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Tumor antigens preferentially derive from 
unmutated genomic sequences in melanoma 
and non-small cell lung cancer
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Maxime Cahuzac    1, Chantal Durette1, Jean-David Larouche1,2, 
Marie-Pierre Hardy1, Krystel Vincent1, Sylvie Brochu1, 
Jean-Philippe Laverdure    1, Joël Lanoix1, Mathieu Courcelles    1, 
Patrick Gendron1, Mathieu Lajoie    3, Maria Virginia Ruiz Cuevas    1,4, 
Eralda Kina1,2, Julie Perrault1, Juliette Humeau1,2, Grégory Ehx    1,5,6, 
Sébastien Lemieux    1,4, Ian R. Watson    3,7, Daniel E. Speiser    8, 
Michal Bassani-Sternberg    8,9, Pierre Thibault    1,10   & Claude Perreault    1,2 

Melanoma and non-small cell lung cancer (NSCLC) display exceptionally high 
mutational burdens. Hence, immune targeting in these cancers has primarily 
focused on tumor antigens (TAs) predicted to derive from nonsynonymous 
mutations. Using comprehensive proteogenomic analyses, we identified 589 
TAs in cutaneous melanoma (n = 505) and NSCLC (n = 90). Of these, only 1% 
were derived from mutated sequences, which was explained by a low RNA 
expression of most nonsynonymous mutations and their localization outside 
genomic regions proficient for major histocompatibility complex (MHC) 
class I-associated peptide generation. By contrast, 99% of TAs originated 
from unmutated genomic sequences specific to cancer (aberrantly expressed 
tumor-specific antigens (aeTSAs), n = 220), overexpressed in cancer 
(tumor-associated antigens (TAAs), n = 165) or specific to the cell lineage of 
origin (lineage-specific antigens (LSAs), n = 198). Expression of aeTSAs was 
epigenetically regulated, and most were encoded by noncanonical genomic 
sequences. aeTSAs were shared among tumor samples, were immunogenic and 
could contribute to the response to immune checkpoint blockade observed in 
previous studies, supporting their immune targeting across cancers.

Superior response to immune checkpoint blockade (ICB) in cancers 
with high mutational load, including melanoma and NSCLC, has led to 
the assumption that ICB efficacy is dictated by the immune recognition 
of mutated tumor-specific antigens (mTSAs), also known as mutated 
neoantigens1,2. This belief has been fueled by associations of response 
to ICB with increased tumor mutational burden (TMB) or intratumor 
genomic heterogeneity or with the number of total, clonal or persistent, 
in silico-predicted mTSAs3–8. However, cases of ICB responders with low 

pretreatment TMB and nonresponders with high TMB challenge this 
assumption7,9. Moreover, several attempts using mass spectrometry 
to validate the presence of predicted mTSAs at the surface of tumor 
cells, an essential prerequisite to recognition by tumor-reactive CD8+ 
lymphocytes, have been largely unsuccessful10–13.

Another prerequisite to CD8+ T cell activation by a TA is its immu-
nogenicity, determined by the presence and affinity of antigen-specific 
CD8+ T cells in the patient’s immune cell repertoire. TAs that are not 
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polymorphism (SNP) insertion and (2) three-frame translations of 
RNA sequences absent from mTECs, including those deriving from 
non-annotated (noncanonical) genomic regions (Extended Data 
Fig. 1a). Tandem mass spectra (MS/MS) of MAPs from each sample 
were searched against these databases to identify canonical and  
noncanonical peptide sequences.

At the intersection between two spectrum search engines (PEAKS 
and Comet), we identified a total of 60,012 unique MAP sequences from 
NSCLC, 31,289 from primary cutaneous melanomas and 59,708 from 
melanoma cell lines. Next, we obtained their RNA coding sequences, 
genomic locations and expression in benign versus cancer tissues 
using BamQuery17,40, and we evaluated the class of TA candidates  
(aeTSAs, TAAs, LSAs or mTSAs) and their biotypes. MAPs deriving 
from mutations in canonical or noncanonical regions and for which 
coding sequences were not expressed in benign tissues were classi-
fied as mTSAs. For unmutated TAs, a MAP was kept as a TA candidate if 
its coding sequence was shared by at least 5% of cancer samples from 
the Cancer Genome Atlas (TCGA): for NSCLC, sharing was assessed 
in the lung adenocarcinoma (LUAD) and lung squamous cell carci-
noma (LUSC) cohorts, while, for melanoma, it was evaluated in the 
skin cutaneous melanoma (SKCM) cohort. Next, (1) absence or minimal 
expression in normal tissues except the testis classified TA candidates 
as aeTSAs, and (2) expression restricted to normal lung or skin (for 
NSCLC and melanoma, respectively) resulted in LSA classification, 
(3) whereas significant expression in other normal tissues and at least 
twofold overexpression in TCGA defined TAAs (Methods, Extended 
Data Fig. 1a,b and Supplementary Table 4).

We found a total of 90 TAs from NSCLC samples, 90 TAs from 
primary melanomas and 434 TAs from the melanoma cell lines, for a 
total of 505 nonredundant melanoma TAs (Fig. 1a, Extended Data Fig. 1c 
and Supplementary Tables 5–7). Several complementary analyses 
supported the accuracy of our TA identifications (‘Quality of tumor 
antigen identifications’ and Extended Data Figs. 2 and 3). While the 
number of TAs identified correlated with the total number of MAPs 
detected in both lung and melanoma (Fig. 1b), the median rate of TAs 
generated per 1,000 MAPs was 2.3 times higher in primary melanomas 
than in NSCLC (Extended Data Fig. 1c). This could be explained by a 
lower tumor purity estimate for NSCLC samples due to higher immune 
infiltration, which can hamper the detection of genuine TAs (Fig. 1c and 
Extended Data Fig. 1d). Indeed, many MAPs from NSCLC samples, but 
not from melanoma, were immunoglobulin derived, consistent with 
the high B cell and plasma cell infiltration of this tumor type41,42. The 
tumor purity could also explain the 2.8 times higher number of TAs per 
sample identified in melanoma cell lines than in primary melanomas 
(Fig. 1b,c and Extended Data Fig. 1c).

Notably, more than 50% of aeTSAs in both NSCLC and melanoma 
were noncanonical, with a high contribution from intergenic regions, 
introns and noncoding RNAs (Fig. 1d,e). While TAAs and LSAs were 
mainly derived from annotated open reading frames (ORFs), LSAs in 
melanoma were also enriched in noncoding RNA and intron-derived 
MAPs, suggesting melanocyte-specific biogenesis (Fig. 1d). Similarly, 
mTSAs were essentially canonical, but they were significantly under-
represented in both cancer types (Fig. 1a,d,e). Remarkably, we identi-
fied only a single mTSA in NSCLC and primary melanomas and four in 
melanoma cell lines.

Predicted mTSAs are poor MAP generators
To understand the scarcity of mTSAs identified using mass spectrom-
etry (MS), we assessed the presentation of predicted mTSAs encoded 
by mutated protein-coding exons. mTSA predictions were based on 
nonsynonymous mutations (single- and multiple-nucleotide variants 
and short insertion–deletion events, indels) called from RNA-seq for 
primary samples and from RNA-seq and exome sequencing (exome-seq) 
for melanoma cell lines with data available from Chong et al.18  
(Methods) (Fig. 2a and Supplementary Tables 8–15).

found in normal tissues, such as mTSAs, can induce strong T cell acti-
vation. By contrast, unmutated antigens overexpressed in cancer but 
present in normal tissues, called tumor-associated antigens (TAAs), 
are poor immunogens because developing cognate T cells are deleted 
or anergized by medullary thymic epithelial cells (mTECs) to prevent 
autoimmunity. Accordingly, the therapeutic targeting of unmutated 
TAs has been largely viewed as a failure due to disappointing results 
obtained by targeting TAAs1. Nevertheless, the recent rediscovery of 
unmutated aeTSAs derived from allegedly noncoding regions (that is, 
introns, untranslated regions, intergenic regions, endogenous retro-
elements) and from embryonic transcriptional programs has sparked 
renewed interest in unmutated TAs for immunotherapy14–24. These 
aeTSAs have shown success in preclinical vaccination studies15,16,22, 
and CD8+ T cells with strong reactivity to such antigens were found in 
peripheral blood mononuclear cells (PBMCs) of healthy donors and 
patients with cancer, including melanoma14,17–19,25,26, and in the pool of 
tumor-infiltrating lymphocytes from human tumors27. This indicates 
that aeTSAs can contribute to anti-tumor immunity spontaneously 
and upon treatment.

In addition to TAAs and TSAs, a third type of TAs has been dem-
onstrated to be involved in tumor immunosurveillance, albeit at the 
expense of varying degrees of organ-specific autoimmunity. These 
antigens, termed lineage-specific antigens (LSAs), are specifically 
expressed in cell types with specialized functions28. For example, 
in melanoma, premelanosome protein (PMEL), tyrosinase (TYR), 
tyrosine-related proteins 1 and 2 (TRP1 and TRP2) and MLANA (or 
MART1, melanoma antigen recognized by T cells), which are involved 
in the production of melanin in melanocytes, induce long-term protec-
tive immune responses following the induction of local inflammation 
and can rescue response to ICB in TMB-low tumors29.

A third prerequisite to anti-tumor immunity is CD8+ T cell priming 
mediated primarily by dendritic cells29–32. We have previously proposed 
that noncanonical TAs make poor antigens for spontaneous priming 
due to their instability and rapid degradation, which limit uptake by 
dendritic cells33,34. On the flip side, they are ideal candidates for immu-
notherapy due to their high number in tumors, their tumor specificity 
and lack of spontaneous immunoediting33. Despite this, currently, no 
clinical trials study the immune targeting of noncanonical TAs, and 
only a handful of such studies exist on canonical unmutated TAs in 
melanoma, lymphoma, ovarian, testicular and other cancers (refs. 
35,36; ClinicalTrials.gov identifier NCT04503278). While the extensive 
efforts channeled into targeting predicted mTSAs have benefited some 
patients via direct (target recognition) or indirect (systemic immune 
activation and epitope spreading) vaccine responses37–39, we posit 
that adding unmutated canonical and noncanonical TSAs to the target 
repertoire could substantially improve the efficacy and durability of 
response to treatment. To evaluate the landscape of targetable TAs in 
indications with high TMB, we systematically assessed the cell surface 
presentation of mutated and unmutated TAs in melanoma and NSCLC. 
Having found few mTSAs, we provide insights into why predicted 
mTSAs are rarely detected in tumor immunopeptidomes. Lastly, our 
study uncovers the potential contribution of aeTSAs in response to 
ICB observed in previous studies and argues for their high relevance 
for immunotherapy.

Results
Unmutated TAs outnumber mTSAs in melanoma and NSCLC
We used proteogenomics to analyze the immunopeptidomes (that 
is, the sum of MHC class I-associated peptides, MAPs) of 26 NSCLC 
and 12 cutaneous melanoma biopsies (Supplementary Tables 1–3). In 
addition, we reanalyzed the RNA-sequencing (RNA-seq) and paired 
immunopeptidomics data from seven patient-derived melanoma cell 
lines from Chong et al.18. Briefly, bulk RNA-seq was used to construct 
sample-specific databases containing (1) the annotated (canonical) 
expressed proteome following sample-specific single-nucleotide 
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The first observation we made was that most nonsynonymous 
mutations (83% in NSCLC and 85% in melanoma) were predicted to gen-
erate mTSAs, for a median of 959 predicted mTSAs per sample in NSCLC 
(range, 416–1,787) and 1,294 in melanoma (range, 381–3,709) (Fig. 2b,c 
and Supplementary Tables 8–15). In other words, most exonic nonsyn-
onymous mutations can code for a MAP with adequate predicted MHC 
I-binding affinity (elution percentile rank < 2, NetMHCpan-4.1b43). 
However, only a tiny proportion of these predicted mTSAs per sam-
ple were detected by MS (Fig. 2d and Supplementary Tables 8–15). 
Because our initial personalized MS databases included only sequences 
derived from single-nucleotide variants (Extended Data Fig. 1a and 

