient Mel-3, the recognition of at least one candidate peptide was detected in 5 out 

of the 11 tumor-reactive TIL populations tested. More specifi cally, TIL recognized the same 
two bona fi de neoantigens (ETV1p.E455K and GEMIN5p.S1360L) and the two immunogenic peptides 
derived from melanoma-associated antigens (PMEL and MLANA) which had been previously 
identifi ed (section 1.3.3). However, no reactivity was detected against any of the 9 peptides 
derived from cancer-germline antigens nor any of the 215 nonC-TL candidates (Figure 38). 

   values (y-axis).  The threshold to consider a peptide validated was set at 0.85 dotp (dashed line). (D) 
Box and whisker plot for the dotp values for all the TA candidates identifi ed in the library for each category. (E) 
Percentage of candidates validated according to library dot product (dotp >=0.85), not validated (dotp <0.85) or 
not interrogated (synthetic not detected, and thus not included in library).
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2.4.2. Tumor-reactive T cells in cancer patients target neoantigens and tu-
mor-associated antigens rather than nonC-TL 
We applied the same strategy to identify pre-existing T-cell responses targeting candi-

date tumor antigens to all the patients included in the study (Figure 39). In total, the extensive 
screening of tumor-reactive T cells for recognition of 600 tumor antigen candidates led to the 
detection of 19 immunogenic peptides in the 9 cancer patients studied (Table 7, Figure 39). 

Figure 38. Pre-existing T-cell responses to candidate tumor antigens in Mel-3. Reactivity was evaluated by 
co-incubating 2e4 TIL with 2e5 autologous APC with 1 μg/mL of selected peptides either alone or in pools (PP). 
IFN-γ ELISPOT and 4-1BB upregulation by fl ow cytometry were used to measure T-cell responses after 20 h. 
The number of IFN-γ spots per well (top panel) and the percentage of cells expressing 4-1BB (bo� om panel) are 
shown. Mutated peptides are plo� ed in turquoise, cancer-germline in orange, melanoma-associated in purple, 
and nonC-TL in black. PP stands for peptide pool. Plo� ed cells were gated on live CD3⁺CD8⁺ lymphocytes. ‘>’ 
denotes greater than 500 spots/2e4 cells. B cells were used as APC. Experiments were performed twice.

Figure 39. Pre-existing T-cell responses to candidate tumor antigens in cancer patients. For each patient, reac-
tivity was evaluated by co-incubating 2e4 T cells (tumor-reactive TIL or PBL subsets), with 2e5 autologous APC 
pulsed with 1 μg/mL of selected peptides either alone or in pools (PP). IFN-γ ELISPOT and 4-1BB upregulation by 
FACS were used to measure T-cell responses after 20 h.  The percentage and the absolute number of recognized 
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In addition, we enriched the reactive lymphocyte populations by FACS sorting as ex-
plained in section 1.3.2 to confi rm the reactivity and characterize the antigen-specifi c  T cells 
in detail (Appendix Figure 3). All antigen-specifi c T cell populations isolated were capable of 
recognizing the autologous TCL where the ligand was originally identifi ed (Appendix Fig-
ure 4. Moreover, neoantigen-specifi c T cells displayed preferential recognition of the mutated 
peptide over the wild type counterpart (Appendix Figure 5). In addition, we experimentally 
identifi ed the restriction element for the majority of the antigen-specifi c T cells (Appendix 
Figure 4 and Table 7).

Of note, except for patient H&N-1, we detected at least one T-cell reactivity to neoanti-
gen in every patient whose mutations were detected thorugh immunopeptidomics and inter-
rogated. However, we previously detected reactivity in one out of the 5 mutations tested in 
H&N-1 (RPL14p.H20Y), indicating that, although this neoantigen was no longer recognized by 
the expanded TIL, this mutation was immunogenic. Overall, 12 out of the 33 mutated HLA-I 
ligands tested were immunogenic. Taking into account the additional immunogenic muta-
tion RPL14p.H20Y from H&N-I, this represents 39% of the total neoantigen candidates tested. 
Furthermore, three immunogenic peptides derived from cancer-germline antigens and three 
immunogenic peptides derived from melanoma-associated antigens were also recognized by 
naturally occurring T cells. In contrast, none of the 507 unique nonC-TL candidates investigat-

and non-recognized peptides within each category are shown per patient (bar plot) and for all the patients studied 
(pie chart). The number of tumor-reactive lymphocytes tested for each patient is shown on the bo� om. Either B 
cells or CD4+ lymphocytes were used as APC. Plo� ed cells were gated on live CD3⁺CD8⁺ lymphocytes. ‘>’ denotes 
greater than 500 spots/2e4 cells. Experiments were performed twice.
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ed were able to evoke a recall immune response in the patients studied (Figure 39).

Altogether, these results reveal that even though nonC-TL were frequently detected in 
TCL, only ligands derived from canonical tumor antigens were recognized by pre-existing 
tumor-reactive lymphocytes isolated from cancer patients.

2.5. Induction and characterization of T-cell responses to nonC-TL by in 
vitro sensitization

Although we did not detect recall T-cell responses targeting nonC-TL, we reasoned that 
they could still be immunogenic. If so, these would still represent a� ractive targets for vaccines 
or T-cell therapies. To address this question, we sought to fi rst enrich nonC-TL-specifi c T cells 
by in vitro sensitization (IVS) in a non-autologous se� ing and then isolate and clone the TCR 
into PBL to further characterize the targets (Figure 40).

2.5.1. Identification of three immunogenic nonC -TL through IVS
Out of the total 507 nonC-TL identifi ed in the TCL, we selected 168 peptides predicted 

to bind to HLA-A*11:01 according to NetMHCpan4.0, an allele expressed in 14% of the Cauca-
sian population. Next, PBMC obtained from an HLA-A*11:01 donor were pulsed with 5 pools, 
each containing up to 35 nonC-TL crude peptides, and cultured with a combination of cyto-
kines, as previously described (Y. Li et al., 2005). After 7 days, cells were re-stimulated with 
irradiated autologous PBMC pulsed with the same PP and cultured again for 1 week. 

After 3 rounds of stimulation, we detected T cells recognizing PP1, PP2, and PP3, as 
shown by 4-1BB upregulation (Figure 41A). Whereas PP1 and PP2 in vitro sensitized T cells 
(IVS-T cells) exclusively recognized the PP they were stimulated with, T cells sensitized with 
PP3 were reactive against both PP2 and PP3 (Figure 41A). Deconvolution experiments to de-
termine the specifi c peptide recognized within each peptide pool (Figure 41B) showed that 
this cross-reactivity was due to a shared sequence contained in PP2 (PP2 p35, 10mer) and 
PP3 (PP3p18, 11mer). By contrast, T cells sensitized with PP2 recognized a distinct peptide 

Figure 40. Experimental approach to identify and isolate T cells and TCR targeting nonC-TL through in vitro 
sensitization. Donor peripheral blood lymphocytes (PBL) were in vitro sensitized (IVS) via three consecutive 
rounds of stimulation with selected nonC-TL crude peptides predicted to bind to HLA-A*11:01. Reactive T cells 
were enriched through FACS sorting based on CD8⁺ 4-1BB⁺ expression after 20 h co-culture with autologous B 
cells pulsed with the specifi c peptides and expanded for 14 days (Ag-specifi c T cells). Following TCR sequencing, 
the top 1 alpha-beta pairs were cloned into a retroviral vector used to transduce PBL (PBL TCRtd). The construct-
ed TCR contained mouse constant regions, enabling the detection of the TCRtd lymhpocytes with antibodies 
specifi c to the mouse constant region (TCRtd⁺).  PBL TCRtd cells expressing CD8 and mTCRB were FACS sorted 
to obtain a pure CD8⁺ transduced populations (CD8⁺TCRtd⁺).   
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sequence from PP2 (PP2p22). Moreover, T cells sensitized with PP1 specifi cally recognized 3 
diff erent peptides contained in PP1 (PP1p19, PP1p33, and PP1p35) (Figure 41B).   

In order to characterize the T cells recognizing the 5 nonC-TL, we fi rst enriched the anti-
gen-specifi c T cells by FACS sorting (Figure 42A). Next, we determined the restriction element 
by co-culturing enriched T-cell populations with COS7 cells individually transduced with the 
donor alleles and pulsed with the corresponding peptides (Figure 42B). Of note, only two out 
of the 5 immunogenic nonC-TL were recognized in the expected allele HLA-A*11:01 (PP1p33 
and PP1p35), while two were recognized in HLA-A*68:01 (PP1p19 and PP1p18) and one in 
HLA-B*35:03 (PP2p22).  