the Methods), we performed new MS searches with databases com-
prising all sample-specific predicted mTSAs (spanning single- and 
multiple-nucleotide variants and indels). Only one additional predicted 
mTSA from a multinucleotide variant was identified in melanoma and 
one from a single-nucleotide variant in NSCLC (Extended Data Fig. 4a 
and Supplementary Table 15). Overall, the two databases allowed the 
identification of 48 nonredundant mTSA candidates across NSCLC and 
melanoma samples. Next, we performed transcriptomic analyses of 
tumor samples and normal tissues to determine which of the 48 mTSA 
candidates were genuine mTSAs. Only five MAPs were validated as 
genuine exonic mTSAs (Fig. 1a and Supplementary Tables 5–15). The 
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Fig. 1 | Unmutated TAs outnumber mTSAs in melanoma and NSCLC. a, Number 
of nonredundant MAPs per TA type identified across primary melanomas 
and melanoma cell lines from Chong et al.18 (left) and primary NSCLC (right) 
samples. b, Scatterplot showing Pearson’s correlation between the total number 
of MAPs and the number of TAs identified per sample in melanoma (left) and 
NSCLC (right). c, Tumor purity (left) and immune infiltration (right) scores 
from ESTIMATE across samples. Box plots show the median (center line) and 
interquartile range (IQR, box with limits at 25th and 75th percentiles), and 

whiskers extend to the largest value no further than 1.5 × IQR from the box hinges. 
P values from two-sided unpaired t-test with NSCLC samples as a reference  
group; no adjustments were made for multiple testing. Primary melanoma  
(n = 12 samples), primary NSCLC (n = 26 samples), melanoma cell lines  
(n = 7 samples) (b,c). d,e, Proportion of TAs corresponding to each biotype for 
each TA type in melanoma (d) and NSCLC (e). The total number of TAs per cancer 
type is displayed in a. a,d,e, n = 19 melanoma samples and 26 NSCLC samples. 
UTR, untranslated region; ncRNA, noncoding RNA.
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Fig. 2 | Predicted mTSAs are poor MAP generators. a, Number of 
nonsynonymous mutations per Mb per sample in melanoma (left) and NSCLC 
(right), called from RNA-seq or exome-seq or identified from exome-seq and 
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strongest binding affinity to the corresponding sample’s HLA alleles. d, Number 
of predicted mTSAs identified by MS using mTEC k-mer databases in melanoma 
(left) and NSCLC (right). a–d, n = 8 primary melanoma samples, seven melanoma 
cell lines, 26 NSCLC samples.
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remaining 43 mTSA candidates did not qualify as targetable mTSAs 
due to high expression in normal tissues, either because (1) in normal 
samples, other nonmutated genomic regions were expressed for which 
the amino acid sequence matched the purported mTSA sequences, as 
previously observed for other proposed mTSAs40, or (2) the purported 
somatic mutations called from tumor RNA were rare germline variants 
that were found in later dbSNP versions and normal samples or were 
instances of RNA editing occurring in normal tissues as well (Extended 
Data Fig. 4b–d). Accordingly, most of the 43 predicted mTSAs were 
found in the human leukocyte antigen (HLA) Ligand Atlas44 (Supple-
mentary Tables 8–15).

RNA expression is a prerequisite of MAP presentation17,34,45. We 
noted that at most 32% of the exome-derived mutations were expressed 
in the RNA-seq reads from melanoma cell lines (range of 23–32%; 
Fig. 2a and Supplementary Tables 8–15), an observation consistent 
with another recent report46, meaning that most exonic mutations have 
no chance of MAP generation. In addition, we compared the expression 
of the RNA sequences (8–11 codons in length) coding for predicted 
mTSAs that generated MAPs or not and those coding for the unmutated 
TAs identified in the present study (Fig. 1a). We found that predicted 
mTSAs that were not detected by MS analyses had an RNA expression 
significantly inferior to that of unmutated TAs, whereas the expres-
sion of predicted mTSAs that generated MAPs lay in between (Fig. 3a). 
The same pattern was observed when we analyzed the entire set of 
transcripts coding for predicted mTSAs (rather than only the short 
MAP-coding sequence): they were less expressed than transcripts cod-
ing for unmutated TAs or other MAPs identified in this study (Fig. 3b). 
To validate further the negative impact of low RNA expression on MAP 
generation, we extended our analyses to all unmutated MAPs. In both 
NSCLC and melanoma, transcripts coding for predicted mTSAs unde-
tected by MS generated fewer unmutated MAPs than other classes of 
transcripts (Fig. 3c). This indicates that transcripts coding for predicted 
mTSAs were overall less processed for antigen presentation primarily 
because of low RNA expression. Of note, features regulating the protein 
regulation rate (disorder, instability and ubiquitination) showed subtle 
or no significant intergroup differences (Extended Data Fig. 5a–c).

We previously reported that MAPs preferentially derive from 
selective genomic regions called MAP hotspots20. These MAP hotspots 
are actively transcribed and translated and generate a high proportion 
of defective ribosomal products34,45,47. We therefore asked whether 

predicted mTSAs were located within MAP hotspots. We defined MAP 
hotspots as the genomic regions within annotated ORFs generating at 
least one unmutated MAP reported in the Immune Epitope Database 
(IEDB) or the HLA Ligand Atlas44 or identified in this study (n = 506,908 
nonredundant MAPs; Fig. 4a and Extended Data Fig. 5d). We found 
that only 25% of NSCLC and 33% of melanoma mutations called from 
RNA-seq data overlapped these MAP hotspots (Fig. 4b). Notably, pre-
dicted mTSAs deriving from mutations outside MAP hotspots were 
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Fig. 3 | RNA expression disfavors predicted mTSA presentation. a, Expression 
of the peptide-coding RNA sequences for predicted mTSAs generating no 
MAPs (pred_mTSA), predicted mTSAs generating MAPs (pred_mTSA_MAP) and 
unmutated TAs, across melanoma (left) and NSCLC (right) samples. RPHM, reads 
per hundred million reads. Pred_mTSA (melanoma, n = 23,919 peptides; NSCLC, 
n = 26,271 peptides); pred_mTSA_MAP (melanoma, n = 18 peptides; NSCLC, n = 52 
peptides); unmutated TA (melanoma, n = 596 peptides; NSCLC, n = 116 peptides). 
b, Expression of the transcripts’ (with non-null expression) source of pred_mTSA, 
pred_mTSA_MAP, unmutated TAs, other MAPs or transcripts generating no 
MAPs (nonsource), across melanoma (left) and NSCLC (right) samples. TPM, 
transcripts per million. c, Proportion of amino acids covered by unmutated MAPs 
per protein corresponding to transcripts with non-null expression source of 
pred_mTSA, pred_mTSA_MAP, unmutated TAs or other MAPs, across melanoma 
(left) and NSCLC (right) samples. Pred_mTSA (melanoma, n = 9,133 transcripts; 
NSCLC, n = 11,999 transcripts); pred_mTSA_MAP (melanoma, n = 24 transcripts; 
NSCLC, n = 67 transcripts); unmutated TA (melanoma, n = 637 transcripts; 
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NSCLC, n = 270,608 transcripts); nonsource (melanoma, n = 1,085,966 
transcripts; NSCLC, n = 2,509,130 transcripts) (b,c). a–c, n = 15 melanoma and 
26 NSCLC samples. All box plots show the median (center line) and IQR (box 
with limits at 25th and 75th percentiles), whiskers extend to the largest value 
no further than 1.5 × IQR from the box hinges, and black dots represent outliers 
beyond the whiskers. P values from two-sided Wilcoxon’s nonparametric test, 
with predicted mTSAs’ source RNA or transcripts generating no detectable MAPs 
as a reference group; no adjustments were made for multiple testing.
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at least five times less likely to generate MAPs than mutations in MAP 
hotspots in both NSCLC (MAP hotspots-in, 37 of 8,186 versus MAP 
hotspots-out, 15 of 18,396, P < 0.001, Fisher’s exact test) and melanoma 
(MAP hotspots-in, 14 of 5,577 versus MAP hotspots-out, four of 8,432, 
P < 0.005, Fisher’s exact test) (Fig. 4c). These MAP generation rules 
held for TAAs (when TAAs identified solely in this study were excluded 
from the list of MAP hotspots) and nonsynonymous germline variants 
as well. Indeed, TAAs (Supplementary Tables 5–7) and predicted non-
synonymous germline variants generating MAPs detected by MS had 
a high rate of overlap with MAP hotspots (Extended Data Fig. 5e,f), and 
they derived from transcripts with high expression (Fig. 3b for TAAs 
and Extended Data Fig. 5g for germline variants called for melanoma 
cell lines).

Finally, to evaluate whether higher MS sensitivity could enlarge 
the detection of predicted mTSAs, we selected 21 predicted mTSAs 
in seven NSCLC samples for targeted MS analysis (Supplementary 
Tables 8–15). Targeted MS can be used only for a limited number of 
MAPs at a time, but it is more sensitive than shotgun MS (used at the 
discovery stage) and yields quantitative results48. We selected the 
three ‘best’ mTSA candidates per sample across seven NSCLC samples. 
Criteria for sequential selection were (1) the mTSA candidates derived 
from different variants with the highest alternative read count in the 
sample of origin, for which no predicted mTSAs were detected by 
shotgun MS, (2) for each variant location, priority was given to peptides 
predicted to bind multiple HLA alleles per sample, (3) next, priority 
was given to strongest HLA binders (based on percent rank elution in 
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no further than 1.5 × IQR from the box hinges, and black dots represent outliers 
beyond the whiskers.
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NetMHCpan-4.1b18). Three of the predicted mTSAs had no RNA reads 
covering the entire peptide-coding sequence in the samples of origin, 
and one predicted mTSA could not be synthesized, indicating a poor 
interest for therapy (Fig. 4d). Altogether, only one predicted mTSA 
was detected by targeted MS. It represents a targetable mTSA, as it was 
not expressed in normal tissues (Fig. 4d and Extended Data Fig. 5h,i). 
This demonstrates that the lack of MS detection of most predicted 
mTSAs is more likely due to a lack of presentation than the detection 
threshold of MS analyses.

We conclude that, in melanoma and NSCLC, most predicted mTSAs 
do not generate MAPs presented at the cell surface because their cod-
ing sequences are preferentially located outside MAP hotspots in lowly 
expressed transcripts.

aeTSAs are immunogenic and may contribute to ICB response
Despite their high abundance in cancer cells, little is known about 
the role of unmutated TAs in spontaneous or treatment-induced 
anti-tumor immunity in vivo. To evaluate this, we first predicted the 
number of unmutated TAs identified here (Fig. 1a) in pretreatment 
biopsies from patients with NSCLC and melanoma treated with ICB 
(anti-PD-1, anti-PD-L1, anti-CTLA). TA presentation in individual tumors 
was inferred based on two criteria: expression at the RNA level of both 
the TA and a cognate HLA allotype (that is, presence of TA–HLA pairs)17. 
In all datasets tested for melanoma3,5,7,9,49–51 and NSCLC4,41, patients pre-
sented high numbers of TA–HLA pairs. Still, no significant difference in 
the number of TA–HLA pairs was seen in pretreatment samples between 
responders and nonresponders (Fig. 5a and Extended Data Fig. 6a,b). 
A recent meta-analysis suggests that the lack of correlation between 
TA load and response to ICB commonly results from a threshold effect: 
when one or a few TAs are immunogenic, having more TAs does not 

confer any advantage52. For now, the lack of immunopeptidomics data 
and complete sets of unmutated TAs from these patients prevents us 
from drawing definitive conclusions on the value of unmutated TA 
numbers in predicting response to ICB.

In their previous study of anti-PD-1 therapy in melanoma, Riaz 
and colleagues reported a linear correlation between the number 
of expanded T cell clones and the number of predicted mTSAs lost 
on-therapy in responders (patients with partial and complete response, 
PRCR) but not in nonresponders (patients with stable or progressive 
disease, SD or PD)3. Notably, using Riaz et al.’s data3, we found that 
responders, but not nonresponders, showed a marked decrease in the 
number of unmutated TA–HLA pairs on-therapy (Fig. 5b), which could 
not be explained solely by decreased tumor purity (Extended Data 
Fig. 6e). The positive correlation between unmutated TA disappearance 
and response to ICB was validated in one of two additional datasets with 
pre-ICB and on-ICB samples49,50 (Extended Data Fig. 6c,d). Furthermore, 
the loss of aeTSA–LA numbers in responders had a strong linear cor-
relation with the number of T cell clones expanded on-therapy, whereas 
a positive but nonsignificant correlation with T cell expansion was 
observed for TAAs and LSAs (Fig. 5c).