Figure 41. Identifi cation of T cells targeting nonC-TL through in vitro sensitization. (A) Reactivity of IVS-T cells 
to the PP used for stimulation. PP1-5 stimulated T cells were co-cultured with autologous B cells pulsed with the 
PP and T-cell activation was evaluated by measuring the upregulation of 4-1BB on CD8+ T cells by FACS. (B) Spe-
cifi c nonC peptide recognized by IVS-T cells. IVS-T cells were co-cultured with B cells pulsed with the individual 
peptides contained in the corresponding reactive PP. Reactive peptides are highlighted in blue for PP1, orange for 
PP2, and green for PP3. The amino acid sequences of each reactive peptide are indicated.
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Figure 42. Isolation and characterization of T cells targeting nonC-TL. (A) Enrichment of nonC antigen-spe-
cifi c IVS-T cells. Reactive T cells (Figure 41) were enriched by fl ow cytometry-based sorting of 4-1BB+ cells and 
expanded for 14 days. FACS plots show the % of CD8+ cells expressing 4-1BB after co-culture with B cells pulsed 
with an irrelevant peptide (negative control) or the corresponding peptide before sorting (left) or after 4-1BB+

selection and expansion (right). (B) HLA restriction of immunogenic nonC antigens identifi ed. Restriction ele-
ment was evaluated by co-culturing enriched T-cell populations with COS7 cells transduced with the donor HLA 
alleles and pulsed with the corresponding peptides. (C) Reactivity of enriched populations to purifi ed HPLC 
peptides. Purifi ed HPLC peptides were synthesized and tested in parallel to crude versions to confi rm the spec-
ifi city of the enriched T-cell populations. (D) CD8 co-receptor activation-dependence of PBL transduced with 
antigen-specifi c TCR. FACS plots show the expression of 4-1BB by CD8 (gated on CD3⁺mTCR⁺) after 20 h co-cul-
ture with B cells pulsed with the corresponding peptides. OKT3 and B cells pulsed with an irrelevant peptide 
were used as positive and negative controls, respectively. (E) Functional avidity of sorted CD8⁺TCRtd+ cells.  Sort 
purifi ed TCR-transduced T cells (CD8+ TCRtd+) were co-cultured with B cells pulsed with serial dilutions of the 
corresponding peptide. The experiment was performed with technical duplicates, SD mean is plo� ed. PP1p19, 
PP1p33, PP1p35, PP2p22 and PP3p18-specifi c T cell populations are depicted in dark blue, light blue, blue, or-
ange, and green, respectively. 
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To further confi rm the specifi c recognition, the peptides were synthesized in HPLC 
grade to ensure a high quality and purity of the peptides tested (Figure 42C). Surprisingly, 
only 3 out of the initially 5 immunogenic nonC-TL could be confi rmed, indicating that T cells 
were in vitro sensitized against an unknown immunogenic sequence contaminant present in 
the crude preparation, but not against our peptides of interest. Two of the immunogenic nonC-
TL derived from 5’UTR regions of the canonical genes HOXC13 (5’U-HOXC13, PP1p35) and 
ZKSCAN1 (5’U-ZKSCAN1, PP3p18), and one derived from a non-coding spliced variant of 
C5orf22 gene (nc-C5orf22, PP1p33).

Next, the TCR αβ locus of the three confi rmed antigen-specifi c IVS-T cells were se-
quenced by single cell sequencing and  α-β pairs of the most frequent T-cell clone clone of each 
of the reactive populations were cloned into a retroviral vector that was used to transduce 
PBL. The TCR were constructed using the murine TRA and TRB constant region, to decrease 
mispairing with the endogenous TCR and enabling us to track the TCR-transduced (TCRtd+) 
cells using an anti-mTRB antibody. The upregulation of 4-1BB on PBL showed that the isolated 
TCR required CD8 co-receptor to recognize their cognate antigen (Figure 42D). Given that the 
frequency of transduced cells was relatively low, we sorted CD8+ cells expressing the transduc-
ed TCR to obtain an enriched population of CD8+ T cells expressing the TCR of interest (CD8+ 

TCRtd+). Moreover, as shown by peptide titration experiments, CD8+TCRtd+ cells displayed 
a variable functional avidity, PP3p18 TCR exhibiting the highest whilst PP1p35 exhibited the 
lowest avidity for their corresponding cognate antigens. 

Lastly, we investigated whether the enriched T-cell populations, as well as the isolated 
TCR, could recognize Mel-3 TCL from which all three nonC-TL were identifi ed by HLA-I 
immunopeptidomics (Figure 43). Because Mel-3 did not express the HLA-I allele restricting 
PP3p18 presentation and recognition (HLA-A*68:01, with consensus motif highly similar to 
HLA-A*11:01 expressed by Mel-3), we decided to artifi cially express this HLA-I allele. This 
allowed us to test whether the antigen giving rise to PP3p18 could be expressed, processed 

Figure 43. Enriched nonC-TL-specifi c T cells obtained through IVS and TCR-transduced cells recognize Mel-3 
TCL. TCL were left untreated or electroporated with RNA encoding the specifi ed HLA-I alleles and co-cultured 
with nonC-TL-specifi c T-cell populations (left) or TCR-transduced lymphocytes (right).  After 20 h, the recogni-
tion was assessed by measuring 4-1BB upregulation by FACS. Mel-1 TCL was used as a negative control. Donor B 
cells (donor used for IVS) were pulsed with the specifi ed peptides. Graphs show independent experiments using 
similar numbers of cells, from 1 to 2e5 TCL were co-cultured with 2e4 T cells per well. 
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and presented on HLA-A*68:01. We found that both, enriched IVS-T cells and the PBL trans-
duced with their corresponding TCR, were able to recognize Mel-3 TCL when the specifi c 
restriction allele was expressed (Figure 43). TCR targeting both PP1p33 and PP1p35 reacted 
to Mel-3 in absence of exogenous HLA expression, demonstrating that both of these peptides 
were processed and presented on HLA-A*11:01, naturally expressed by the cell line. Reactivity 
of PP1p33-specifi c T cells against Mel-3 TCL was substantially lower compared to PP135 and 
it could be enhanced, in some instances, by further forcing the expression of HLA-A*11:01. 
Finally, T cells specifi c for PP3p18 only recognized Mel-13 when the cell line was transfected 
with HLA-A*68:01

Altogether these results showed that T cells specifi cally recognizing three nonC-TL pep-
tides could be detected, isolated, and expanded through IVS. Moreover, the three in vitro sen-
sitized T cells as well as the isolated TCR were able to recognize Mel-3, indicating that these 
nonC-TL are tumor antigens. 

2.5.2. The identified immunogenic nonC-TL are shar ed across patient-de-
rived TCL 
Although the three immunogenic nonC-TL were exclusively detected in Mel-3 TCL 

through immunopeptidomics, we investigated whether those non-mutated antigens could be 
shared by other patients. 

To evaluate the expression and translation of these nonC-TL in a panel of 24 patient-de-
rived TCL, we exploited the high sensitivity of antigen-specifi c T cells to detect presented 
HLA peptides (Figure 44). Hence, nonC-TL-specifi c T cells were co-cultured with TCL artifi -
cially expressing the restriction element of interest (i.e., HLA-A*11:01 for 5’U-HOXC13 and nc-
C5orf22, and HLA-A*68:01, Figure 43B), irrespective of the endogenous patient HLA alleles.

Strikingly, we found that the three nonC-TL evaluated were frequently presented in pa-
tient-derived TCL as evidenced by 4-1BB upregulation on antigen-specifi c CD8+ T cells (Figure 
44) when the corresponding HLA restriction element was expressed. Of note, 5’U-HOXC13 
and 5’U-ZKSCAN1 were largely detected by T cells in a number of melanoma TCLs, but also 
by less immunogenic tumor types such as gastrointestinal cancers (GI) or gynecological malig-
nancies (Gyn).  Furthermore, the recognition of several HLA-A*11:01⁺ TCL without transfect-
ing the allele (Mel-3, -4, -6 and -7), showed that nc-C5orf22 and 5’U-HOXC13 can be naturally 
processed and presented on HLA-I in multiple patient-derived TCL. 

Altogether, these results show that the three immunogenic nonC-TL are shared across 
tumor types and can be naturally presented, making them a� ractive targets for off -the-shelf 
vaccines or T-cell-based therapies.
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2.5.3. The immunogenic nonC-TL identified arise from the translation of 
5’UTR regions and ncRNA 
Next, we focused on the genomic origin of the three immunogenic nonC-TL identi-

fi ed through IVS. Two peptides mapped to 5’UTR regions of the canonical genes HOXC13 
(5’U-HOXC13) and ZKSCAN1 (5’U-ZKSCAN1), and one peptide mapped to a non-cod-
ing spliced variant of C5orf22C gene (nc-C5orf22) (Figure 45A). The nonC-TL derived from 
5’U-HOXC13 and nc-C5orf22 were located close to a 5’ in-frame ATG start codon (-3 and -36 
NT, respectively) as well as relatively close to an alternative start codon (-21 and -84, respec-
tively).  In contrast, no in-frame ATG were found close for 5’U-ZKSCAN1, but two alternative 
starts at -90 and -96 were detected. 

To determine whether the immunogenic nonC-TL could be processed and presented 
from these non-canonical coding regions, we co-cultured TCR transduced T cells with APC 
transfected with RNA encoding the longest ORF for each of the nonC-TL and evaluated wheth-
er these led to expression, processing and antigen presentation (Figure 44B). As measured by 
4-1BB upregulation, APC expressing the nc-C5orf22, 5’U-HOXC13 and 5’U-ZKSCAN1 ORF 
were recognized at similar levels to APC pulsed with minimal peptides. This demonstrates 
that these peptides are derived from considerably small ORF, potentially containing only 21, 
46, or 49 amino acids at the most.

Figure 44. Immunogenic nonC-TL are shared across patient-derived TCL. Indirect analysis of expression and 
translation of the three immunogenic nonC-TL in a panel of patient-derived TCL through detection of T cell 
activation of nonC antigen-reactive T cells. TCL were left untreated or electroporated with RNA encoding the 
specifi ed HLA alleles and co-cultured with nonC-TL-specifi c T cell populations. After 20 h, T-cell reactivity was 
assessed by 4-1BB expression on CD8⁺ cells. *B cells from the same donor used for the IVS were not electroporated. 
¥TCL naturally expressing HLA-A*11:01. n.a, not assessed.
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Furthermore, we a� empted to knock out these non-canonical coding regions by CRIS-
PR Cas9 using customized single guide RNAs (sgRNA)  specifi cally targeting the sequences 
encoding the peptides or truncating the ORF at 5’ region. However, we could only design 
eff ective guides for 5’U-HOXC13 (n=5), since the sequences surrounding the genomic loca-
tion for nc-C5orf22 and 5’U-ZKSCAN1 were not amenable for eff ective targeted gene knock-
out. Of note, the dramatic loss of recognition of TCL transduced with Cas9-sgRNA targeting 
the 5’U-HOXC13 unequivocally confi rmed the correct genomic location of this immunogenic 
nonC-TL (Figure 46). 

Figure 45. Genomic origin of the three immunogenic nonC-TL identifi ed through IVS. (A) Genomic location of 
nonC-TL. Annotated translated sequences are depicted in blue and the nonC-TL sequence of interest are shown 
in red. The possible start codons are marked with an arrow. The predicted ORF is highlighted. Image modifi ed 
from IGV viewer.(B) Recognition of the predicted ORF encoding the immunogenic nonC-TL by TCR-td cells.  The 
DNA sequences of the predicted open reading frames (ORF) for each immunogenic nonC-TL were cloned into 
pcDNA3.1 without any modifi cation except for a Kozak sequence upstream, and the RNA was generated by in 
vitro transcription. PBL transduced with the antigen-specifi c TCR specifi ed were co-cultured with B cells either 
electroporated with the RNA encoding the predicted or an irrelevant ORF, or pulsed with the nonC-TL or an ir-
relevant peptide. After 20 h, T-cell activation was evaluated by measuring 4-1BB upregulation by fl ow-cytometry 
on live CD8+TCRtd+ cells.
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2.5.4. Tumor-specificity of the canonical gene encodi ng the immunogenic 
nonC-TL
A potential concern regarding the therapeutic use of nonC-TL is whether they are actu-

ally tumor-specifi c. To address this question, we fi rst analyzed the RNA expression of the ca-
nonical genes encoding the three immunogenic nonC-TL in several solid tumors and matched 
healthy tissues from publicly available data. Their expression pa� ern was compared to PMEL 
and MLANA as examples of melanoma-associated antigens, and MAGEA3 and MAGEC2 as 
representative cancer-germline antigens (Figure 47). Whereas C5orf22 and ZKSCAN1 canon-
ical genes displayed variable, but ubiquitous expression among tissues, the expression of the 
canonical HOXC13 gene in healthy tissues appeared to be restricted to melanocytes, resem-
bling the expression pa� ern of MLANA. (Figure 47). 

These results suggested that the identifi ed immunogenic nonC-TL might not be tu-
mor-specifi c. However, gene expression analysis measures the level of mRNA transcript and 
is not able to distinguish whether nonC translation events occur. On the contrary, the healthy 

Figure 47. Tumor specifi city of the canonical transcripts encoding immunogenic nonC-TL. RNA expression 
analysis in tumors (T) and matched healthy tissues (N) of the canonical genes for the three immunogenic nonC-TL 
compared to melanoma-associated antigens (PMEL and MLANA) and cancer germline antigens (MAGEA3 and 
MAGEC2). TCGA and GTEX data were obtained from GEPIA. RNA levels are expressed as Log2 (TPM+1), the 
density of color in each block represents the median expression value of a gene in a given tissue, normalized by 
the maximum median expression value across all blocks. Abbreviation of tumor tumor types found in Appendix.

Figure 46. Loss of recognition of TCL transfected with Cas9-sgRNA targeting predicted 5’U-HOXC13. Pa-
tient-derived tumor cell lines Mel-4 (right) and Mel-6 (left) were transfected with lentiviruses encoding for Cas9 
together with an irrelevant sgRNA or diff erent sgRNA specifi cally targeting the genomic location of the immu-
nogenic nonC-TL peptide 5’U-HOXC13. Following puromycin selection, TCL were co-cultured with PBL trans-
duced with the 5’U-HOXC13-specifi c TCR-transduced cells and the activation was measured after 20 h by fl ow 
cytometry. Plo� ed cells were gated on live CD8+TCRtd+ T cells. The experiment was performed with technical 
duplicates, mean and SD are plo� ed.
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immunopeptidome data that was employed to select for nonC-TL derived from ORF absent in 
non-malignant cells suggested that those peptides might be tumor-specifi c. Although LC-MS/
MS is less sensitive, this technique evaluates the translation since the amino acid sequence is 
directly identifi ed, as opposed to RNAseq data.

2.5.5. Empirical evaluation of the tumor specificity o f nonC-TL using hu-
man healthy cells
To overcome the limitations above mentioned and gain insights into the applicability of 

using nonC-TL as targets for cancer immunotherapy, we empirically evaluated the expression 
and translation of the immunogenic nonC-TL in several human healthy cell types by exploiting 
the ability of antigen-specifi c T cells to detect peptides presented on HLA with high sensitivi-
ty.  Additionally, because of the expression pa� ern observed for the canonical HOXC13 gene 
and as an example of a TCR tested in clinical trials, we included the HLA-A*02:01-restricted 
TCR DMF5. This TCR recognizes the melanoma-associated antigen MART-127-35   (encoded by 
MLANA gene) and has shown objective tumor regression as well autoimmunity due to on 
target off  tumor recognition of melanocytes in the skin, eyes and ears (Johnson et al. 2009).

To this end, we fi rst transduced PBL with retroviruses encoding nonC-TL-specifi c TCR 
as well as the MART-1-specifi c TCR DMF5. Because the nonC-TL specifi c TCR were CD8 de-
pendent as shown in section 2.5.1 as opposed to MART-1 (not shown, published elsewhere), 
the CD8+TCRtd+ were sorted as mentioned before, to obtain a homogeneous and functional 
population. Lastly, the four antigen-specifi c CD8+TCRtd+ cells were co-cultured with human 
healthy melanocytes, cardiac myocytes, renal epithelial, and fi broblast, as well as some of 
the melanoma cell lines tested in section 2.5.3. Similarly to the experiment previously shown 
where we evaluated  the presence of nonC-TL in patient-derived TCL (Figure 48), the HLA-I 
alleles were artifi cially expressed in target cells and the recognition was evaluated by measur-
ing 4-1BB upregulation in CD8+TCRtd+ cells by fl ow cytometry (Figure 48).  

Figure 48. Tumor specifi c of the three immunogenic nonC-TL. Expression and translation of nonC-TL in healthy 
human and selected tumor cells was evaluated indirectly by co-culturing control target cells or  target cells elec-
troporated with RNA encoding the specifi ed HLA-I alleles with nonC-TL CD8+TCRtd+ T cells After 20 h, T-cell 
activation was assessed by 4-1BB expression on CD8⁺ cells. *B cells were not electroporated. n.a, non-assessed.
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As expected, MART-1 TCRtd+ cells strongly recognized human healthy melanocytes 
as well as most of the patient-derived melanoma cell lines tested, when electroporated with 
the restriction allele HLA-A*02:01. Surprisingly, cardiac myocytes were also recognized by 
MART-1 TCRtd+ cells, albeit the reactivity was substantially lower. Similar results were ob-
served for 5’U-ZKSCAN1 TCRtd+ cells when target cells were electroporated with the rele-
vant allele HLA-A*68:01, although the recognition was generally lower. On the contrary, 
5’U-HOXC13 and nc-C5orf22 TCRtd+ cells did not recognize cardiac myocytes and barely rec-
ognized melanocytes when electroporated with the corresponding allele HLA-A*11:01. These 
results revealed that the nonC 5’U-HOXC13 peptide was the antigen displaying the highest 
tumor-specifi city followed by nc-C5orf22, 5’U-ZKSCAN1, and MART-1. Although we cannot 
rule out the possibility that they could be expressed and translated in other cells, our fi ndings 
suggest that the aberrant translation giving rise to the nonC-TL studied occurs preferentially 
in tumor cells rather than in normal cells.  

Overall, our results indicate that these nonC-TL, particularly 5’U-HOXC13, are prom-
ising alternative tumor antigens to neoantigens, cancer-germline antigens or melanoma-as-
sociated antigens not only because they can be naturally presented, but also because they are 
immunogenic and broadly expressed across diverse tumor types but not, or at very low levels, 
in healthy cells.



Discussion





D
is

cu
ss

io
n

105

The identifi cation of tumor antigens is critical to be� er understand the immune response 
to tumors and for the development of more eff ective cancer immunotherapies. Recent evi-
dence suggests that peptides derived from nonC proteins are specifi cally presented on HLA-I 
by tumor cells and contribute to tumor immune surveillance.

In this thesis, we aimed to determine the personalized repertoire of tumor antigens rec-
ognized by T cells in nine patients with distinct histological cancer types, including canonical 
tumor antigens, but also expanding the scope to non-canonical proteins. 

We found that, although nonC-TL identifi ed by proteogenomics represents the most 
abundant source of candidate tumor antigens, as compared to neoantigens, cancer-germline, 
and melanoma-associated antigens, naturally occurring tumor-reactive lymphocytes consis-
tently display preferential recognition of neoantigens. Nonetheless, we showed that nonC-TL 
can elicit de novo T-cell responses via in vitro sensitization of donor PBL. We identifi ed TCR 
specifi c to three nonC-TL, two of which derived from 5’ UTR regions and one derived from 
a non-coding RNA spliced variant. Importantly, we found that these immunogenic nonC-TL 
display therapeutic potential, as they were expressed across diverse tumor types, but were 
barely detected in healthy cells.

However, despite the extensive immunological screening including nonC-TL, neoanti-
gens, cancer-germline, and melanoma-associated antigens, the specifi city of many tumor-reac-
tive lymphocytes remains unknown and warrants further investigation. 

HLA-I immunopeptidomics narrows down the list of candidates and cap-
tures immunogenic tumor antigens

In the fi rst part of the thesis, we evaluated whether tumor-reactive lymphocytes recog-
nize conventional tumor antigens. To this end, we used three diff erent methods to identify tu-
mor antigens: personalized neoantigen screen with TMG, in silico minimal epitope prediction, 
and HLA-I immunopeptidomics.

Figure 49. Candidate and immunogenic NSM identifi ed by currently used methods. The number of NSM 
screened by patient is represented in circles and depicted in diff erent colors depending on the method used. The 
number of immunogenic NSM identifi ed are depicted in red regardless of the method used. Circles within larger 
circles indicate that the NSM was investigated through diff erent methods. The total number of NSM tested and 
identifi ed by WES are shown on the bo� om. 
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We detected tumor-reactive T cells recognizing neoantigens derived from NSM in all 
three patients. However, the overlap of the identifi ed immunogenic variants between the three 
methods strikingly varied among patients (Figure 49). Whereas for Mel-3 all approaches led 
to the detection of the same two neoantigens, for H&N-2 we could only detect immunogenic 
variants through the personalized neoantigen screen with TMG. In fact, no candidate neoan-
tigens presented on HLA-I were detected through immunopeptidomics in H&N-2 TCL. For 
H&N-1, one of the two neoantigens detected through TMG was also captured by TCL im-
munopeptidomics, but none of them were included in the top 20 mutated minimal epitope 
selected by in silico prediction.