To determine whether the melanoma aeTSAs lost in respond-
ers are immunogenic and can be recognized by CD8+ T cells, we first 
performed a functional expansion of specific T cells (FEST) assay53. In 
FEST assays, T cell receptor (TCR)B sequencing is performed on T cells 
isolated from healthy donor PBMCs and stimulated with autologous 
cells pulsed or not with synthetic aeTSAs. TCR clonotypes responsive 
to aeTSAs are then identified based on their significant expansion in 
the aeTSA-stimulated condition compared to the control. The FEST 
assay was performed on 12 melanoma aeTSAs identified here (Fig. 1a 
and Supplementary Table 6), selected based on (1) their complete 
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loss of expression on-therapy in at least one responder, (2) their HLA 
allotypes matching those of the healthy PBMC donor, (3) their biotype 
(nine of 12 noncanonical) and (4) previously unreported status (Sup-
plementary Tables 16–20). Stringent criteria revealed that all 12 aeTSAs 
were immunogenic and induced a polyclonal T cell expansion (range 
of four to 14 specific CD8+ T cell clonotypes; Fig. 6a, Extended Data 
Fig. 4f and Supplementary Tables 16–20), an important factor in the 
long-term clinical benefit from ICB in melanoma21. The proliferative 
capacity of aeTSA-responsive T cells (29-fold to 5,753-fold; Fig. 6a and 
Supplementary Tables 16–20) is relevant because it is the first effec-
tor function lost by anergic or exhausted T cells54–56. Nevertheless, 
to provide incontrovertible evidence of the functional quality of the 

aeTSA-directed T cell response, we also performed cytotoxicity assays 
on six HLA-A*02:01-binding aeTSAs (of which one was also tested in the 
FEST assay, and an additional five aeTSAs were selected based on their 
high expression in melanoma samples; Fig. 6a,b, Extended Data Fig. 6f 
and Supplementary Table 6). T cells primed against at least four of these 
aeTSAs killed aeTSA-presenting B lymphoblastoid cell line (B-LCL) tar-
get cells very efficiently: their cytotoxic activity was equal or superior 
to that of T cells primed against viral peptides (from NS3 and Gag) used 
as controls (Fig. 6b and Extended Data Fig. 6g). Tetramer staining and 
interferon γ (IFN-γ) enzyme-linked immunosorbent spot (ELISpot) 
assays confirmed that CD8+ T cells expanded by these four aeTSAs 
were specific and functional, respectively (Fig. 6c,d and Extended Data 
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Bar plot shows the mean of two independent experiments. c, Flow cytometry 
plots show the percentage of tetramer-positive cells among live CD8+ T cells 
following expansion with the peptide indicated. The expansion fold of tetramer-
positive CD8+ T cells is shown in red compared to the DMSO-expanded CD8+ T 
cell condition. n = 1 biological sample per peptide. d, Number of spot-forming 
units (SFU) per 106 (M) CD8+ T cells, measured by an IFN-γ ELISpot assay. Data 

represent the mean and individual data points for three technical replicates 
from one independent experiment (n = 1 independent experiment performed). 
e, Quantification of Incucyte images after 3 h of co-culture. Bar plot represents 
the percentage of cytotoxicity for each melanoma cell line co-cultured with 
peptide- or DMSO-primed CD8+ T cells. The MelanA-negative A375 melanoma cell 
line was used as a negative control for ELAGIGILTV-expanded CD8+ T cells. RNA 
expression values (RPHM) of each peptide in the respective cell line are displayed 
in red below each bar. The RPHM value shown for ELAGIGILTV corresponds to 
the unmodified peptide counterpart, EAAGIGILTV. NA, not applicable. Numbers 
in blue represent the fold change compared to the DMSO condition. Data 
represent the mean and individual data points for three technical replicates from 
one independent experiment (n = 1 independent experiment performed). a–e, 
Anti-aeTSA T cells were generated by priming T cells from healthy donors with 
autologous peptide-pulsed PBMCs (Methods).
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Fig. 7a,b). Lastly, we tested whether T cells primed against two of these 
aeTSAs would kill unmanipulated (that is, unpulsed, untransfected) 
melanoma cells constitutively expressing the aeTSAs. The targets 
were the melanoma cell lines used for aeTSA discovery (Fig. 1a and 
Supplementary Table 6). Remarkably, while these two aeTSAs had RNA 
expression 500–1,700 times lower than the unmodified MelanA control 
peptide (EAAGIGILTV), they mediated equal or superior killing of the 
melanoma cell lines presenting them. No specific killing was observed 
when the aeTSA was not detected at the RNA or peptide level (Fig. 6e 
and Extended Data Fig. 7c,d). These functional assays demonstrate that 
aeTSAs are highly immunogenic and mediate specific and effective 
killing of cells expressing them.

Overall, these results suggest a previously underappreciated con-
tribution of unmutated TAs, particularly aeTSAs, to the anti-tumor 
response induced by ICB in melanoma and warrant further investigation 

of their role in mediating tumor control and their therapeutic potential 
across cancers, independent of the TMB.

aeTSAs are ideal candidates for immunotherapy
A therapeutically attractive feature of unmutated TAs is their shar-
ing between patients. In contrast to mTSAs, which were rare, lowly 
expressed and largely patient specific, unmutated TAs from melanoma 
and NSCLC were abundant and shared at the peptide and RNA levels 
(Fig. 7a–d). The MAP-level sharing further increased when consider-
ing sharing at the gene level to account for HLA heterogeneity across 
the samples analyzed (Extended Data Fig. 7e,f and Supplementary 
Tables 6, 7, 21 and 22). Nevertheless, unmutated TAs showed TA type-, 
cancer type- and cancer subtype-specific expression pattern and regu-
lation. Specifically, we found that aeTSAs and TAAs were highly shared 
in melanoma and LUSC samples from TCGA (Fig. 7c,d). Consistent 
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Fig. 7 | TA sharing and expression regulation across cancer samples.  
a,b, Stacked bar chart showing the proportion of TA types (and absolute TA 
numbers) shared between different numbers of melanoma (a, n = 19) and NSCLC 
(b, n = 26) samples analyzed. c,d, Box plots showing the proportion of TCGA 
samples expressing each TA (gray dots) at least two times higher than the 95th-
percentile value for the respective TA in Genotype–Tissue Expression (GTEx) 
samples except the testis for melanoma TAs (c) or in normal bronchial brushing 
samples and GTEx samples except the testis for NSCLC TAs (d). Box plots show 
the median and IQR, and whiskers extend to the largest value no further than 
1.5 × IQR from the box hinges. e,f, Spearman’s correlation between the RPHM 
expression of each melanoma TA and the corresponding omics value (source 
gene expression (FPKM, fragments per kilobase of transcript per million mapped 
reads), copy number variation, methylation βvalue and TMB) across the analyzed 

SKCM samples from TCGA (e), and the proportion of TAs with a significant 
correlation (adjusted P value (Padj) < 0.05, heatmap cells with * in e) among TAs 
with omics data available (non-empty cells in e) (f). g,h, Spearman’s correlation 
between the RPHM expression of each NSCLC TA and the corresponding omic 
values (source gene expression (FPKM), copy number variation, methylation 
β value and TMB) across the analyzed LUSC and LUAD samples from TCGA 
according to the smoking history status (g) and the proportion of TAs with a 
significant correlation (Padj < 0.05, cells with * in g) among TAs with omics data 
available (non-empty cells in g) (h). Numbers in parentheses represent the 
minimum number of samples analyzed per TA (e,g). Correlation data for TMB 
in TCGA-LUSC; nonsmokers were excluded due to the low number of samples 
(n < 5). a–e,g, Total TA numbers are per the data in Fig. 1a.
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with an increased stemness of these tumors (Extended Data Fig. 8a), 
many of these shared TAs were encoded by oncofetal (or cancer ger-
mline) genes (aeTSAs) and cell cycle genes (TAAs) (Supplementary 
Tables 5–7 and 21–24). Notably, the top TAA-generating gene across 
NSCLC samples was UHRF1, an epigenetic regulator and oncogenic 
driver for which overexpression promotes cell cycle progression and 
tumor growth in several cancer types57 (Supplementary Table 22). By 
contrast, NSCLC-derived LSAs, primarily derived from ROS1, extracellu-
lar matrix-related genes (that is, COL6A5, ADAMTS12) or genes involved 
in surfactant production (that is, SFTPA1; Supplementary Tables 5–7) 
were preferentially detected in the LUAD subtype, the predominant 
cells of origin of which are alveolar type 2 cells (Fig. 7d and Extended 
Data Fig. 8b).

Using TCGA multiomics data, we found a pronounced correlation 
between the RNA expression of TAs and their corresponding source 
genes, suggesting a gene-level regulation (Fig. 7e–h). Expression of 
aeTSAs was often correlated with hypomethylation of the source gene 
promoters in both NSCLC and melanoma. By contrast, in melanoma, 
TAAs and LSAs showed a prevalent association with both the focal 

DNA copy number (CNV) and the hypomethylation of source gene 
promoters, whereas no TA type was correlated with the TMB (Fig. 7e,f). 
In LUSC, the CNV was the most important contributor to TAA expres-
sion, whereas LSAs were underrepresented in this subtype (Fig. 7g,h 
and Extended Data Fig. 8b). Lastly, in LUAD, TAA and LSA expression 
was associated with smoking status and TMB (Fig. 7g,h). A history of 
smoking correlated with a higher TMB, higher TAA (and aeTSA) expres-
sion and lower LSA expression (Fig. 6g,h and Extended Data Fig. 8c,d), 
consistent with reports showing that the TMB in LUAD is increased in 
metastases and samples with poor differentiation58. Consequently, 
nonsmokers with LUAD showed a higher number of LSAs expressed 
at the RNA level, which were often correlated with increased CNV and 
source gene promoter hypomethylation (Fig. 7f and Extended Data 
Fig. 8e). Nevertheless, despite the association between TA numbers 
and overall TMB, the number of TAs with high expression (that is, 
above-median expression across patients with non-null expression 
for a given TA) in patients with LUAD and LUSC was independent of 
the nonsynonymous mutation status of select oncogenes59, except for 
EGFR mutations, which were associated with high LSA expression in 
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Fig. 8 | TA expression in scRNA-seq data from melanoma and NSCLC.  
a, Bar plots showing the proportion (and absolute numbers) of melanoma TAs 
expressed (read count above 1) in cancer cells only in cutaneous melanoma 
scRNA-seq data from Zhang et al.61 (n = 4 samples from three patients). b, Bar 
plots showing the proportion (and absolute numbers) of NSCLC TAAs and aeTSAs 
expressed (read count above 1) in cancer cells only and the proportion of NSCLC 
LSAs expressed in cancer cells and normal alveolar cells only in NSCLC scRNA-seq 
data from Lambrechts et al.62 (n = 24 tumor samples from eight patients).  
c, Proportion of cell doublets among cells expressing a TA (cells expressing TA > 1 
read count) versus the TA-negative cell fraction per annotated cell type from 
cutaneous melanomas (n from Zhang et al.41 (n = 4 samples from three patients). 
Each gray dot represents a TA expressed in at least one cell of the respective 

cell type. TAs analyzed here were those expressed in at least one noncancer 
cell: aeTSAs (n = 31 TAs), TAAs (n = 61 TAs) and LSAs (n = 92 TAs). Neg, negative; 
pos, positive. d, Box plots show the normalized expression of MLANA (left) and 
PMEL (right) in cell types from cutaneous melanoma samples from Zhang et 
al.61 (n = 4 samples from three patients), comparing cells expressing at least 
one TA (TA+) versus cells negative for all TAs (TA−). TAs analyzed here were those 
expressed in at least one noncancer cell: aeTSAs (n = 31 TAs), TAAs (n = 61 TAs) 
and LSAs (n = 92 TAs). All box plots show the median (center line) and IQR (box 
with limits at 25th and 75th percentiles), whiskers extend to the largest value 
no further than 1.5 × IQR from the box hinges, and black dots represent outliers 
beyond the whiskers. P values from two-sided Wilcoxon’s nonparametric test; no 
adjustments were made for multiple testing.
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LUAD (Extended Data Fig. 8f). In summary, these results indicate that, 
in agreement with the role of MAPs in mirroring the internal cell state, 
TA expression reflects cancer cell programs shared between patients 
and regulated, at least in part, at the mutational and/or epigenetic level. 
The association with cancer (sub)type, smoking history and degree of 
dedifferentiation suggests that unmutated TA prioritization is possible 
and likely important for effective therapy.