The lack of identifi cation of some immunogenic peptides using immunopeptidomics 
can be explained by the fact that T cells are far more sensitive than current MS instruments, 
as it has been postulated that a single to a few hundred pHLA-I per cell suffi  ce to trigger an 
immune response (Becker & Riemer, 2022). IIn addition, it is known that some peptides are not 
well detected by MS methods due to ineffi  cient ionization and fragmentation which depends 
on the amino acid composition (Faridi et al., 2018). Alternatively, some of the tumor cell lines 
have mutations in HLA or could harbor alterations in the antigen presentation machinery 
that could limit antigen presentation on HLA-I.  Nonetheless, the advantage of immunopep-
tidomics is that it substantially narrows down the list of candidates to screen to those that are 
presented on HLA-I and the number of false-positives is reduced   On the contrary, despite 
HLA-I binding prediction has substantially improved over the last years, they typically lead to 
an long  list of candidates, as shown in Figure 21B. 

Despite the extensive immunological screening including conventional tumor antigens, 
we could not determine the specifi c targets recognized by the majority of tumor-reactive lym-
phocytes. Nonetheless, it is important to mention that we mainly focused on neoantigens and 
cancer-germline or tissue diff erentiation antigens which are frequently detected in cancer pa-
tients, but we did not include other self-antigens that might also play a role in cancer immune 
surveillance.  In the second part of the thesis, we sought to explore non-canonical HLA-I li-
gands as an alternative source of tumor antigens. Because including non-canonical transcrip-
tion and translation massively expands the proteome leading to an overwhelming number of 
candidates to screen, we decided to exploit immunopeptidomics to select the peptides pre-
sented on HLA-I, even at the expense of probably missing some immunogenic tumor antigens.

NonC-TL are frequently identified in patient-derived TCL through Pep-
tide-PRISM

In the second part of the thesis, we used Peptide-PRISM to interrogate the peptides elut-
ed from pHLA-I in the 9 patient-derived TCL. This proteogenomics pipeline developed by 
F.Erhard and colleagues in 2020 (Erhard et al., 2020), is independent of RNA-seq and Ribo-seq, 
but enables the detection of HLA-I ligands potentially originating from any region of the ge-
nome, including CDS, UTR, off -frame, ncRNA, intronic and intergenic regions (Figure 31). 
Similar to previous immunopeptidomics-based studies (Chong et al., n.d.; Erhard et al., 2020; 
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Laumont et al., 2016; Ouspenskaia et al., 2022; Ruiz Cuevas et al., 2021; Scull et al., 2021; Xiang 
et al., 2022; Zhao et al., 2020), we observed that nonC HLA-I ligands were frequently found in 
the 9 patient-derived TCL studied, ranging from 0.5% to 5.4% of the total peptides presented 
(Figure 32A). 

Because we were interested in tumor-specifi c candidates we used healthy immunopep-
tidome data to exclude peptides derived from ORF present in non-malignant cells as an alter-
native approach to the above-mentioned studies. As a result, 61.5% of the nonC HLA-I-ligands 
detected were considered enriched in tumors were referred to as  nonC-TL (Figure 32B). 

In accordance with previously described immunopeptidomics-based studies coupled 
with Ribo-seq data (Chong et al., 2020; Ouspenskaia et al., 2022; Ruiz Cuevas et al., 2021), 
we observed that nonC-TL mainly originated from upstream regions of canonical ORF. More 
specifi cally, 5’UTR and off -frame were the major sources, but ncRNA also represented a sub-
stantial part (Figures 33A). This diff ers from other immunopeptidomics-based studies where 
RNA-seq data from healthy tissues was used to   select tumor antigen candidates (Cleyle et 
al., 2022; Zhao et al., 2020). This discrepancy could be a� ributed to the fact that transcriptomic 
data does not distinguish whether aberrant translation events occur from a canonical tran-
script and, therefore, the contribution of this source of nonC HLA-I ligands might be under-
estimated. 

One limitation of our study lies in the nature of the proteogenomics approach used com-
bined with the stringent and uniform 1% FDR threshold set to select the tumor antigen candi-
dates. Although this pipeline potentially detects peptides originating from any region of the 
genome, the FDR is calculated in a stratifi ed mixture model that is probably detrimental for the 
categories with an increased search space, for example intergenic regions. Moreover, because 
we did not focus on a particular type of nonC source, but rather aimed to study the repertoire 
of peptides presented in an unbiased manner, some described nonC sources were not properly 
or not interrogated at all. For instance, we detected few peptides derived from endogenous 
retroelements (ERE) compared to reported immunopeptidomics-based studies focused on the 
detection of this particular source (Bonté et al., 2022; Kong et al., 2019; Larouche et al., 2020). 
Nonetheless, we detected at least one peptide (SSFSTLASLDK) derived from an annotated 
transcript overlapping with long-terminal repeat elements (LINC02099-201) previously de-
scribed (A� ig et al., 2019). In this study focused on LTR retroelements, the RNA expression 
of LINC02099-201 was considered cancer-specifi c and the peptide was found to be naturally 
presented in melanoma biopsies, although they did not evaluate its immunogenicity. We did 
not detect T cells targeting this peptide, neither pre-existing nor induced by IVS. Moreover, 
RNA editing (Zhang et al., 2018) or peptide splicing (Liepe J et al., 2016) were not considered 
in this study. Although the contribution to the immunopeptidome of the la� er is controversial 
and has generated a lot of debate in the fi eld (Mylonas et al., 2018), (see introduction 4.1.4).  
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NonC ligands are preferentially presented on HLA-A*11:01 and  
HLA-A*03:01

In agreement with previous immunopeptidomics-based studies (Erhard et al., 2020; 
Laumont et al., 2016), we observed that the presentation of nonC peptides is biased toward 
HLA-A*11:01 and HLA-A*03:01, alleles that display a similar motif containing basic residues 
at p9 (Figures 33B-C). In fact, we noticed that patients harboring any of those alleles contained 
a higher percentage of nonC peptides regardless of the tumor histology (Appendix). 

F.Erhard et al. suggested that this might be a� ributed to a diff erential processing mech-
anism of nonC, such as a protease with basic amino acid specifi city (Erhard et al., 2020). They 
compared the percentage of HLA-I peptides processed or not processed at C termini (present-
ing a stop codon immediately downstream of the peptide), derived from canonical or canonical 
protein. However, although it cannot be completely ruled out, their analyses did not support 
that hypothesis as they did not fi nd signifi cant diff erences between the canonical and non-ca-
nonical peptides.  Laumont et al. hypothesized that processing of nonC HLA-I ligands may 
be proteasome-independent since nonC ORF were shorter and the aminoacid usage around 
the C termini (Ct) was diff erent from that of canonical HLA-I ligands (Laumont et al., 2016). 
Although this is a possibility, no further analysis nor experiments supporting this hypothesis 
were shown. 

We wondered whether this bias could be the result of an MS-identifi cation artifact de-
rived from the “tryptic” characteristics (i.e., K/R at Ct, Figure 50A) of peptides bound to these 
alleles. On one hand, tryptic-like peptides are generally more prone to the LC MS/MS detec-
tion (Faridi, Purcell, et al., 2018). On the other hand, it could be expected that nonC peptides 

Figure 50.  Peptides displaying tryptic-like C-termini are identifi ed from lower intensity signals in both ca-
nonical and non-canonical groups. (A) Peptide binding motif of the alleles HLA-A*11:01 and A*03:01 according 
to NetMHCPan4.0. (B) Percentatge of HLA-I ligands containing K or R at C-termini (tryptic-like Ct) or any other 
amino acid  (non-tryptic Ct) by group. (C) Mean intensity of HLA-I ligands derived from canonical or non-canon-
ical proteins represented in log10 scale. Peptides with intensity values=0 were replaced by the minimal intensity 
observed >0. (D) Same analysis as in C grouping by tryptic-like or non-tryptic Ct characteristics. Canonical (Can), 
no-canonical (NonC).
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are found at a lower abundance compared to peptides derived from canonical proteins. Taken 
together, this could result on an over representation of tryptic-like peptides in the nonC pep-
tides observed.

Although the percentage of peptides compatible with tryptic Ct traits was clearly higher 
for peptides derived from nonC proteins (Figure 50B), we could not draw a clear conclusion 
from the analysis performed. We observed an overall slightly lower peptide intensity of nonC 
peptides compared to peptides derived from canonical proteins (Figure 50C). However, when 
the peptides were grouped according to the Ct characteristics, we also observed diff erences 
within the canonical group. As shown in Figure 50D, peptides displaying tryptic-like Ct are 
identifi ed from lower intensity signals, in both the canonical and non-canonical groups. This 
data indicates that HLA-I peptides matching tryptic characteristics at the Ct, regardless of the 
canonical or non-canonical origin, require lower amounts to be detected by LC-MS as com-
pared to non-tryptic Ct, in agreement with their expected higher MS-detectability.   Although 
this data is compatible with our hypothesis, it  does not imply that the preferential presenta-
tion of nonC HLA-I ligands on HLA-A*03:01 and HLA-A*11:01 can be explained solely by 
this technical reason and does not rule out any of the other proposed explanations described 
above. 

It has been shown that some polymorphisms in HLA-I class I molecules infl uence their 
interactions with components of the antigen processing and presentation pathway (Afl alo & 
Boyle, 2021). For instance, there is a signifi cant variability in the dependency of TAP, tapasin 
or ERAP depending on the HLA-I allotype, which is particularly relevant for some HLA-B 
alleles. TAP independency is associated to the thermal stability of the pHLA-I complex, as 
well as the ability to present peptides derived from transmembrane domains that do not re-
quire TAP to enter the ER (Geng et al., 2018). Similarly, tapasin-independent allotypes exhibit 
reduced aggregation and bind peptides more readily when refolded in vitro compared with 
tapasin-dependent allotypes (Rizvi et al., 2014). One study investigated the contribution of 
proteasome inhibition to the generation of HLA-I-associated peptides and found striking dif-
ferences depending on the HLA allotype(Luckey et al., 2001). They showed that those HLA 
alleles with a preference for basic residues including HLA-A3.1, HLA-A11, and HLA-68 were 
less proteasome-dependent. Interestingly, in our study, nonC peptides were preferentially 
presented on HLA-A*03:01 and HLA-A*11:01. Although this data perfectly supports the hy-
pothesis proposed by Laumont et al. and it seems a plausible explanation, more experiments 
should be performed to determine whether this allele preference is mainly due to a protea-
some-independent route or a yet unknown biological mechanism. 
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Only one mutated nonC-TL was detected through Peptide-PRISM
Due to the high tumor specifi city and immunogenicity but generally private nature of 

neoantigens derived from NSM (Parkhurst et al., 2019), we also wanted to explore the exis-
tence of canonical as well as non-canonical neoantigens arising from tumor-specifi c mutations 
in the 9 patient-derived TCL using Peptide Prism.

Even if we did not interrogate all the mutations potentially encoded in the entire ge-
nome, since we used WES to identify the tumor-specifi c NSM, we reasoned that at least a 
fraction could be detected, including NSM in the off -frame translation of coding regions, some 
ncRNA, and part of the UTR to a lesser extent. However, most of the identifi ed mutated HLA-I 
ligands mapped to canonical or annotated coding regions (n= 33, Figures 34C) and only one 
nonC peptide derived from a 5’UTR containing a mutation was detected for Gyn-3 (Figure 
33A). In a recent study, whole-genome sequencing (WGS) of tumor and matched healthy tis-
sue was used in combination with Ribo-seq profi ling to estimate the potential contribution of 
novel ORF with somatic mutations to the neoantigen repertoire (Ouspenskaia et al., 2022). Al-
though 22% of the potentially translated NSM were exclusively found in newly described ORF 
according to Ribo-seq data, none of them were confi rmed to be naturally presented on HLA-I. 

Nonetheless, we believe that non-exonic mutations could still be an important source 
of neoantigens as it has been shown that the vast majority of somatic mutations in cancer 
accumulate in non-coding regions (Piraino & Furney, 2016). Most of them are passenger mu-
tations, but driver non-coding mutations have also been recently described (Rheinbay et al., 
2020). Although the identifi cation and, more importantly, the selection of relevant mutations 
in non-coding regions is complex since the number of candidates drastically increases, we 
believe that WGS combined with immunopeptidomics to detect mutated nonC-TL warrants 
further examination. 

NonC-TL were the main source of candidate tumor antigens but pre-exist-
ing T-cell responses to NonC-TL were not detected

In this work, we studied in detail the repertoire of presented tumor antigen candidates 
in 9 patient-derived TCL. Consistent with previous immunopeptidomics studies (Cleyle et 
al., 2022; Laumont et al., 2018; Zhao et al., 2020), we showed that nonC-TL (n=507) outnumber 
the HLA-I ligands derived from conventional tumor antigens such as mutations (n=33), can-
cer-germline antigens (n=36) and melanoma-associated antigens (n=24) (Figure 34A). As men-
tioned before, the number of HLA-I ligands derived from NSM was relatively low compared 
to the NSM identifi ed by WES (Figure 34C). In this regard, our results are in line with previ-
ous immunopeptidomics-based studies where few presented mutations are typically detected 
(Bassani-Sternberg et al., 2016; Kalaora et al., 2016, 2018; Newey et al., 2019). Nonetheless, our 
data adds a considerable number of mutated HLA-I peptides to those identifi ed through im-
munopeptidomics so far, underscoring the great performance of Peptide-PRISM at detecting 
neoantigen candidates. 
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Our results show that although HLA-I ligands derived from nonC proteins were fre-
quently presented in patient-derived TCL and were, apparently, the main source of candidate 
tumor antigens, pre-existing T-cell responses targeting nonC-TL were not detected in the 9 
patients studied (Figure 51). In contrast, nearly 65% of the tumor antigens recognized by T 
cells were derived from mutations (n=13), 20% from cancer-germline (n=4) and 15% from mel-
anoma-associated antigens (n=3) (Figure 39 and 51). Moreover, the isolation and characteriza-
tion of the reactive T cells showed that these antigen-specifi c T cells recognize the autologous 
tumor cell line (Appendix), which ultimately demonstrates that those peptides are genuine 
tumor antigens. 

It is worth mentioning that in the second part of the thesis we probably underestimat-
ed the number of tumor antigen candidates derived from cancer-germline antigens, since we 
were very stringent selecting genes whose expression is truly restricted to testis according to 
the human protein atlas. Nonetheless, in the fi rst part of the thesis, we were less restrictive 
as we selected all genes considered cancer-testis antigens according to the CTPedia database 
(Almeida et al., 2009) and yet, no responses against any peptide derived from those antigens 
were detected in H&N-1, H&N-2, or Mel-3 either. Similarly, we only selected defi ned mela-
noma-associated antigens since spontaneous T-cell responses to diff erentiation antigens have 
been well documented only in patients with melanoma (Coulie et al., 2014). However, we 
cannot rule out the possibility that other interesting tissue-specifi c antigens for Gyn or H&N 
cancer patients might have been overlooked. 

Reported immunogenic nonC antigens 
To our knowledge, the existence and frequency of naturally occurring T cells targeting 

nonC-TL compared to clinically relevant antigens such as neoantigens, cancer-germline, or 
melanoma-associated antigens has not previously been investigated in such detail. Most pre-
vious studies solely rely on the identifi cation of nonC peptides presented on HLA-I but did 
not investigate the immunogenicity in patients (Erhard et al., 2020; Ouspenskaia et al., 2022; 
Ruiz Cuevas et al., 2021; Scull et al., 2021; Wang et al., 2021; Xiang et al., 2022; Zhao et al., 

Figure 51. NonC-TL are the main source of candidate tumor antigens identifi ed by proteogenomics but tu-
mor-reactive T cells preferentially recognize neoantigens derived from NSM. The percentage and absolute 
number of candidate tumor antigens presented on HLA-I identifi ed through proteogenomics in the 9 patient-de-
rived TCL are depicted by antigen category (left). The absolute number and percentage of HLA-I ligands recog-
nized by tumor-reactive lymphocytes are depicted by antigen category (right)
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2020). The identifi cation of recall T-cell responses against nonC peptides have been general-
ly described in case reports by using cDNA libraries (Garcia-Garijo et al., 2019) or immuno-
peptidomics-based studies focused on a particular type of nonC source (Zhang et al., 2018). 
Moreover, in most immunopeptidomics studies the immunogenicity has been typically stud-
ied through in vitro sensitization of PBL from healthy donors which detects naïve rather than 
antigen-experienced T cells (Bartok et al., 2021; Bonté et al., 2022; Laumont et al., 2016; Nelde et 
al., 2022), or immunized mouse models (Laumont et al., 2018). There are, however, two studies 
in particular, where T-cell responses against nonC peptides were investigated in parallel to 
classic tumor antigens in cancer patients. 

In 2012, Andersen and colleagues (Andersen et al., 2012) sought to dissect the T-cell anti-
gen specifi city of TIL in a cohort of 19 melanoma patients by using a “universal” pMHC multi-
mer library of melanoma-associated antigens. They used a combination of available databases 
to include T-cell epitopes described in the literature with a defi ned minimal epitope sequence, 
HLA restriction, and evidence that the peptide was processed and presented on tumor cells. 
Similar to us, they divided the antigen candidates (n=230) into 4 diff erent categories: diff eren-
tiation antigens (n=17), cancer-germline (n=50), mutation antigens (n=39), and overexpressed 
antigens (n=119). Importantly, although they did not categorize nonC as an independent 
group, 17 peptides derived from nonC proteins, previously shown to be immunogenic, were 
included. In total, they detected T-cell responses against 18 diff erent melanoma-associated 
T-cell epitopes and found that diff erentiation (n=8) and cancer-germline antigens (n=5) domi-
nated the response. On the contrary, only one neoantigen derived from a mutation in a driver 
gene, and 4 out of the 119 overexpressed antigens were recognized by T cells. In our study, 
we did not interrogate the category of overexpressed antigens since we consider that they are 
very often not tumor-specifi c, highly variable depending on the tumor type and it is overall 
very diffi  cult to select relevant candidates. Indeed, although they did detect responses against 
overexpressed antigens (4 out of the 119 tested), the percentage of reactive vs. tested indicates 
that they are not as immunogenic as diff erentiation or cancer-germline antigens in patients. 
Interestingly, 3 out of the 4 responses to overexpressed antigens and 2 out of the 5 specifi c for 
cancer-germline antigens were derived from alternative ORF. These fi ndings suggested that 
nonC peptides might be more immunogenic than peptides derived from canonical proteins of 
the same group. However, taking into account that most immunogenic mutations arise from 
private NSM (Parkhurst et al., 2019), these were not properly interrogated in this study as their 
identifi cation was not personalized. According to our results, neoantigens derived from NSM 
are preferentially recognized by tumor-reactive TIL (Figure 39 and 51), hence we believe that 
this study missed a highly relevant source of tumor antigens. Moreover, this study focused on 
detecting reactivity to nonC peptides previously identifi ed through screening of tumor cDNA 
libraries, but they did not systematically interrogate the personalized nonC HLA-I ligandome.