MAPs obtained from MHC I immunoprecipitation of bulk tumor 
lysates are ‘contaminated’ by peptides from tumor-infiltrating immune 
cells and other stromal cells in the microenvironment60. Hence, we 
aimed to validate that unmutated TA expression is associated with 
malignant cells (or with the cell lineage of origin for LSAs) using pub-
lished single-cell RNA-seq (scRNA-seq) datasets from melanoma61 
and NSCLC62 (Extended Data Fig. 9). We found that unmutated TAs 
were highly and primarily expressed by cancer cells in both cancer 
types (Extended Data Fig. 10). Among the aeTSAs detected, most were 
expressed in cancer cells only (72% in melanoma and 88% in NSCLC), 
whereas most NSCLC LSAs were cancer- and alveolar cell specific 
(Fig. 8a,b). When detected in annotated noncancer cells, TA expres-
sion was associated with up to 100% cell doublet formation between 
noncancer and cancer cells (Fig. 8c). Indeed, melanoma TA-positive 
noncancer cell populations showed increased expression of melanoma 
(and melanocyte) markers MLANA and PMEL compared to TA-negative 
noncancer cells (Fig. 8d). Hence, aeTSAs were cancer cell specific, and 
their detection in other cell populations resulted from technical limita-
tions in single-cell sample preparation.

Altogether, the results presented in this study strongly support the 
immune targeting of unmutated TAs across cancers with varying TMB 
levels. aeTSAs are particularly attractive targets for immunotherapy 
considering their cancer specificity, immunogenicity, high abundance 
and sharing between patients.

Discussion
Following breakthroughs of melanoma regression resulting from tar-
geting mutated TAs35,37,38,46,63,64, the search for actionable TAs focused on 
mTSAs (mutated neoantigens). However, a growing body of evidence 
indicates that unmutated TAs can trigger potent in vivo anti-tumor 
responses in mice and humans17,28,29. This prompted us to use an unbi-
ased MS-based multiomic approach to investigate the TA profile of the 
two cancer types with the highest TMB, melanoma and NSCLC. A critical 
feature of our approach is to be genome wide (rather than being limited 
to the exome). This feature is particularly relevant to the identification 
of mTSAs and aeTSAs. Our search’s genome-wide scope enhances its 
breadth by allowing the identification of TSAs coded by any reading 
frame from all genomic regions. It also increases the stringency of our 
TA definition. Indeed, when our MS analyses identify a MAP, we grant it 
the TSA status only when it cannot be encoded by any genomic region 
(not only by annotated ORFs) expressed in benign tissues.

We found that only 1% of actionable TAs were mTSAs, whereas 99% 
of TAs were unmutated and derived from genomic regions with aber-
rant expression specific to cancer (aeTSAs), overexpressed in cancer 
compared to benign tissues (TAAs) or specific to the cell lineage of 
origin for the respective cancer type (melanocytes and alveolar epi-
thelial cells) (LSAs). Our detailed analyses of predicted mTSAs revealed 
that the low mTSA identification by MS was explained by two fea-
tures: their low RNA expression and their localization outside genomic 
regions proficient for MAP generation labeled as MAP hotspots45,65. 
The strong positive correlation between RNA expression and MAP 
generation is well established17,18,34,45. In addition, when identified by 
MS, most predicted mTSAs did not qualify as tumor specific because 
they could also be encoded by unmutated genomic regions with high 
expression in benign tissues. More sensitive targeted MS analyses of 20 
predicted mTSAs with expression levels comparable to the unmutated 
TAs detected only one additional mTSA. With the sensitivity of targeted 
MS being in the low femtomolar range, some very-low-abundance MAPs 

(mutated or not) may remain undetected. TSAs of such low abundance 
should be enriched in nonclonal antigens because clonality (expression 
by all cancer cells) increases MAP abundance and facilitates detection 
by MS. We therefore conclude that most actionable TAs with detectable 
expression are unmutated.

Lung LSAs do not represent potential targets, as the lung epithe-
lium is an essential tissue. While all other unmutated TAs described here 
have therapeutic potential, aeTSAs are particularly attractive targets 
for immunotherapy for several reasons: (1) aeTSAs are cancer specific 
(as assessed with bulk and scRNA-seq), (2) they are shared between 
patients, and (3) they are immunogenic (that is, stimulation with aeTSAs 
induced specific expansion of CD8+ T cells, specific IFN-γ release and 
specific killing of aeTSA-presenting cells). The 12 aeTSAs that we tested 
in FEST assays elicited polyclonal TCR responses. This is noteworthy 
because anti-tumor responses following anti-PD-1 immunotherapy 
are triggered by TAs eliciting polyclonal TCR responses46. This may be 
explained by the fact that a polyclonal TCR repertoire is more likely to 
include high- and low-avidity TCRs, which play complementary roles 
in tumor eradication and long-term protection66,67. Evidence of aeT-
SAs’ therapeutic potential also came from the reanalysis of data from 
ICB-treated patients. First, responders to ICB had a decrease in the 
number of aeTSAs predicted to be presented in pretherapy samples. 
Second, the loss of predicted aeTSA presentation had a linear cor-
relation with the number of T cell clones expanded in responders to 
anti-PD-1 treatment from Riaz et al.3, suggesting a direct contribution 
to anti-tumor immunity.

Why did we find many more aeTSAs than mTSAs? The main factor 
is likely the number of tumor-specific peptides that can undergo MHC 
processing. As most mTSAs arise from single-nucleotide variants, their 
number is limited to the few peptides processed from the mutated pro-
tein that contains the amino acid variation. By contrast, all peptides gen-
erated from aberrantly expressed full-length polypeptides are tumor 
specific and denoted as aeTSAs. Another contributing factor may be 
the differential efficiency of cross-presentation of aeTSAs and mTSAs. 
The immunopeptidome of cancer cells is sculpted by immunoediting, 
which leads to the loss of some highly immunogenic TAs during tumor 
evolution68. This immunoediting depends on TA cross-presentation by 
dendritic cells in the tumor microenvironment69,70. Cross-presentation 
of antigens from ‘donor cells’ (here cancer cells) preferentially samples 
long-lived, abundant and stable proteins71. Over 50% of aeTSAs in 
melanoma and NSCLC were derived from noncanonical translation 
products, which are rapidly degraded34 and unlikely to undergo uptake 
by dendritic cells for cross-presentation to T cells33. The implication 
is that many aeTSAs may not be subjected to immunoediting. These 
escapees from immunoediting might be more valuable targets for 
cancer vaccines because the immune system has not been exposed to 
them during tumor evolution.

The presentation of numerous aeTSAs by tumors with a high TMB 
is not unexpected. Indeed, several of the top significantly mutated 
genes in melanoma encode epigenetic and splicing regulators72, which 
can lead to the de novo transcription and translation of aeTSAs in 
cancer17,33. In our study, aeTSA presentation correlated with epigenetic 
changes (promoter hypomethylation). Because epigenetic modifica-
tions are stable and heritable, the resulting aeTSAs are more likely to 
be clonal (truncal)73. This should curtail the emergence of antigen-loss 
variants and be advantageous in cancer immunotherapy.

Methods
Institutional review board statement
The project was approved by the research ethics board of the University 
of Montreal.

Primary human NSCLC and melanoma samples
The 12 flash-frozen cutaneous melanoma specimens used in this study 
were purchased from Tissue Solutions, whereas the 26 flash-frozen 
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NSCLC samples were bought from Tissue Solution, BioIVT or Reprocell. 
Between 500 mg and 1.3 g per tumor was used for MS analyses, and 
30 mg to 70 mg was used for RNA-seq. Sample information is presented 
in Supplementary Tables 1 and 2.

Melanoma cell lines
The primary melanoma cell lines Me290 and Me275 were previously 
reported by Chong et al.18 A375 cells were obtained from the ATCC (CRL-
1619). All cell lines were cultured at 37 °C with 5% CO2 for a maximum of 
20 passages after thawing and were cultured in RPMI 1640, GlutaMAX 
(Thermo Fisher) supplemented with 10% FBS (Thermo Fisher), 1% peni-
cillin–streptomycin (Thermo Fisher), 10 mM HEPES (Thermo Fisher), 
200 µM l-asparagine (Sigma, A7094), 500 µM l-arginine (Sigma) and 
1.5 mM l-glutamine (Thermo Fisher).

RNA extraction and sequencing
This was performed as previously described19. The RNA integrity num-
bers, amount of RNA used, number of PCR cycles and number of reads 
generated per sample are detailed in Supplementary Table 3.

Database generation for shotgun mass spectrometry analyses
This was conducted as previously described16,19, with gene annotations 
from Ensembl (https://useast.ensembl.org) version 88 (for NSCLC) or 
Ensembl version 99 (for melanoma). See Supplementary Tables 3 and 
4 for thresholds and parameters applied to each sample.

Immunoprecipitation of MHC I-associated peptides
The W6/32 antibodies (Bio X Cell) were coupled to protein A mag-
netic or Sepharose beads. Antibodies coupled to protein A beads were 
incubated in PBS for 60 min at room temperature with PureProteome 
protein A magnetic beads (Millipore) at a ratio of 1 mg of antibody per 
ml of slurry. Antibodies were covalently cross-linked to magnetic beads 
using dimethyl pimelidate, as described previously74. For antibodies 
coupled to CNBR-activated Sepharose 4B beads (Cytivia), these were 
covalently cross-linked to the beads as described by Sirois et al.75. Both 
types of beads were stored at 4 °C in PBS, pH 7.2 and 0.02% NaN3. Next, 
MHC I-associated peptides were isolated from tissues as previously 
described19,20.

Mass spectrometry analyses
The TMT labeling information and the MS instrument used to ana-
lyze the immunopeptidome of each sample are listed in Supplemen-
tary Table 3. For TMT labeling, samples were reconstituted in 20 μl 
of 200 mM HEPES buffer, pH 8.2. The TMT reagents (Thermo Fisher 
Scientific) were dissolved in 40 μl of anhydrous acetonitrile (ACN; 
Sigma-Aldrich), and 50 or 100 µg of reagent was added to the peptides. 
The solution was gently mixed and incubated for 90 min without agi-
tation at room temperature before the reaction was quenched with 
hydroxylamine (Thermo Fisher Scientific). Samples were desalted on 
a Silica C18 UltraMicroSpin Column (the Nest Group), dried down and 
reconstituted in 4% FA (EMD Millipore).

Liquid chromatography–tandem mass spectrometry analyses. 
Dried peptide extracts were resuspended in 4% FA and loaded on a 
homemade C18 analytical column (20-cm × 150-µm i.d. packed with 
C18 Jupiter Phenomenex) with a 106-min gradient from 0% to 30% ACN 
(0.2% FA) and a flow rate of 600 nl min−1 on an EASY-nLC II system. For Q 
Exactive HF, analyses were done in positive ion mode with a Nanospray 
2 source at 1.6 kV. Each full MS spectrum, acquired with a resolution of 
60,000, was followed by 20 MS/MS spectra, where the most abundant 
multiply charged ions were selected for MS/MS sequencing with a 
resolution of 60,000 (melanoma) or 30,000 (NSCLC), an automatic 
gain control target of 2 × 104, an injection time of 800 ms and a col-
lisional energy of 28% (melanoma) or 25% (NSCLC). Analyses with the 
Orbitrap Fusion mass spectrometer were done in positive ion mode 

with a Nanoflex source at 2.8 kV. Each full MS spectrum, acquired in 
HCD dissociation mode with a resolution of 120,000, was followed by 
20 MS/MS spectra, where the most abundant multiply charged ions 
were selected for MS/MS sequencing with a resolution of 50,000, an 
automatic gain control target of 2 × 104, an injection time of 1,000 ms 
and a collisional energy of 35%. Analyses with the Orbitrap Exploris 480 
mass spectrometer were done in positive ion mode with a Nanoflex 
source at 2.8 kV. Each full MS spectrum, acquired with a resolution of 
240,000, was followed by 20 MS/MS spectra, where the most abun-
dant multiply charged ions were selected for MS/MS sequencing with 
a resolution of 30,000, an automatic gain control target of 100%, an 
injection time of 700 ms and a collisional energy of 34%.

Targeted MS analyses. Predicted mTSAs were selected based on (1) 
the highest alternative read count at the variant location in the sample 
of origin, (2) priority given to peptides predicted to bind multiple 
HLA alleles per sample, (3) priority given to the strongest HLA bind-
ers (based on percent rank elution in NetMHCpan-4.1b43) and (4) not 
detected with shotgun MS (Fig. 4d and Supplementary Tables 8–15).