Only one proteogenomics study evaluated T-cell responses against nonC HLA-I ligands 
identifi ed from patient-derived TCL and tumor samples of melanoma and lung cancer pa-
tients (Chong et al., 2020). They used RNA-seq to identify expressed non-coding genes, such as 
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lncRNAs, pseudogenes as well as transposable elements, and other non-protein-coding genes. 
All three forward ORF were subsequently translated in silico and concatenated to personal-
ized canonical proteome references containing allelic variant information from patient tumor 
exome data. Moreover, for one patient-derived TCL, they additionally performed Ribo-seq to 
generate a translatome-based database for MS search. This technique reduced the size of the 
search space and was used as an independent discovery method to identify additional nonC 
HLA-I ligands, such as UTR or alternative ORF. Importantly, the authors investigated T-cell 
recognition to the nonC HLA-I ligands identifi ed (n=571) as well as other relevant tumor anti-
gens derived from melanoma-associated antigens and cancer germline antigens (n=215). They 
detected functional T-cell responses to 5 peptides derived from melanocyte diff erentiation an-
tigens (PMEL, TYR, and TYRP) in autologous TIL and IVS PBL. In addition, they also report-
ed reactivity against one nonC peptide, although the recognition was weak compared to the 
above-mentioned diff erentiation antigens and T cells were not isolated to further confi rm and 
characterize the tumor recognition. This immunogenic nonC HLA-I ligand was derived from 
a downstream ORF of a canonical gene (ABCB5) that was identifi ed through Ribo-seq. Unlike 
them, we did not detect reactivity against any of the 507 nonC-TL candidates tested. Nonethe-
less, we believe that our results are still in accordance with their fi ndings since the percentage 
of reactive peptides clearly favored melanocyte diff erentiation antigens, suggesting that nonC 
HLA-I ligands are not as immunogenic. 

NonC peptides capable of mounting T-cell responses in cancer patients have been iden-
tifi ed through cDNA libraries. Of note, many of them were derived from genomic regions cod-
ing for cancer-germline antigens (Aarnoudse et al., 1999; Topalian et al., 1998)or well-defi ned 
melanoma-associated antigens (Lupe� i et al., 1998; P. Robbins et al., 1997; Rong-Fu Wang et 
al., 1996). With the exception of one reported nonC peptide derived from intron retention con-
taining a mutation (Coulie et al., 1995), the remaining reported T-cell responses targeted genes 
displaying a pa� ern of overexpression in cancer and, with few exceptions (Guilloux et al., 
1996), they  were also identifi ed in normal cells. (Harada et al., 2001; Poullion et al., 1999; S. A. 
Rosenberg et al., 2002; van den Eynde et al., 1999). Altogether this suggests that non-canonical 
transcription or translation per se does not frequently generate relevant immunogenic antigens 
in vivo, but rather their immunogenicity seems to be infl uenced by the gene of origin and/or 
level of RNA expression. 

NonC-TL can elicit de novo T-cell responses via in vitro sensitization
The human naïve T-cell repertoire is exceptionally diverse because it contains a large 

number of distinct T-cell clones (109-1011), each represented by only a few cells (Goldrath & 
Bevan, 1999). Upon antigenic stimulation, infrequent antigen-specifi c naïve T cells undergo 
clonal expansion and diff erentiate into eff ector and memory cells. Thus, the memory T-cell 
repertoire contains a collection of expanded T-cell clones that refl ect the antigenic experience 
of the individual (Sallusto et al., 2004). Due to the higher frequency and lower activation thresh-
old, the direct detection of T-cell responses from TIL or PBL through functional immunogenic 
assays without previous stimulation identifi es antigen-experienced cells (Geiger et al., 2009). 
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In contrast, T cells detected through IVS typically originate from the naïve rather than the an-
tigen-experienced T-cell compartment, since very infrequent T cells can be clonally expanded 
upon several rounds of stimulation ex vivo. Due to the extraordinarily diverse naïve repertoire, 
T cells targeting any virtual protein can be potentially identifi ed using IVS, since central toler-
ance is imperfect and the TCR are relatively promiscuous (Morris & Allen, 2012) . Therefore, 
the detection of antigen-specifi c T cells through this approach indicates that the peptide can 
be recognized by a T-cell clone, and thus can be immunogenic, but it does not prove whether 
the antigen is capable of eliciting a relevant T-cell response in vivo. In contrast, the detection 
of naturally occurring anti-tumor T-cell responses in cancer patients suggests that the cognate 
antigen was cross-presented at some point by DC and presented on the patient’s tumor and 
was able to stimulate a T-cell response in vivo.

Since we can only screen a limited fraction of the broad patient’s TCR repertoire, hope-
fully representative yet incomplete, the existence of antigen-experienced T cells targeting 
nonC-TL cannot be rule out. Moreover, T cells targeting tumor antigens have also been pur-
sued by reverse immunology through mouse immunization (Parkhurst et al., 2009) or IVS of 
PBL derived from cancer patients (Bethune et al., 2018) and healthy donors (Gerdemann et al., 
2011). Of note, some of the TCR identifi ed by these strategies have been used in clinical trials 
(Johnson et al., 2009; Parkhurst et al., 2009).

Even if we could not detect recall T-cell responses to nonC-TL, we addressed whether they 
could still be immunogenic. Through IVS of non-autologous PBL expressing the allele of inter-
est (A*11:01), we were able to isolate and expand T cells specifi cally targeting three nonC-TL, 
which enabled us to explore those antigens in more detail.  By co-culturing nonC-TL-specifi c-T 
cells with a panel of 24 patient-derived TCL, we evaluated the expression and translation of 
these targets in distinct tumor types. We found that two immunogenic nonC-TL derived from 
the aberrant translation of 5’UTR of HOXC13 and ZKSCAN genes were frequently detected 
in patient-derived melanoma TCL as well as other less immunogenic tumor types such as GI 
or Gyn. In addition, an immunogenic nonC-TL derived from a non-coding spliced variant of 
C5orf22 gene was also detected in several melanoma TCL. These results revealed that nonC-
TL can be immunogenic and shared across tumor types, thus representing a� ractive targets 
for off -the-shelf vaccines or T-cell therapies. 

Immunogenic nonC-TL are preferentially presented in TCL over healthy 
cells

A potential concern regarding the therapeutic use of nonC-TL is whether they are actual-
ly tumor-specifi c. We used a healthy immunopeptidome dataset to select nonC HLA-I ligands 
absent in non-malignant cells, despite we were aware that this fi lter might not be perfect, in 
part due to the limited sensitivity of LC/MS-MS methods. However, as opposed to RNA-seq 
analysis, its advantage is that it can provide evidence that an a priori normal transcript can be 
aberrantly translated. Recently, Ribo-seq has emerged as a potent tool to predict non-annotat-
ed ORF and, hence, can potentially be used to select tumor-specifi c nonC ORF. However, this 
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technique is relatively new, the sensitivity is still limited and li� le data from healthy tissue is 
currently available. 

To gain additional insight into the tumor specifi city of the three immunogenic NonC 
identifi ed, we empirically evaluated their expression and translation and HLA-I presentation 
in healthy human cells derived from several vital organs as well as melanocytes by using lym-
phocytes transduced with antigen-specifi c TCR. Our results revealed that 5’U-HOXC13 nonC-
TL showed the highest tumor specifi city, since TCR-transduced T cells targeting this antigen 
strongly recognized several TCL, but barely detected melanocytes or any other healthy human 
cells tested. Similar results were observed for nc-C5orf22 TCR transduced T cells although the 
recognition of TCL was generally lower, suggesting a poor transcription/translation of this 
nonC-TL. Importantly, cells transduced with DMF5 TCR which recognizes MART-1 and has 
been used to treat melanoma patients (Johnson et al., 2009), displayed far higher recognition of 
melanocytes (>90%), as compared to the TCR targeting nonC antigens. Unexpectedly, Mart-1 
specifi c T cells also recognized cardiac myocytes at a similar level as TCR transduced T cells 
targeting the nonC-TL 5’U-ZKSCAN1 (10-20%). DMF5 TCR has shown objective tumor re-
sponses in patients but has also shown severe on-target toxicities in skin, eyes and ears due to 
the high expression of MART-1 in melanocytes. However, neither off -target cardiac toxicities 
nor adverse eff ects have been reported in any other organ. 

Our fi ndings suggest that the low level of expression of these nonC-TL in healthy tissues 
may restrict the development of severe toxicities and that patients whose tumors express these 
antigens could benefi t from T cell-based therapies targeting them. Nonetheless, these data 
must be interpreted with caution, since we cannot rule out the possibility that these immuno-
genic nonC-TL are expressed and translated in other healthy cells. More experiments should 
be performed to continue assessing the safety of these targets, especially for 5’U-HOXC13 
nonC-TL, which is the most promising. 

Why were T-cell responses to nonC-TL not detected in cancer patients?
Altogether these results revealed that nonC-TL can be immunogenic, frequently pre-

sented on HLA-I, shared across tumor types, and not or poorly presented in non-malignant 
cells. However, pre-existing T-cell responses in cancer patients were not detected, contrary to 
neoantigens derived from NSM, cancer-germline, or melanoma-associated antigens.

Diff erent mechanisms can explain the lack of recognition. For instance, we were only 
able to screen long-term expanded lymphocytes or lymphocytes enriched based on TCL rec-
ognition in some patients which can bias the TCR repertoire to more oligoclonal populations 
leading to the depletion of some tumor-reactive clones (Figure 52A) (Poschke 2020). In fact, 
patient H&N-1 is an example of such a mechanism as we could not detect neoantigen-specif-
ic T cells in the second screening, even though we previously identifi ed T cells targeting the 
neoantigen RPL14p.H20Y using less expanded TIL (Table 5). Nonetheless, except for H&N-1, 
in the second part, all candidates tested including conventional tumor antigens and nonC-TL 
were interrogated in parallel using the same expanded populations and therefore the compar-
ison was fair. 
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A possible explanation for this might be that patient-derived TCL do not entirely reca-
pitulate the tumors in vivo (Figure 52B). On one hand, it is plausible to speculate that  tumor 
heterogeneity can be lost in established TCL, as some clones may overgrow others due to a 
selective growth advantage, and this may be aggravated for late passages. On the other hand, 
we cannot exclude the possibility that the nonC expression and/or translation can be induced 
or exacerbated by in vitro culture. To address whether nonC-TL are presented solely as a re-
sult of in vitro culture, it would be ideal to perform HLA-I immunopeptidomics on matched 
patient tumors. Unfortunately, we did not have these samples. Instead, we explored whether 
our nonC-TL candidates are naturally presented by analyzing publicly available immunopep-
tidomics datasets from human tumor biopsies (Bassani-Sternberg et al., 2016; Kalaora et al., 
2021). We detected at least 76 of the nonC-TL we identifi ed using a stringent 1% FDR in uncul-
tured melanoma samples. Considering the limited sensitivity of this technique in addition to 
the HLA-I diversity, these fi nding suggests that the nonC translation and, consequently, the 
nonC-TL observed are not an artifact of in vitro cultured cells and that nonC-TL can be natu-
rally presented in vivo. 

Another possible explanation might be that the level of expression of nonC-TL is suffi  -
cient to be presented on tumor HLA-I, but inadequate for effi  cient cross-presentation in vivo 
(Figure 52C). In line with this hypothesis, nonC peptides are thought to be less abundant and 
largely originated from disordered or unstable proteins with shorter half-lives compared to 

Figure 52. Potential mechanisms explaining the lack of recognition of nonC-TL by T cells in cancer patients. 
(A) TIL are expanded from tumor biopsies in high doses of IL-2 and/or using a rapid expansion protocol (REP). 
changing the TCR repertoire and leading to more oligoclonal populations. (B) Whilst nonC-TL are infrequently 
presented on the original patient’s tumor,  the established patient-derived TCL increase their presentation as a 
result of in vitro culture or overgrowth of clones expressing those nonC antigens. (C) NonC-TL derived from low 
abundance and unstable proteins are effi  ciently presented on HLA-I of tumor cells but poorly cross-presented 
hampering naïve T-cell priming in the draining lymph nodes. (D) mTEC cells present nonC-TL on HLA-I and T 
cells targeting nonC-TL are eliminated during negative thymic selection.
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functionally annotated proteins (Dersh et al., 2021; Ruiz Cuevas et al., 2021). In addition, some 
nonC ORF are so small that they do not require processing (Ouspenskaia et al., 2022). Similar 
to DRiPs, these characteristics can facilitate the accessibility of nonC peptides into the antigen 
processing machinery and, therefore, their HLA-I presentation is highly effi  cient (Dersh et 
al., 2021; Yewdell, 2011). By contrast, some studies have demonstrated that rapidly degraded 
proteins and minimal epitopes are unable to provoke cross-priming by APC as opposed to 
stable, full-length antigens (Norbury et al., 2004). Furthermore, in a model of colorectal cancer, 
for example, low expression of neoantigens prevented productive cross-priming and drives 
immediate T-cell dysfunction (Westco�  et al., 2021). Altogether, we think that it is possible 
that the native characteristics of the aberrant translation events given rise to nonC-TL (i.e. 
low abundance and instability) account, at least in part, for the lack of recognition in cancer 
patients. 

An additional alternative explanation for our fi ndings is that nonC-TL could also be 
presented by mTEC cells (Figure 52D). Hence, T cells targeting those antigens might have 
undergone incomplete, but higher, central tolerance limiting the abundance of T cells in the 
periphery. This, combined with the low level of expression and/or poor priming may hamper 
the detection of antigen-experienced T cells targeting nonC-TL in cancer patients. 

Therapeutic potential of nonC tumor antigens
Even though pre-existing T-cell responses in patients were not detected, we believe that 

nonC-TL may still be valuable targets for cancer immunotherapies. For instance, the hypothet-
ic defective priming could be rescued by using vaccines, eventually rendering T cells capable 
of recognizing low-abundance/unstable antigens derived from nonC proteins on tumor cells. 
The adoptive transfer of TCR-engineered T cells would also overcome this limited natural 
priming, and the fact that nonC-TL can be shared, as we demonstrated, would facilitate the 
development of off -the-shelf T-cell therapies. 

Although treatment with immunotherapies, including ACT, can mediate objective and 
durable responses in some patients, many patients show tumor progression following an ini-
tial objective response. This can sometimes be explained by the acquisition of resistance mech-
anisms presumably caused by tumor immunoediting. Two independent reports of patients 
treated with ACT of either TIL (Tran et al., 2016) or TCR-engineered T cells (Kim et al., 2022) 
targeting driver mutations evidenced such resistance mechanisms.  The study of the lesions 
after progression revealed that a portion of chromosome 6 was lost resulting in HLA loss of 
heterozygosity which included the alleles targeted by the infused T cells, thus providing a 
direct mechanism of tumor immune evasion. Although driver mutations are optimal targets 
for ACT because they are essential for tumor cell survival and hence, are largely clonal, the 
immune pressure exerted on such neoantigens is expected to be strong. Further, given that T 
cells targeting these driver mutations were, in fact, detected in the patient’s own tumors, it is 
plausible that a small fraction of tumor cells found a mechanism to escape, via reducing the 
expression of the specifi c antigen or altering its presentation. Such pre-existing tumor het-
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erogeneity could contribute to tumor resistance and progression following treatment with T 
cells targeting such neoantigens. In this respect, the lack or defective T-cell response to nonC 
tumor antigens in cancer patients could be advantageous, since these antigens and the HLAs 
presenting them are less exposed to immune selective pressure and, consequently, tumors are 
less likely to present antigen escape variant heterogeneity.

Given that our work shows that the immunogenic nonC-TL that we identifi ed are 
potentially interesting targets for off -the-shelf therapies, one of the remaining questions is 
how to select patients for such therapeutic interventions. An obvious test would be to select 
HLA-A*11:01 or A*03:01 patients and determine whether these nonC-TL are naturally present-
ed on HLA-I of tumor tissue through immunopeptidomics using targeted methods to increase 
the sensitivity. However, the limited size of resectable tumors and the percentage of tumor vs. 
stroma, which is often diffi  cult to control, can negatively aff ect the quality and success of such 
a complex technique.   Another potential strategy that we envision in a near future would be to 
perform Ribo-seq on the patient’s tumor, although the sensitivity of this technique is currently 
limited and technically challenging. 

 As an alternative, we wondered whether a straightforward method such as RNA-se-
quencing could guide the selection of patients that potentially would benefi t from this therapy. 
We retrospectively analyzed whether the level of expression of the canonical genes correlated 
with the recognition of the nonC-TL-specifi c cells tested using available RNA-seq data from 
some of the TCL and healthy cell lines tested (Figure 53). Whilst no detection of the transcript 
implied no recognition, the opposite did not stand true. In other words, when the canonical 
transcript was not detected by RNA-seq, the encoded nonC-TL could not be aberrantly trans-
lated. Consequently, the recognition by either the isolated antigen-specifi c T cells, (Figure 53 
left) or TCR-transduced (Figure 53 right) as measured by 4-1BB upregulation (x-axis) was pre-
vented. However, detectable levels of the transcripts did not always result in the presentation 
of aberrantly translated nonC-TL. 

According to these results, whereas the RNA expression of MLANA gene was asso-
ciated with the recognition of MART-1-specifi c T cells (Figure 43 left), the recognition of 

Figure 53. Gene expression does not correlate with the translation of nonC-TL indirectly measured by recog-
nition of nonC-TL-specifi c T cells. Correlation between antigen-specifi c T-cell activation and expression of the 
targeted gene. The expression was retrospectively analyzed from RNA-seq data of TCL and healthy cell lines 
that were tested for specifi c T-cell recognition in experiments previously described in Figure 48 (left) or Figure 
44 (right). The y-axis shows the gene expression measured by log2 (TPM) and the x-axis the percentage of T-cell 
activation after co-culturing antigen-specifi c T cells with target cells expressing the relevant allele (A*11:01 for nc-
C5orf22 and 5’U-HOXC13, and A*68:01 for 5’U-ZKSCAN1). 
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nonC-TL-specifi c T cells was poorly associated with the level of their corresponding canonical 
transcript. This shows that transcriptome analysis is not a useful tool to stratify the patients, 
which was in part expected, as RNA analysis is not able to determine whether UTR regions 
are  translated. 

Thus, although immunopeptidomics appears to be the best strategy to select patients at 
present, gaining insights into the mechanism driving aberrant translation from 5’ UTR or the 
nonC RNA may prove critical to select patients with greater sensitivity.  

Wh at do tumor-reactive T cells recognize?
Despite the extensive immunological screening using diff erent methodologies, includ-

ing conventional tumor antigens but also nonC -TL, the specifi city of most tumor-reactive 
lymphocytes remains unknown.

Although we included a large number of tumor antigen candidates originated from pre-
sumably any region of the genome, we certainly did not interrogate all of them. Firstly, we 
used immunopeptidomics to prioritize the candidates presented by HLA-I, but we know from 
our own experience that some immunogenic antigens can be missed. Secondly, Peptide-PRISM 
is not able to effi  ciently identify all the existing sources of non-canonical antigens. For instance, 
this pipeline can detect non-coding transcripts and spliced variants as long as they are an-
notated in Ensembl. Indeed, one of the immunogenic nonC-TL identifi ed was derived from 
an annotated non-coding RNA resulting from alternative splicing due to intron retention of 
C5orf22 gene. However, to effi  ciently detect tumor-specifi c aberrant splicing, a personalized 
approach using RNA-seq would be needed. As mentioned before, although HERVs and other 
transposable elements can potentially be detected, the identifi cation of sequences from repet-
itive regions is challenging, and Peptide-PRISM does not seem to be well-suited to do so as 

refl ected by the few peptides detected from this source. Because we used a proteomics method, 

we could have tried to detect post-translational modifi cations such as phosphorylation or acetyla-

tion, for instance. However, this would substantially expand the search space (already huge) and, 

because the samples were not processed for this purpose, although possible, their identifi cation is 

not ideal. In addition, some potential nonC sources were completely ignored. For instance, RNA 

editing (Zhang et al., 2018a), protein decoding (Pataskar et al., 2022), or peptide splicing (Liepe J et 

al., 2016) were not addressed by this approach.  Third, although neoantigens arising from NSM 
identifi ed by WES were included, still, some immunogenic neoantigens derived from genom-
ic alterations could have been missed. A feasible improvement to detect more neoantigens 
would be to exploit alternative methods of NGS such as WGS as previously discussed, but also 
other technologies. Short-read sequencing is the most common NGS approach used, however, 
it has some technical limitations than can be overcome by long-read sequencing (Pollard et al., 
2018).   For instance, this technology allows to accurately identify repetitive regions as well as 
structural variants such as segmental duplications, gene loss, and fusion events. Last, we did 
not interrogate self-antigens overexpressed by tumor cells. A high central tolerance against 
them is expected as they are derived from normal proteins, and some studies have suggested 
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that they are not as immunogenic as tissue-diff erentiation or cancer-germline antigens (An-
dersen et al., 2012). However, we cannot rule out the possibility that some tumor-reactive T 
cells might actually recognize them.  