Between 530 mg and 1.1 g of NSCLC tissue was used for targeted MS 
analyses. Experiments were conducted on a neo-Vanquish LC instru-
ment coupled to an Orbitrap Tribrid Ascend mass spectrometer. Pep-
tide separation was achieved on an IonOpticks Aurora (25-cm × 75-µm 
i.d.) with a flow rate of 300 nl min−1 and a gradient of 1–38% aqueous 
ACN (0.1% FA) in 1 h. MS survey scans were acquired at a resolution of 
120,000, automatic gain control at 4 × 105 and maximum injection 
time at 251 ms. Scheduled targeted HCD MS/MS scans were acquired 
at a resolution of 45,000 and used an isolation window of 1.2 m/z with 
27% normalized collision energy. Synthetic peptides of 20 predicted 
mTSAs, purchased from GenScript, were used to build the isolation 
list with m/z and z. Skyline76 was used to extract the endogenous MS/
MS spectrum of each TSA candidate and compare it to the relevant 
synthetic peptide MS/MS spectrum.

Targeted MS analyses for synthetic peptide validations. Synthetic 
peptides (GenScript) were dissolved in DMSO at 1 nmol μl−1 and diluted 
to 0.25 pmol μl−1 in 4% formic acid. From these stock solutions, peptides 
were combined before MS analysis. Targeted MS/MS was performed 
on an Exploris 480 interface with an EASY-nLC 1200 system (Thermo 
Scientific). Synthetic peptides were loaded on a C4 precolumn (Opti-
mize Technologies) and separated on a 20-cm × 150-μm homemade 
Jupiter C18 (Phenomenex) 3-μm, 300 Å column. Elution was performed 
using a 56-min linear gradient of 7% to 30% aqueous ACN (0.1% formic 
acid) at a flow rate of 600 nl min−1. Survey scan resolution, automatic 
gain control and injection time were set at 120,000, 1 × 106 and auto, 
respectively, over a scan range of 300–1,200 m/z. Targeted MS scans 
were run with an inclusion list, a resolution of 30,000, a normalized 
AGC target of 100% and an HCD normalized collision energy of 34. 
Mirror plots were generated as described below in ‘Quality of tumor 
antigen identifications’.

Bioinformatic analyses
Identification of MAPs. LC–MS/MS data were searched against the 
relevant database using PEAKS 10.5 or 10.6 (Bioinformatics Solutions). 
For peptide identification, tolerance was set at 10 ppm and 0.01 Da 
for precursor and fragment ions, respectively. Oxidation (M) and 
deamidation (NQ) were set as variable modifications. In addition, for 
TMT-labeled samples, the occurrences of K and N terminus were set 
as fixed modifications, and the occurrence of STY was established as 
a variable modification. Following peptide identification, we used the 
modified target-decoy approach in PEAKS to apply a sample-specific 
threshold on the PEAKS scores to ensure a false discovery rate (FDR) 
of 5%, calculated as the ratio between the number of decoy hits and 
the number of target hits above the score threshold. PEAKS scores 
corresponding to a 5% FDR for each sample were determined, and 
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peptides that passed the threshold were further analyzed for reiden-
tification with Comet. Specifically, following MAP identification with 
PEAKS, the set of LC–MS/MS data produced by PEAKS (MGF files) 
were searched against the relevant database using Comet 2021.01 
revision 0 or 2022.01 revision 0 (ref. 77), with the same parameters 
used in PEAKS. The resulting peptide–spectrum matches passing an 
FDR of 5% as determined by Percolator version 3.4 (ref. 78) (features: 
mass, mass error, charge, sequence length, ions matched and total, 
Comet e value/Xcorr/deltaCN/sp score) and overlapping with the 
PEAKS identifications were further filtered to match the following 
criteria: peptide length between eight and 11 amino acids and eluted 
ligand likelihood prediction rank for any of the sample’s HLA alleles 
<2% based on NetMHCpan-4.1b43 (Extended Data Fig. 1a). These filter-
ing steps were done with the use of MAPDP79. The HLA types for each 
primary tumor sample were determined from the RNA-seq data using 
OptiType version 1.3.5 (ref. 80). Peptides passing these criteria were the 
total MAPs used for the selection of TAs (Supplementary Tables 5–7).

Selection of tumor antigens. TA candidates were selected based on 
their source RNA expression in the cancer sample of origin and mTECs, 
as previously described16. MAPs were retained as TA candidates if all 
possible MAP-coding sequences for a given MAP (1) were expressed 
below 2 KPHM (minimum occurrence of the MAP-coding sequence’s 
24-nucleotide-long k-mer set per hundred million reads) in mTECs 
and (2) had a KPHM fold change greater than or equal to 10 in cancer 
compared to mTECs. Because leucine (L) and isoleucine (I) variants are 
not distinguishable by standard MS approaches, L/I TA candidates for 
which an existing I/L variant was flagged as a non-TA candidate were 
discarded unless the L/I TA had higher RNA expression than the I/L 
variant in the respective tumor sample.

Next, BamQuery17,40 was used with genome annotation options 
Ensembl version 88 or 99 (GENCODE version 26 or 33, respectively) to 
evaluate the genomic location and biotypes of TA candidates and the 
expression of their coding sequences in benign and cancer tissues. 
Genomic locations and biotypes were manually validated using the 
UCSC Genome Browser. TAs listed here are the peptides meeting the 
following criteria:

	 1.	 mTSAs are MAPs for which no possible coding sequence has 
a perfect match with the reference genome and dbSNP155 
variants (except if the nonsynonymous variant is annotated as 
‘pathogenic’ or ‘likely_pathogenic’ in cancer); are derived from 
mutated genomic sequences supported by at least five reads 
and 5% of reads at the locus; their source RNA is expressed 
below 8.55 RPHM in more than 90% of normal samples from 
mTECs, melanocytes and bronchial brushing tissues (for mela-
noma and NSCLC, respectively), blood and bone marrow cells 
and each GTEx tissue.

	 2.	 Unmutated TAs are MAPs for which at least one possible coding 
sequence has a perfect match with the reference genome and 
dbSNP155 variants; their 95th-percentile RNA expression value 
in TCGA samples (SKCM for melanoma and LUSC and LUAD 
for lung cancer samples) is at least two times higher than the 
95th-percentile RNA expression value in GTEx (except testis, 
and either skin or lung, for melanoma or NSCLC, respectively) 
and mTEC samples; their source RNA is expressed in the MAP’s 
sample of origin (RPHM > 0); they do not derive from hypervari-
able regions (HLA, immunoglobulins); and, in addition:

	 a.	�For aeTSAs:The aeTSA’s source RNA is expressed below 
8.55 RPHM in more than 90% of normal samples from mTECs, 
melanocytes or bronchial brushing tissues (for melanoma or 
NSCLC, respectively), blood and bone marrow cells and each 
GTEx tissue except the testis. For melanoma, the mean expres-
sion is at least two times higher in TCGA-SKCM than in nor-
mal GTEx skin, and the mean expression is at least two times 

higher in melanoma cell lines than in normal melanocytes. 
For the lung, the mean expression is at least two times higher 
in TCGA-LUSC or TCGA-LUAD samples than the maximum 
between normal GTEx lung or bronchial brushing samples.

	 b.	� For TAAs:The TAA’s source RNA can be expressed above 
8.55 RPHM in >10% of samples from any normal tissues (GTEx, 
melanocytes or bronchial brushing, mTECs and/or blood and 
bone marrow cells), but the mean expression is at least two 
times higher in TCGA than in mTECs and each GTEx tissue (ex-
cept the testis). For melanoma TAAs, the mean expression in 
melanoma cell lines is at least two times higher than in puri-
fied melanocytes.

	 c.	� For LSAs:The LSA’s source RNA is expressed below 8.55 RPHM 
in more than 90% of normal samples from mTECs, blood and 
bone marrow cells and each GTEx tissue (except the testis 
and the tumor tissue of origin). For melanoma, the LSA is ex-
pressed above 8.55 RPHM in at least 10% of GTEx skin samples 
or purified melanocytes, and the mean expression in GTEx 
skin is higher than in all other GTEx tissues. For NSCLC, the 
LSA is expressed above 8.55 RPHM in at least 10% of GTEx lung 
or bronchial brushing samples, and the mean expression in 
these samples is higher than in all other GTEx tissues.

The cutoff threshold of 8.55 RPHM corresponds to a 5% probability 
of MAP generation in myeloid cells17. This threshold should result in an 
even lower likelihood of MAP generation in extrathymic epithelial cells 
because their MHC I cell surface density is 10- to 100-fold lower than 
that of myeloid cells81.

As outliers can skew the mean, we also evaluated whether calculat-
ing the fold change between TCGA and GTEx using the geometric mean 
instead of the arithmetic mean would significantly alter the unmutated 
TA lists in melanoma and NSCLC (Extended Data Fig. 2a,b). We found that 
TAAs were the class of unmutated TAs most affected by outliers, with 78% 
and 66% of TAAs lost when the geometric mean was used, whereas 95–100% 
of aeTSAs and LSAs were reidentified in both cancer types (Extended Data 
Fig. 2a,b and Supplementary Tables 25 and 26). Importantly, all unmutated 
TAs reidentified with the geometric mean maintained their classification 
(no TA class changes). In addition, we found that using the geometric mean 
did not significantly increase the number of TA identifications. Neverthe-
less, this method identified two additional TAAs in melanoma, whereas, 
in NSCLC, it identified four additional aeTSAs and seven TAAs (Extended 
Data Fig. 2a,b and Supplementary Tables 25 and 26).

Quality of tumor antigen identifications. Several complementary 
methods were used to assess the quality of the TA identifications, and 
these analyses supported the accuracy of the TAs reported here:

	 1.	 Most 8–11-amino acid peptides identified from our MS experi-
ments passed the 2% rank elution threshold for HLA-binding 
prediction using NetMHCpan-4.1b43 (median of 96% for mela-
noma and 100% for NSCLC samples; Extended Data Fig. 2c).

	 2.	 TAs had a length distribution similar to that of other canonical 
MAPs (Extended Data Fig. 2d).

	 3.	 TAs had a PEAKS score distribution similar to that of other 
canonical MAPs (Extended Data Fig. 2e).

	 4.	 TAs had a mass error distribution similar to that of other ca-
nonical MAPs (Extended Data Fig. 9f).

	 5.	 Similar to other canonical MAPs, TAs had strong correlations 
between the observed retention time and the predicted reten-
tion time or the hydrophobicity index, the two best-in-class 
metrics for validation of MAPs identified with high-throughput 
MS82,83 (Extended Data Fig. 2g,h). DeepLC 1.1.2 (ref. 83) was used 
to predict MAP retention times within MAPDP79. The protViz 
version 0.7.7 package in R was used to calculate hydrophobicity 
indices based on peptide sequences.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-025-00979-2

	 6.	� Most TAs (84% in melanoma and 83% in NSCLC) were reidenti-
fied with a group-specific FDR of 5% (FDR calculated sepa-
rately for canonical and noncanonical peptides in PEAKS and 
Comet, and the intersection of the two identification lists was 
analyzed for TA reidentification). In addition, most (77% in 
melanoma and 61% in NSCLC) TAs that were not reidentified 
with the group-specific FDR had a Prosit84 spectral angle above 
0.5 (ref. 85) and overlapped with the TAs reidentified by the 
group-specific FDR, supporting their accurate identification 
(Extended Data Fig. 2i). The Prosit spectral angle and Pearson’s 
R scores were obtained from data processing (prediction model 
Non-tryptic 2020 HCD) with the Prosit implementation in 
MAPDP79.

	 7.	� Validation of peptide identifications was performed for 22 aeT-
SAs from NSCLC samples by comparing the endogenous pep-
tide spectra with those of synthetic peptides (Extended Data 
Fig. 3). Retention time and MS2 spectrum similarity metrics 
were used to confirm peptide identity. Normalized b and y frag-
ment intensities (including H2O and NH3 neutral losses) from 
the centroided endogenous and synthetic spectra were corre-
lated using the SciPy version 1.11.4 implementation of Pearson 
and Spearman correlation coefficients and compared with 
the normalized spectral contrast angle. Fragment peaks were 
matched at a tolerance of 0.02 Da and with a minimum relative 
intensity of 0.05. Mirror plots were drawn using spectrum-utils 
version 0.4.2.

Estimation of sample purity and immune score. The sample purity 
and immune score of primary tumors and melanoma cell lines were 
estimated from the RNA-seq reads using the ESTIMATE package in R, 
starting from the kallisto-generated TPM values.

Reactome pathway overrepresentation test. Gene symbols corre-
sponding to genes coding for TAAs from melanoma and NSCLC were 
submitted to Panther’s ‘statistical overrepresentation test’ (http://
www.pantherdb.org/) using real-time pathways as the annotation set 
and the parameters listed in Supplementary Tables 23 and 24. The top 
20 overrepresented pathways are shown in Supplementary Tables 23 
and 24 (ref. 40).

Predicted mTSA analyses
Somatic variant calling and mTSA predictions. For exome-seq-based 
analyses, whole-exome sequence reads for the melanoma cell lines 
and matched germline samples from Chong et al.18 were preprocessed 
according to the GATK best practices (https://gatk.broadinstitute.
org/), including read trimming with Trimmomatic, alignment to the 
GRCh38 human reference genome assembly with BWA 0.7.17 (ref. 86), 
sorting by coordinates and marking duplicates with Picard 2.26.10 and 
applying base recalibration scores with GATK 4.2.4.1. Next, somatic 
single-nucleotide variants and indels were called using Mutect2 accord-
ing to the GATK framework. For RNA-seq-based analyses, SNP call-
ing was performed using freebayes as described above. RNA-seq and 
exome-seq-derived variants were then annotated using SnpEff version 
5.0e87 (with SnpEff’s GRCh38.99 database) and SnpSift version 5.0e88. 
For exome-seq, variants were kept for mTSA predictions if they passed 
GATK’s FilterMutectCalls filtering (provided with contamination table 
and read orientation model), they were within canonical chromosomes 
and outside hypervariable regions (HLA, IGHV) and they were non-
synonymous and were covered by at least five reads and 5% of reads 
at the locus (mutations). For RNA-seq, variants were kept if they were 
nonsynonymous, were outside hypervariable regions (HLA, IGHV), 
had freebayes quality >20, were covered by at least five reads and 5% 
of reads at the locus and did not match dbSNP149 entries except when 
annotated as ‘pathogenic’ or ‘likely_pathogenic’ in melanoma or lung, 
respectively (mutations). Nonsynonymous variants that matched 

dbSNP149 entries without ‘pathogenic’ or ‘likely pathogenic’ annota-
tions were considered to be germline variants.

Mutations and their coordinates in protein-coding transcripts 
were used to generate mutated amino acid contigs per sample. These 
contigs contained the amino acid variation flanked by ten amino acids. 
When a nonsynonymous germline variant was present within a contig 
in the respective sample, all possible nonsynonymous combinations 
were generated (MUT contigs). Contigs corresponding to the reference 
amino acid sequence at the mutation location, with all combinations 
of nonsynonymous germline variants within the contig, were kept as 
WT contigs. For melanoma cell lines, contigs were built from the union 
of mutations from exome-seq and RNA-seq, and nonsynonymous 
germline variants were inferred from RNA-seq.

Deduplicated contigs were then used to obtain predicted mTSAs, 
which were defined as mutation-containing peptides with a length 
between eight and 11 amino acids and with eluted ligand likelihood 
prediction rank to any of the sample’s HLA alleles <2% based on 
NetMHCpan-4.1b. In addition, contigs not already included in the 
k-mer MS databases (generated from multiple-nucleotide variants 
or indels) were concatenated to the k-mer MS databases, and new MS 
searches were performed as described above.

The TMB was calculated as the number of mutations divided by 
35.68 Mb, corresponding to the exome size in the GENCODE version 33 
annotation (Ensembl version 99). For melanoma cell lines, the number 
of exome-seq-derived mutations expressed in the RNA-seq data was 
calculated as the number of exome-seq-derived mutations present in the 
unfiltered SNP calls from freebayes on RNA-seq reads (Supplementary 
Tables 8–15). Four local melanoma samples were identified as outliers 
(TMB greater than Q3 + 1.5 × IQR; Q3, third quartile) and were excluded 
from all predicted mTSA analyses: 1367_16T, 1836_18T, 258_20T, 738_20T.

Nonsynonymous germline variant calling. Whole-exome-seq reads of 
normal matched PBMCs for the melanoma cell lines from Chong et al.18, 
preprocessed as described above for somatic variant calling, were used 
to identify nonsynonymous germline variants using HaplotypeCaller 
according to the GATK framework. Variants were filtered per sample 
using the hard-filtering parameters recommended in the GATK manual. 
Contigs and analyses presented for germline variants were generated 
as described in this section for somatic nonsynonymous variants, 
except that they were performed only on variants from chromosome 1.

Features of predicted mTSAs. Predicted mTSA expression in benign 
tissue RNA-seq was queried using BamQuery40, with genome annota-
tion options Ensembl version 88 or 99 (GENCODE version 26 or 33, 
respectively) and dbSNP version 155. Predicted mTSAs were excluded 
if expressed above 8.55 RPHM in more than 10% of normal samples. 
Ubiquitination sites were predicted using UbPred89 (≥0.84). IUPred90 
was used to predict disordered protein regions (>0.5). The instability 
index of each protein was computed using the function ProteinAnalysis 
from the module ProtParam of the Biopython module SeqUtils.

Single-cell RNA-sequencing analyses
scRNA-seq data from NSCLC and melanoma were downloaded from 
ArrayExpress (accession number E-MTAB-6653) and GEO (accession 
number GSE215120), respectively. Read alignment, quantification 
and cell clustering were performed as previously described91. Cell 
population annotations were performed using gene lists from Lam-
brechts et al.62 for NSCLC samples and from Zhang et al.40,61 for mela-
noma. BamQuery40 was used to quantify the read counts of unmutated 
TAs. The proportion of cancer-specific TAs (or cancer and alveolar 
cell-specific LSAs from NSCLC) was defined for each TA type as the 
number of TAs expressed specifically in cancer cells (or in cancer and 
alveolar cells for NSCLC-derived LSAs) (read count > 1) divided by the 
number of TAs expressed in at least one cell (read count > 1). The scD-
blFinder package in R was used for cell doublet detection.
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The Cancer Genome Atlas analyses
Processed TCGA data were retrieved and analyzed as previously 
described19. Oncogene mutation status for TCGA samples was obtained 
from UCSC Xena (https://pancanatlas.xenahubs.net, dataset mc3.
v0.2.8.PUBLIC.nonsilentGene.xena), and smoking history records were 
obtained from cBioPortal (https://www.cbioportal.org/).

Immune checkpoint blockade analyses
Predicted tumor antigen presentation. HLA alleles for melanoma 
or NSCLC samples from previous studies on ICB were inferred from 
RNA-seq using OptiType. Promiscuous binders for a given MAP (all 
HLA alleles capable of presenting the MAP) were obtained using 
NetMHCpan-4.1b. They corresponded to HLA alleles for which the given 
MAP had an eluted ligand likelihood prediction rank <2%. A given TA 
was considered as presented in a sample if it had expression > 0 RPHM 
and at least one of the patient’s HLA allotypes was a potential binder. If 
the patient expressed more than one HLA allele capable of presenting 
a TA, the TA was counted multiple times. Only cutaneous melanoma 
samples from previous studies were analyzed.

The number of T cell clones expanded on-therapy in patients from 
Riaz et al. The TCRB clonotypes from Riaz et al.3 were downloaded 
from https://www.github.com/riazn/bms038_analysis. Next, the 
TCRB clones expanded per patient were determined using the FEST 
web tool (http://www.stat-apps.onc.jhmi.edu/FEST) with the follow-
ing parameters per patient: (1) pretherapy sample as a reference, (2) 
nTemplates_threshold = 1, (3) Ignore_baseline_threshold = TRUE, (4) 
Nucleotide_level = FALSE, (5) an FDR of 5% and an OR of 5.

Immunogenicity assays
Peptide-specific T cell functional expansion method used for TCR 
Vβ CDR3 sequencing (FEST assays). T cells were cultured as previ-
ously described19. Parameters used for the FEST web tool53 (http://www.
stat-apps.onc.jhmi.edu/FEST) are described in Supplementary Table 19.

Cytotoxicity assays analyzed by flow cytometry. Following the same 
protocol of expansion described above for FEST assays, T cells from D48 
(leukapheresis product from a healthy HLA-A*02:01-positive donor 
from BioIVT) were expanded in eight different conditions with indi-
vidual aeTSAs (VLMMKLEDL, RLLELHITM, VLWRGDSPL, KLITQIRTA, 
YQIGQVQGV, NLITEEHPV) or viral peptides (Gag (SLYNTVATL) and NS3 
(CINGVCWTV)), all presented by HLA-A*02:01. Cytokines were added 
until day 20, and T cells were collected on days 24 and 26 and used as 
effectors for cytotoxic assays, with B-LCL cells used as target cells, as 
previously described19.

Peptide-specific CD8+ T cell expansion protocol used for tetramer 
staining, ELISpot and Incucyte cytotoxicity assays. CD8+ T cells 
from D50 (leukapheresis product from a healthy HLA-A*02:01-positive 
donor from BioIVT) were expanded in eight different conditions: 
with individual aeTSAs (VLMMKLEDL, RLLELHITM, VLWRGDSPL, 
YQIGQVQGV), control peptides (MelanA26-35A27L, ELAGIGILTV; 
pp65495–503, NLVPMVATV), an aeTSA from ovarian cancer (Ov-aeTSA, 
LLSSKLLLM) described as immunogenic by our group92, all presented 
by HLA-A*02:01, or DMSO as the negative control. Thawed PBMCs were 
enriched for naive CD8+ T cells using the Human CD8+ T Cell Isolation 
Kit combined with CD45RO and CD57 MicroBeads (Miltenyi Biotec) 
to remove memory T cells from the CD8+ T cell fraction. These naive 
CD8+ T cells were then expanded for 14 d with T Cell TransAct (Miltenyi 
Biotec) in TexMACS Medium (Miltenyi Biotec) supplemented with inter-
leukin (IL)-7 and IL-21 (PeproTech, at final concentrations of 5 ng ml−1 
and 10 ng ml−1, respectively) before specific expansion. Next, CD8+ 
T cells were expanded with the eight conditions described above using 
a modified version of the protocol developed by Bozkus et al.93. On 
day 0, PBMCs from the same donor were thawed and co-cultured with 

pre-expanded naive CD8+ T cells at a ratio of 1:1 (0.05 × 106 cells of each 
in 200 µl per well in a 96-well plate) using X-VIVO 15 medium (Lonza) 
containing 5% Human Serum (Sigma) and 1× penicillin–streptomycin 
and 1 mM sodium pyruvate) supplemented with 1,000 IU ml−1 GM-CSF, 
500 IU ml−1 IL-4 (PeproTech) and 50 ng ml−1 FLT3-L (PeproTech). On day 
1, 100 µl of medium was removed per well and 100 µl of fresh X-VIVO 
15 medium supplemented with 20 µM R848 (Invitrogen), 200 ng ml−1 
LPS (Sigma), 20 ng ml−1 IL-1β (PeproTech) and 20 µg ml−1 of specific 
peptide or DMSO was added (final concentrations of 10 µM, 100 ng ml−1, 
10 ng ml−1 and 10 µg ml−1, respectively). All peptides and DMSO were 
tested separately in one full 96-well plate per condition. From day 2 
to day 14, every 2 or 3 d, 100 µl of medium was removed and replaced 
with 100 µl of fresh R10 complete medium (RPMI 1640, 10 mM HEPES, 
10 mg ml−1 gentamicin, 1× GlutaMAX-I and 10% human serum) contain-
ing 20 IU ml−1 IL-2 IS (Miltenyi Biotec), 20 ng ml−1 IL-7 (PeproTech) and 
20 ng ml−1 IL-15 (PeproTech, final concentrations of 10 IU ml−1, 10 ng ml−1 
and 10 ng ml−1, respectively). Between days 9 and 11, cells from each 
96-well plate were transferred into a flask depending on the confluence. 
On day 14, the previously described steps were repeated (from step day 
0) with the same ratios and media. For this second round of stimulation 
(days 14 to 28), two full 96-well plates were used per condition (each 
peptide or DMSO). On days 28 and 32, tetramer staining, ELISpot and 
cytotoxic assays were performed.

Tetramer staining assay. Peptide–HLA tetramers were produced using 
UV peptide exchange technology (Flex-T, BioLegend), according to the 
manufacturer’s instructions. One million CD8+ T cells (peptide-specific 
and DMSO-expanded T cells) were stained with PE- and APC-conjugated 
tetramers for 30 min at 4 °C. Next, after washing, cells were stained with 
anti-CD3–APC H7 and anti-CD8–BB515 antibodies (BD Biosciences, at 
1:50 and 1:200 dilutions, respectively) for 20 min at 4 °C. Cells were then 
analyzed with a FACSCelesta cytometer (BD Biosciences) after adding 
7-AAD to exclude dead cells. DMSO-expanded T cells were used as a 
negative control to calculate the expansion fold of tetramer-positive 
CD8+ T cells in each peptide-specific expanded condition.