However, screening of such a massive list of new potential candidates, must be accom-
panied by the development of new high-throughput tools to test the immunogenicity with 
high sensitivity and accuracy while reducing the number of T cells needed.. As mentioned 
before, long-term expansion of TIL frequently leads to more oligoclonal populations and some 
tumor-reactive clones can be lost. A currently available option would be to clone the TCR 
from non-expanded TIL or any population of interest using single-cell sequencing (Zheng et 
al., 2022).  Consequently, an endless source of T cells representative of the initial TCR reper-
toire is generated. Although feasible, the cost and human eff ort is currently still cumbersome.  
New antigen discovery platforms that allow the interrogation of a large list of candidates have 
been recently developed (Gee et al., 2018; Joglekar et al., 2019; Kisielow et al., 2019; Kula et 
al., 2019; G. Li et al., 2019). However, the systematic identifi cation of personalized antigens is 
challenging as these systems typically use libraries that have to be customized for each patient 
and the APC are genetically engineered to express the allele of interest. Moreover, the T cells 
investigated are generally clonal or oligoclonal populations since the detection of infrequent 
T-cell responses is limited. 

The remarkable success of cancer immunotherapy has reached an important infl ection 
point in the history of cancer treatment, however, not all the patients benefi t from these thera-
pies. Broadening our understanding of the immune response to tumors is essential to develop 
more eff ective cancer immunotherapies and long-lasting responses in patients. In addition 
to conventional antigens, in this thesis we investigated whether non-canonical antigens from 
which there is limited knowledge and no clinical experience could contribute to cancer im-
mune surveillance. Although we did not detect pre-existing T-cell responses to nonC-TL in 
cancer patients, we identifi ed TCR targeting these antigens that were capable of recognizing 
patient-derived TCL. Hence, we believe that they may still be valuable targets for cancer im-
munotherapies. However, despite the extensive eff orts made, we could not determine the spe-
cifi c recognition of many tumor-reactive lymphocytes. So much still remains to be discovered!
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Tumor-reactive lymphocytes are frequently detected in cancer patients and consistently 
display preferential recognition of neoantigens as well as cancer-germline or tissue diff erentia-
tion antigens. Although non-canonical HLA-I tumor ligands identifi ed by proteogenomics are 
frequently presented in patient-derived tumor cell lines and can be immunogenic, pre-existing 
T cell responses could not be detected in cancer patients. 

1. Tumor-reactive lymphocytes can frequently be detected in TIL and blood of cancer pa-
tients irrespective of the tumor origin.

2. The three independent methods used to identify tumor antigens led to the detection of 
lymphocytes targeting neoantigens (n=6) and tissue-diferentiation antigens (n=2) in the three 
patients studied.

3. Despite the extensive immunological screening performed, the specifi c antigen/s target-
ed by the majority of tumor-reactive lymphocytes could not be explained by conventional 
tumor antigens identifi ed through multiple methods. 

4. Non-canonical HLA-I tumor ligands identifi ed using Peptide-PRISM are frequently pre-
sented on patient-derived tumor cell lines, are mainly derived from 5’UTR regions, and pref-
erentially bind to HLA-A*11:01 and HLA-A*03:01.

5. Non-canonical HLA-I tumor ligands represent the most abundant source of candidate 
tumor antigens, as compared to neoantigens, cancer-germline, and melanoma-associated an-
tigens. 

6. Pre-existing T cell responses targeting non-canonical HLA-I tumor ligands were not de-
tected in the 9 patients studied. Conversely, tumor-reactive lymphocytes consistently display 
preferential recognition of neoantigens as well as cancer-germline or tissue diff erentiation an-
tigens. 

7. Non-canonical HLA-I tumor ligands can elicit de novo T-cell responses via in vitro sensi-
tization of donor peripheral blood lymphocytes. 

8. We identifi ed TCR specifi c to three non-canonical HLA-I tumor ligands, two of which 
mapped to the 5’ UTR regions of the HOXC13 and ZKSCAN1 genes, and one mapping to a 
non-coding spliced variant of C5orf22 gene.

9. The 3 immunogenic non-canonical HLA-I tumor ligands detected, particularly the one 
derived from 5’U-HOXC13, display therapeutic potential, as they are naturally presented on 
HLA-I, expressed across diverse tumor types, but are barely detected in healthy cells. 

10. Nonetheless, the specifi c antigens recognized tumor-reactive TIL cannot be explained 
by recognition of non-canonical HLA-I tumor ligands. Still, the specifi city of many tumor-re-
active TIL remains unknown and warrants further investigation. 
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Abbreviations tumor type 
ACC Adrenocortical carcinoma
BLCA Bladder Urothelial Carcinoma
BRCA Breast invasive carcinoma
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL Cholangio carcinoma
COAD Colon adenocarcinoma
DLBC Lymphoid Neoplasm Diff use Large B-cell Lymphoma
ESCA Esophageal carcinoma
GBM Glioblastoma multiforme
HNSC Head and Neck squamous cell carcinoma
KICH Kidney Chromophobe
KIRC Kidney renal clear cell carcinoma
KIRP Kidney renal papillary cell carcinoma
LAML Acute Myeloid Leukemia
LGG Brain Lower Grade Glioma
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
MESO Mesothelioma
OV Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma
PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma
READ Rectum adenocarcinoma
SARC Sarcoma
SKCM Skin Cutaneous Melanoma
STAD Stomach adenocarcinoma
TGCT Testicular Germ Cell Tumors
THCA Thyroid carcinoma
THYM Thymoma
UCEC Uterine Corpus Endometrial Carcinoma
UCS Uterine Carcinosarcoma
UVM Uveal Melanoma
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Appendix Figure 1. HLA-I allele binding motif of all patients included in the study.  HLA-I binding motifs 
according to NetMHCpan4.1 are depicted for each allele.

Appendix Figure 2. Frequency of nonC peptides detected in HLA-I. Percentage of peptides derived from ca-
nonical  or non-canonical proteins for each patient ordered based on the frequency of nonC pHLA-I. Patients 
harboring HLA-A*11:01 or HLA-A*03:01 are marked with an *.



147

Appendix Figure 3. Enrichment of antigen-specifi c T cells from cancer patients by fl ow cytometry-based sort-
ing. Reative T cells from TIL or PBL were enriched by  fl ow cytometry based-sorting  based on 4-1BB expression 
after 20h coculture with autologous APC pulsed with the  peptides indicated (red squares). Sorted cells were ex-
panded  for 14 days through a rapid expansion protocol (REP). To evaluate the enrichment, 2e4 expanded T cells 
were cocultured with autologous APC pulsed with the peptides specifi ed and the activation was measured based 
on 4-1BB upregulation after 20 h by fl ow cytometry. Gates display the percentage of 4-1BB cells gated on live/
CD3⁺CD8⁺ . Autologous APC pulsed with an irrelevant peptide were used as a negative control.
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Appendix Figure 4. Evaluation of the restriction element and recognition of the autologous tumor cell lines 
for the  antigen-specifi c T cells isolated from cancer patients.   CD8+ lymphocyte  populations recognizing 
the HLA-I peptides indicated, were enriched by fl ow cytometry based-sorting based on 4-1BB expression and 
expanded for 14 days. The recognition of non-pulsed autologous TCL (Aut.TCL)  was evaluated by coincubating 
from 3e4 to 5e4 tumor cells with 2e4 T cells.  COS7 cells cotransfected with the indicated individual HLA-I alleles 
followed by peptide pulsing were used to determine the restriction element. The recognition was  evaluated by 
IFN-γ release (left axis, white bars) and 4-1BB+ upregulation (right axis, black bars).  ‘>’ denotes greater than 500 
spots/2e4 cells. OKT3 and media were used as positive and negative controls, respectively. Experiments were 
performed twice with technical duplicates. SD is plo� ed.
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Appendix Figure 5. Functional avidity and specifi city of neoantigen-specifi c T cells isolated from cancer patients. 
CD8+ lymphocyte populations recognizing the mutated HLA-I peptides indicated were enriched by fl ow cytom-
etry based-sorting  based on 4-1BB expression and expanded for 14 days. To evaluate the avidity and specifi city 
of the antigen-specifi c sorted populations, 2e4 T cells were incubated with 1-2e5 autologous B cells or CD4+ T 
cells pulsed with serial dilutions of the wild-type (Wt) or mutant HPLC versions. After 20h, 4-1BB upregulation 
was measured by fl ow cytometry. Cells were gated on live/CD3+CD8+ lymphocytes. Experiments were per-
formed twice with technical duplicates. SD is plo� ed.
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Appendix Figure 6. A fraction of nonC-TL were identifi ed in publicly available immunopeptidomics datasets 
from human tumor biopsies. HLA-I immunopeptidomics raw data of melanoma samples from Bassani-Ster-
nberg et al., 2016; Kalaora et al., 2021 , was downloaded from PRIDE and search against a database containing 
the proteome reference plus our nonC-TL candidates (n=507) using PEAKS Studio Pro. The analysis shows the 
identifi ed nonC-TL sequences at 5% FDR. (A) Unique nonC-TL sequences identifi ed by category. (B) NonC-TL 
identifi ed in each sample. The sample ID are shown on the right, and the nonC category is depicted in diff erent 
colors at the bo� om. 
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