ELISpot assays. ELISpot assays were performed using the ELISpot 
Plus: Human IFN‑γ (ALP) kit (Mabtech) following the manufacturer’s 
protocol. CD8+ T cells were seeded into the ELISpot plates at a density 
of 2 × 105 cells per well for all conditions except for MelanA-specific 
expanded T cells, which were seeded at 1 × 105 cells. CD8+ T cells were 
co-stimulated with a cocktail of anti-CD28 antibody (1 µg ml−1, Bio-
Legend), Ultra-LEAF purified anti-human CD49d antibody (1 µg ml−1, 
BioLegend) and IL-7 (Peprotech, 20 ng ml−1). Each ELISpot condition was 
tested in triplicate, adding the specific peptide (final concentration of 
10 µg ml−1), DMSO or anti-CD3 monoclonal antibody (CD3-2 provided in 
the kit, 1:1,000) as a positive control for IFN-γ production for each CD8+ 
T cell culture condition (peptide- or DMSO-expanded cells). The plates 
were incubated for 40–44 h at 37 °C and then washed and developed 
following the manufacturer’s protocol. Spots (spot-forming units) 
were counted using an AID Classic ELISpot Reader.

Cytotoxicity assay analyzed using the Incucyte live cell analysis 
system. Melanoma cell lines were seeded in a 96-well plate at a subcon-
fluent density in 200 μl of medium 2 d before co-culture with T cells to 
allow cell spreading. Due to their different cell growth rates, the seeding 
densities were 1,000 cells per well for A375 cells and 3,000 cells per 
well for Me275 and Me290 cells. On the day of the assay, melanoma 
cells were loaded with CellTracker Green CMFDA at a concentration 
of 1 µM in RPMI according to the manufacturer’s instructions (Thermo 
Fisher Scientific). Melanoma cells were incubated for 15 min at 37 °C, 
and loading medium was aspirated. Next, melanoma cells were supple-
mented with 0.1 μM YOYO-3 (Thermo Fisher Scientific) in R10 medium. 
Peptide-specific expanded CD8+ T cells were then added in triplicate 
at an effector-to-target ratio of 50:1, and no T cells were added in the 
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‘target alone’ condition. Plates were incubated at 37 °C for up to 24 h, 
and five images were recorded per well every 1.5 h using the Incucyte 
S3 Live Cell Analysis Instrument with a ×10 objective. The presence of 
green and red cells was monitored and analyzed with the Basic Analyzer 
module of the Incucyte S3 software (Sartorius, version 2019A). The 
percentage of cytotoxicity was calculated using the following formula:

Cytotoxicity (%) = No. double-positive (GFP + YOYO) target cells
No. GFP-positive target cells × 100.

The number of melanoma target cells per well was determined 
using five images and the average of the three wells. The 3-h time point 
was then selected to represent the observed cytotoxic effect.

Quantification and statistical analysis
No statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications17,20. 
Statistical tests were performed as described in the respective figure 
legends. All statistical tests performed were two-sided. When a t-test 
was performed to assess statistical significance, data distribution was 
assumed to be normal, but this was not formally tested. When applicable, 
P values were adjusted for multiple comparisons using the Benjamini–
Hochberg method and the p.adjust function in R. All box plots show the 
median (center line) and IQR (box with limits at 25th and 75th percen-
tiles), whiskers extend to the largest value no further than 1.5 × IQR from 
the box hinges, and black dots represent outliers beyond the whiskers. 
Box plots do not display confidence intervals; the degrees of freedom 
are standard for two sample tests, n − 2, with n as the sample size. Effect 
sizes were not considered. Unless mentioned, all correlations were per-
formed using Spearman’s correlation coefficient. Plots and statistical 
analyses were performed in R version 4.2.0 (with packages including 
ggplot2 and ggpubr, pheatmap) or Python version 3.6.7 (with packages 
including matplotlib). Flow cytometry analyses and figure generation 
were performed using FACSDiva and FlowJo. Data collection and analysis 
were not performed blind to the conditions of the experiments.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated and analyzed during the present study 
were deposited at GEO and can be accessed with accession number 
GSE230489. The MS data generated and analyzed here (except the 
raw MS data for the melanoma cell lines from Chong et al.18) were 
deposited at PRIDE with accession numbers PXD043059 for melanoma 
samples (https://www.ebi.ac.uk/pride/archive/projects/PXD043059) 
and PXD043057 for NSCLC samples (https://www.ebi.ac.uk/pride/
archive/projects/PXD043057). The raw MS data for the melanoma 
cell lines from Chong et al.18 were downloaded from PRIDE with acces-
sion PXD013649 (https://www.ebi.ac.uk/pride/archive/projects/
PXD013649). The RNA-seq and exome-seq data for the melanoma 
cell lines from Chong et al.18 were downloaded from the EGA Archive 
with accession numbers EGAS00001003723 and EGAS00001003724 
(https://ega-archive.org/datasets/EGAD00001005097) upon request 
to the related data access committee. Accession numbers for all other 
data downloaded from previous studies and used here are listed in 
Supplementary Table 4. All remaining data supporting the present 
study’s findings are available within the article, the Supplementary 
Information, source data and/or from the corresponding authors upon 
request. Source data are provided with this paper.

Code availability
The code used for MS-based peptide identification16 is available on 
Zenodo at https://doi.org/10.5281/zenodo.1484486 (ref. 94).
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Extended Data Fig. 1 | Mass spectrometry-based identification of tumor 
antigens in melanoma and NSCLC. a, Proteogenomic workflow for TA 
identification from melanoma and NSCLC samples. Immunopeptidomic 
and RNA-seq data for melanoma cell lines were obtained from Chong et al.18. 
pMHC-IP, peptide-MHC I immunoprecipitation; MAP, MHC I-associated peptide; 
LC-MS/MS, liquid chromatography with tandem mass spectrometry; FDR, 
false discovery rate; RPHM, reads per hundred million. b, Heatmap showing 
representative expression of the three classes of unmutated TAs identified from 
melanoma samples across normal tissues [from GTEx, purified melanocytes, 
purified blood, and bone marrow (BM) cells, mTECs] and melanoma samples 

(from TCGA, various published datasets3,5,7,9,18 and the present study). Numbers 
in parentheses show the number of samples. c, The absolute number of non-
redundant TAs identified per TA type in primary NSCLC samples, primary 
melanomas, and melanoma cell lines. Numbers in parentheses indicate the 
number of samples analyzed. The rate of TA generation expressed as the median 
number of TAs identified per 1000 total MAPs is also shown per sample group. 
 d, Pearson’s correlation between the tumor purity scores from ESTIMATE and the 
number of total TAs identified across primary melanoma (melanoma_local, n = 12 
samples) and NSCLC samples (lung_local, n = 26 samples).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Quality of TA identifications. a-b, Identification of Tas 
using the geometric expression mean across normal versus tumor samples. TA 
numbers were identified by calculating the fold-change between cancer and 
normal samples using the arithmetic mean (Tas reported in Supplementary 
Tables 6 and 7) and with the geometric mean (Tas gained or lost listed in 
Supplementary Table 25 and 26) for melanoma (a) and NSCLC (b) Tas. aeTSA, 
aberrantly expressed tumor-specific antige; TAA, tumor-associated antigen; LSA, 
lineage-specific antigen. c, Violin and box plots showing the proportion of HLA 
binders (rank elution < 2% in NetMHCpan-4.1b44) among 8-11 amino acid peptides 
across melanoma (left) and NSCLC (right) samples. Each grey dot represents 
one sample (n = 19 melanoma samples and 26 NSCLC samples studied), and the 
numbers indicate the median proportion across samples. d, Length distribution 
of MAPs identified from melanoma (left) and NSCLC (right) samples, compared 
between canonical MAPs and Tas (p > 0.05; Kolmogorov-Smirnov test).  
e-f, Spectrum scores I and mass errors (f) of MAPs (n = 119429 canonical and 
663 TA MAPs in melanoma, and 108311 canonical and 117 TA MAPs in NSCLCs) 
identified from melanoma (left) and NSCLC (right) samples, compared between 
canonical MAPs and Tas (ns, non-significant; two-sided unpaired Wilcoxon’s 
nonparametric test). g, Pearson’s correlations between observed retention 

times and predicted retention times (left) or hydrophobicity index (right) for 
melanoma MAPs according to the TA and canonical MAP status for primary 
samples analyzed in house or for melanoma cells lines. See Supplementary Table 
3 for the sample names analyzed with each mass spectrometer. h, Pearson’s 
correlations between observed retention times and predicted retention times 
(left) or hydrophobicity index (right) for NSCLC MAPs according to the TA 
and canonical MAP status for primary samples analyzed on a Q-Exactive or 
EXPLORIS mass spectrometer. See Supplementary Table 3 for the sample names 
analyzed with each mass spectrometer. I, Top: the number of Tas re-identified 
with group-specific FDR of 5% (calculated separately for canonical and non-
canonical peptides) in melanoma (left) and NSCLC (right) samples. Bottom: Dot 
plot showing the Prosit spectral angle (max value per peptide) and the Prosit 
Pearson’s r (max value per peptide) across melanoma (left) and NSCLC (right) 
samples, and color-coded according to their re-identification with the group 
FDR (see top panel). a-I, n = 19 melanoma samples and 26 NSCLC samples. All 
box plots show the median (center line) and interquartile range (IQR, box with 
limits at 25th and 75th percentiles), whiskers extend to the largest value no further 
than 1.5 * IQR from the box hinges, and black dots represent outliers beyond the 
whiskers.
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Extended Data Fig. 3 | MS validation of aeTSAs from NSCLC samples using synthetic peptides. Mirror plots show the MS spectra, Pearson correlation coefficients for 
each endogenous peptide, and the corresponding synthetic analog.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | MS-based identification of predicted mTSAs. a, Number 
of predicted mTSAs identified by mass spectrometry (MS) using mTEC k-mer 
databases concatenated with all predicted mTSA sequences derived from single- 
and multi-nucleotide variants and INDELs in melanoma (upper, n = 15 samples) 
and NSCLC (lower, n = 26 samples). b, Heatmap showing the expression of all RNA 
sequences with perfect alignment to the reference genome+dbSNP155 coding for 
43/48 non-redundant predicted mTSAs identified by mass spectrometry (from 
panel a and Fig. 2d) across normal tissues [from GTEx, purified melanocytes, 
bronchial brushing samples (GSE79209), purified blood and bone marrow (BM) 
cells, mTECs] and the cancer samples analyzed herein. Numbers in parentheses 
represent the number of samples analyzed. c, Heatmap showing the expression 
of the mutated RNA sequences corresponding to 5/48 non-redundant predicted 
mTSAs identified by mass spectrometry (from panel a and Fig. 2d) that had no 
perfect alignment to the reference genome+dbSNP155 across normal tissues 

[from GTEx, purified melanocytes, bronchial brushing samples (GSE79209), 
purified blood and bone marrow (BM) cells, mTECs] and cancer samples (from 
TCGA, various published datasets3,5,7,9,18,50–52, or analyzed herein). Peptide 
RVWDVSGLRK was a predicted mTSA generated from the Ile164Val variant 
in COPA at the RNA editing site chr1:160332454110. Numbers in parentheses 
represent the number of samples analyzed. d, Bar plot shows the read count 
expression of RNA sequences coding for the predicted mTSAs identified by 
MS and with perfect alignment to the reference genome+dbSNP155 (peptides 
from panel b, 10/43 peptides excluded due to respective mutation selected with 
dbSNP149 matching variant in dbSNP155), for their corresponding mutated 
sequences (dark blue) and sequences matching the reference genome+dbSNP155 
(light blue). *, expression of the non-synonymous mutated sequence is higher 
than the unmutated sequences coding for the same peptide in the sample of 
origin.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Selected features of transcripts source of predicted 
mTSAs and other MAPs. a, Predicted instability index from protParam for 
the reference protein sequences corresponding to the transcripts source of 
predicted mTSAs generating no MAPs (pred_mTSA_source), predicted mTSAs 
generating MAPs (pred_mTSA_MAP-source), unmutated TAs (unmutated_TA-
source), and other MAPs (other MAP-source) across melanoma (left, n = 15 
samples) and NSCLC (right, n = 26 samples) samples. The red dotted line 
corresponds to an instability index of 40, above which proteins are predicted 
to be unstable. pred_mTSA_source (n = 8764 transcripts, melanoma; n = 11490, 
NSCLC), pred_mTSA_MAP-source (n = 24 transcripts, melanoma; n = 65, NSCLC), 
unmutated_TA-source (n = 619, melanoma; n = 179, NSCLC), other MAP-source 
(n = 178333 transcripts, melanoma; n = 255944, NSCLC). b, Proportion of 
disordered residues from IUPred per reference protein sequences corresponding 
to the transcripts source of predicted mTSAs generating no MAPs (pred_
mTSA_source), predicted mTSAs generating MAPs (pred_mTSA_MAP-source), 
unmutated TAs (unmutated_TA-source), and other MAPs (other MAP-source) 
across melanoma (left, n = 15 samples) and NSCLC (right, n = 26 samples) 
samples. pred_mTSA_source (n = 9133 transcripts, melanoma; n = 12002, 
NSCLC), pred_mTSA_MAP-source (n = 24 transcripts, melanoma; n = 67, NSCLC), 
unmutated_TA-source (n = 637, melanoma; n = 183, NSCLC), other MAP-source 
(n = 187928, melanoma; n = 268142, NSCLC). c, Proportion of residues prone to 
ubiquitination from UbPred per reference protein sequences corresponding to 
the transcripts source of i) predicted mTSAs generating no MAPs (pred_mTSA_
source), ii) predicted mTSAs generating MAPs (pred_mTSA_MAP-source), iii) 
unmutated TAs (unmutated_TA-source), and iv) other MAPs (other MAP-source) 
across melanoma (left, n = 15 samples) and NSCLC (right, n = 26 samples) 
samples. The number of transcripts per category were: pred_mTSA_source 
(n = 8763 in melanoma; n = 11493 in NSCLC), pred_mTSA_MAP-source (n = 24 in 
melanoma; n = 65 in NSCLC), unmutated_TA-source (n = 619 in melanoma; n = 179 
in NSCLC), other MAP-source (n = 178414 in melanoma; n = 256064 in NSCLC).  
d, Genomic distribution of MAPs defining MAP hotspots. Each black line 
across the chromosomes represents the genomic start site of a canonical MAP 

from IEDB, the HLA ligand atlas45, or identified in this study (n = 506,908 non-
redundant MAPs). e, Proportion (and absolute numbers) of TAAs from melanoma 
(left) and NSCLC (right) samples (reported in Fig. 1a and Supplementary Tables 
6 and 7) that overlap or not with MAP hotspots. n = 19 melanoma and 26 NSCLC 
samples. f, Proportion (and absolute numbers) of MAPs predicted from normal 
PBMC-derived non-synonymous germline variants on Chr1 (total) and those 
predicted and detected by MS in the matched melanoma cell lines18 (generating 
MAPs) that overlap or not with MAP hotspots. OR = 0.1824, p < 0.0001, Fisher’s 
exact test. n = 7 melanoma cell lines. g, Expression of the transcripts (with non-
null expression) source of MAPs predicted from non-synonymous germline 
variants on Chr1 that were not detected by mass spectrometry (pred_germline-
source), or were detected by mass spectrometry (pred_germline_MAP-source), 
unmutated TAs, and other MAPs, across melanoma cell lines. TPM, transcript per 
million. Pred_germline-source (n = 5027 transcripts); pred_germline_MAP-source 
(n = 84 transcripts); unmutated_TAs (n = 532 transcripts); other_MAPs (n = 128510 
transcripts). n = 7 melanoma cell lines. h, Heatmap showing the expression of 
the unmutated RNA sequences matching the reference genome+dbSNP and 
coding for 16/21 predicted mTSAs selected from seven NSCLC samples to be 
tested using targeted mass spectrometry, across normal tissues [from GTEx, 
purified melanocytes, bronchial brushing samples (GSE79209), purified blood 
and bone marrow (BM) cells, mTECs]. 5/21 predicted mTSAs selected for targeted 
mass spectrometry had no perfect alignment to the reference genome+dbSNP 
and are not shown. The number of samples analyzed per tissue is noted in 
parentheses. i, Mirror plot showing the MS spectra and Pearson correlation 
coefficient (r) for the endogenous predicted mTSA identified (bottom) and its 
corresponding synthetic analog (top). All box plots show the median (center line) 
and interquartile range (IQR, box with limits at 25th and 75th percentiles), whiskers 
extend to the largest value no further than 1.5 * IQR from the box hinges, and black 
dots represent outliers beyond the whiskers. Significance values from two-sided 
Wilcoxon test, with predicted mTSAs generating no MAPs as a reference group; 
no adjustments were made for multiple testing.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | The predicted presentation of unmutated TAs in 
melanoma and NSCLC samples from patients receiving ICB. a, b, Box plots 
showing the number of TA-HLA pairs (that is, the sum of the HLA alleles per 
sample capable of presenting each expressed TA) per pre-treatment sample 
(grey dots) from various published studies in melanoma5,7,9,50,51 (a) and NSCLC4,42 
(b), according to the response groups from the original studies. P-values from 
unpaired two-tailed T-test; no adjustments were made for multiple testing. 
Numbers in parentheses represent number of patients per response group.  
c, d, Box plots showing the number of TA-HLA pairs in pre- and on-treatment 
samples from Gide et al.50 (c) and Du et al.51 (d) according to the response 
groups from the original studies. Grey lines connect pre- and on-treatment 
samples per patient; p-values from paired two-tailed T-tests are indicated, with 
no adjustments made for multiple testing. Numbers in parentheses represent 
number of patients per response group. e, Box plots showing the difference 
in purity scores from ESTIMATE between on- and pre-therapy samples, where 
negative values indicate a decrease in tumor purity on-therapy in samples 
from Riaz et al.3 (left). The heatmap on the right shows Pearson’s correlation 

coefficient between the purity change (from the left panel) and the change in the 
number of TA-HLA pairs in on- vs. pre-ICB samples from corresponding patients. 
Numbers in parentheses represent number of patients per response group.  
f, FEST assay showing the expansion of specific CD8 T cell clonotypes following in 
vitro stimulation with the indicated aeTSAs selected based on their complete loss 
of RNA expression on-therapy in at least one responder from Riaz et al.3. Number 
of TCRB clonotypes expanded per condition listed in Supplementary Table 16. 
g, Flow cytometry gating strategy for cytotoxicity experiments analyzed by flow 
(plots from experiment 1 and replicate 1 of condition B-LCLs m13 + T m13, Fig. 
6b and Source Data Fig.5e). The cell morphology was used to gate on viable cells 
based on FSC-A (size) and SSC-A (complexity). Then, FSC-A and FSC-H were used 
to gate on singlet cells. Finally, remaining viable B-LCL target cells were gated and 
counted based on CFSE+/7-AAD− staining. All box plots show the median (center 
line) and interquartile range (IQR, box with limits at 25th and 75th percentiles), 
whiskers extend to the largest value no further than 1.5 * IQR from the box hinges, 
and black dots represent outliers beyond the whiskers.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-025-00979-2

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Immunogenicity assays and sharing of unmutated 
Tas. a-b, Flow cytometry plots showing the gating strategy used to quantify the 
percentage of expanded peptide-positive CD8 T cells shown in Fig. 6c, using 
the VLWRGDSPL-expanded condition as a representative example (a), and the 
percentage of peptide-specific CD8 T cells in the DMSO condition for all peptides 
shown in Fig. 6c (b). n = one biological sample per peptide. c, Representative 
images of the cytotoxicity assay using CellTracker GFP (green) as a marker for live 
target cells (Me275, Me290, and A375) and YOYO-3 (red) as a marker of dead cells, 
captured by Incucyte® S3 live-cell imaging at the 3 h time point. White arrows 
point to target cells killed by specific T cells (orange/yellow/red with faint green). 

The scale bar is 100 µm. d, Percentage of cytotoxicity at different time points in 
the T-cell killing assay imaged over time using an Incucyte for each melanoma 
cell line indicated. The 3 h time point is presented in Fig. 6e. The dotted line 
represents the maximum cytotoxicity level across time points in the DMSO 
condition. Data represent the mean and standard deviation of three technical 
replicates at each time point per condition. e-f, Stacked bar chart showing the 
proportion (and absolute numbers) of genes generating TAs across different 
numbers of melanoma (e, n = 19 samples) and NSCLC (f, n = 26 samples) samples 
analyzed.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | TA expression according to cancer subtype, smoking 
history and select oncogene status. a, Box plots showing the stemness scores 
obtained using ssGSEA in the TCGA samples studied herein across the LUAD, 
LUSC, and SKCM cohorts. P-values from two-sided Wilcoxon test. Numbers in 
parentheses indicate the number of samples analyzed per tissue. b, Number of 
TAs identified in the primary NSCLC samples studied here, based on the NSCLC 
subtype. P-values for comparing adenocarcinoma (LUAD) and squamous cell 
carcinoma (LUSC) samples using a two-tailed unpaired T-test. Numbers in 
parentheses indicate the number of samples. c, Non-synonymous mutation 
rates (obtained from Firebrowse) in samples analyzed from TCGA, according 
to their NSCLC subtype and smoking history from cBioPortal. P-values for the 
comparison between smokers and non-smokers from a two-tailed unpaired 
T-test. Numbers in parentheses indicate the number of samples. d, RNA 
expression for unmutated TAs in TCGA samples analyzed according to the NSCLC 
subtype and smoking history. P-values for the comparison between smokers and 

non-smokers from a two-tailed Wilcoxon test. Numbers in parentheses indicate 
the number of samples. aeTSA (n = 22), TAA (n = 40), LSA (n = 27). e, Number of 
TAs with non-null RNA expression across TCGA samples analyzed according to 
the NSCLC subtype and smoking history. P-values for the comparison between 
smokers and non-smokers from a two-tailed unpaired T-test. Numbers in 
parentheses indicate the number of samples. f, Comparison of TCGA-LUSC and 
TCGA-LUAD patient numbers expressing ≥ median numbers of TAs with high 
expression (heTA, for each TA type) versus the others, among patients with 
(MUT) or without (WT) mutations in indicated genes (P-values from Fisher’s exact 
test). The number of patients per group is shown above each bar. All box plots 
show the median (center line) and interquartile range (IQR, box with limits at 25th 
and 75th percentiles), whiskers extend to the largest value no further than 1.5 * IQR 
from the box hinges, and black dots represent outliers beyond the whiskers. No 
p-value adjustments were made for multiple testing.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Annotation of scRNA-seq data from previous studies 
of melanoma and NSCLC. a, Balloon plot showing the average expression and 
proportion of cells expressing the indicated genes used for cluster annotation 
in each cluster identified across cutaneous melanoma samples from Zhang et al.62  
(n = 4 samples from 3 patients). The genes used for cluster annotation were 
obtained from the original article. b, UMAPs showing the clusters identified 
(upper) and their cell type annotation according to the genes in (a) (lower) across 

cutaneous melanoma samples from Zhang et al.62. c, Balloon plot showing the 
average expression and proportion of cells expressing the indicated genes used 
for cluster annotation in each cluster identified across NSCLC samples from 
Lambrechts et al.63 (n = 24 tumor samples from 8 patients). The genes used for 
cluster annotation were obtained from the original article. d, UMAPs showing the 
clusters identified (upper) and their cell type annotation according to the genes 
in (c) (lower) across NSCLC samples from Lambrechts et al.63.
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Extended Data Fig. 10 | Expression of unmutated TAs in scRNA-seq data from 
melanoma and NSCLC. a, Box plots showing the read count of cancer-specific 
melanoma TAs from Fig. 8a across cell types from cutaneous melanoma samples 
from Zhang et al.62 (n = 4 samples from 3 patients). Each grey dot represents one 
TA per cell. aeTSAs (n = 81 TAs), TAAs (n = 56 TAs), LSAs (n = 73 TAs). b, Box plots 
showing the read count of cancer-specific NSCLC TAs or cancer- and alveolar-
specific NSCLC LSAs from Fig. 8b across cell types from NSCLC samples from 
Lambrechts et al.63 (n = 24 samples from 8 patients). Each grey dot represents 
one TA per cell. aeTSAs (n = 7 TAs), TAAs (n = 5 TAs), LSAs (n = 17 TAs). c, Box plots 
showing the read count of melanoma TAs expressed in non-cancer cell types from 

cutaneous melanoma samples from Zhang et al.62 (n = 4 samples from 3 patients). 
Each grey dot represents one TA per cell. aeTSAs (n = 31 TAs), TAAs (n = 61 TAs), 
LSAs (n = 92 TAs). d, Box plots showing the read count of NSCLC TAs expressed 
in non-cancer cell types from NSCLC samples from Lambrechts et al.63 (n = 24 
samples from 8 patients). Each grey dot represents one TA per cell. aeTSAs (n = 1 TA),  
TAAs (n = 29 TAs), LSAs (n = 3 TAs). All box plots show the median (center line) 
and interquartile range (IQR, box with limits at 25th and 75th percentiles), whiskers 
extend to the largest value no further than 1.5 * IQR from the box hinges, and 
black dots represent outliers beyond the whiskers.
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