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Introduction
Immunotherapy sparked new hope for oncology in recent years, 
due to its remarkable ability to induce long-term tumor regres-
sion of metastatic cancer. This feature is shared across immuno-
therapeutic modalities, including both checkpoint blockade and 
adoptive cell transfer (ACT) of tumor-infiltrating lymphocytes 

(TILs). It is believed that the final common pathway of these 2 
treatments is the specific recognition of tumor antigens by cyto-
toxic T lymphocytes (1–3). In-depth dissection of immunotherapy 
success stories revealed a center-stage role for mutation-derived 
antigens, designated as neoantigens, in mediating the antitumor 
immune response (4–11).

Neoantigens are cell-surface peptide–HLA complexes in which 
the peptide component, i.e., the neopeptide, is the altered degrada-
tion product of a mutated protein. Restricted in expression to the 
diseased tissue, and uncurbed by immune tolerance, neoantigens 
may elicit specific antitumor reactivity upon T cell receptor (TCR) 
engagement and are therefore ideal therapeutic targets.

The grand majority of neoantigens identified from treated 
patients derive from private, nonrecurring, mutations and thus, 
although effective, cannot be generalized beyond the individual 
patient (12, 13). Hotspot neoantigens, i.e., neoantigens that appear 
in a large group of patients with cancer, are highly sought after for 2 
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neoantigens that do not induce reactivity in the tested individ-
ual may be overlooked (12). HLA peptidomics uses immunoaf-
finity purification of peptide-HLA complexes followed by liquid 
chromatography tandem mass spectrometry (LC/MS-MS) to 
characterize the actively presented antigen repertoire. Contrary 
to the methods described above, it enables the direct identifica-
tion of neoantigens from tumor samples (28). In our laboratory, 
we used HLA peptidomics successfully to identify neoantigens 
from tumor cells (12, 13).

The causal role of RAS proteins in cancer has long been rec-
ognized, with activating mutations appearing in one-third of all 
human cancers (29). RAS-derived recurrent neoantigens are 
thus of great interest (7). The 3 main isoforms, KRAS, NRAS, and 
HRAS, share identical, 86-amino-acid-long N-termini. Within this 
identical stretch, 3 mutational hotspots were recognized at posi-
tions 12, 13, and 61. KRAS is the most highly mutated RAS isoform 
across cancers (85% of RAS mutations). However, in melanoma, 
the most successful immunotherapy target to date, NRAS muta-
tions dominate. Specifically, NRAS.61 is the second most highly 
mutated position in melanoma, appearing in as many as 20% of 
patients. NRAS-mutant melanoma is associated with poorer out-
comes, compared with non–NRAS-mutant melanoma. Multiple 
attempts to develop RAS-targeted therapy have yet to yield effec-
tive approved treatments. In the void of successful NRAS-targeted 
agents, immunotherapy occupies a key role in current therapeutic 
regimens aimed at NRAS-mutant melanoma.

Here, we used a data-driven pipeline for the discovery of 
recurrent neoantigens, with combined analysis of presentation 
and immunogenicity (Figure 1). We report on the discovery of a 
robustly presented and immunogenic RAS.61-derived hotspot 
neoantigen present in a substantial group of cancer patients. We 
further identified the neoantigen-specific TCRs within TILs from 
2 unrelated patients and transcriptionally characterized the neo-
antigen-specific T cell response at the single-cell level.

Results
Data-driven selection of neoantigen candidates. NRAS.Q61 is 
the second most highly mutated protein position in mela-
noma, but not all of its derived neoantigens will be equally 
recurrent. To qualify as an “interesting” hotspot neoanti-
gen, its combined HLA allele/mutation frequency should be 
high in patients with cancer (26). Here, we applied a data- 
driven approach to neoantigen discovery by analyzing 
patients’ genetic data to focus on high-potential candidates. 
Considering only those HLA alleles that co-occurred with 
RAS.Q61 mutations in the analyzed data sets, we used Net-
MHCpan to predict binding, 8- to 14-amino-acid-long, RAS.
Q61-derived neopeptides (30, 31). Using these data, we 
assigned each HLA-mutation combination 2 scores: (a) its fre-
quency in the cohort, and (b) its best binding prediction score 
(i.e., best percentage rank [referred to hereafter as “%Rank”] 
enumerated over the predicted binding neopeptides). We then 
applied stepwise filtration and sorting, setting a frequency 
threshold and then ordering the remaining candidates accord-
ing to their estimated binding potential.

Because the 3 RAS isoforms, i.e., NRAS, KRAS, and HRAS, 
have an identical N-terminus sequence, we included them all in 

main reasons. First, hotspot neoantigens may pave the way toward 
“off-the-shelf ” cellular treatments, vaccines, and patient screen-
ing strategies (14). Tumor cells expressing validated mutation/
HLA combinations should be amenable to immunotherapy. Even 
in the absence of a priori immune recognition, predetermined 
TCRs, from other patients or even healthy donors, can be used to 
redirect autologous T cells against neglected hotspot neoantigens 
(15). Second, hotspot neoantigens are potentially superior to pri-
vate neoantigens as treatment targets. This is because immuno-
therapy directed at subclonal mutations of heterogeneous tumors 
might give way to immune escape, whereas hotspot neoantigens, 
which are typically derived from clonal oncogenic mutations, are 
expected to present more homogenously within tumors.

Few potentially recurrent neoantigens have been uncovered 
over the years, stemming from major oncogenes, such as BRAF, 
NRAS, and p53 (16–19). The clinical relevance of such neoanti-
gens, however, was directly demonstrated only of late, through 
successful ACT treatment of a patient with metastatic colon 
cancer, using autologous TILs directed at a newly discovered 
HLA-C*08:02/KRAS.G12D recurrent neoantigen (7, 20). These 
recent successes propelled the reemergence of endeavors to 
discover hotspot neoantigens. A p53-centered screen revealed 
native TIL reactivity toward derived neoantigens in 8% of 
screened patients, with recurring neoantigens identified in sev-
eral cases (21, 22). Other efforts focused on the identification of 
T cells from the peripheral blood of patients or healthy donors 
that target specific hotspots, thereby expanding the repertoire of 
known KRAS and other oncogene-derived neoantigens for both 
HLA class I and HLA class II (23, 24).

Some of the above-mentioned recurrent neoantigens were 
uncovered by serendipity. In other studies, efforts were focused 
on hotspot mutations and/or highly prevalent HLA alleles. Truly 
recurrent neoantigens, however, may only form at the produc-
tive intersection of recurrent oncogenic mutations and com-
mon HLA alleles. As early events in neoplasm development, 
recurrent oncogenic mutations are potentially vulnerable to the 
effects of immunoediting (25). Recent bioinformatic analysis 
found patients with cancer to be less likely to have oncogenic  
mutations that are predicted to bind their HLA alleles (26), 
whereas others did not find evidence for such skewing (27). To 
properly select for high-yield candidates, HLA allele/mutation 
co-occurrences should best be evaluated within the potentially  
skewed cancer patient population. With patients’ sequencing 
data becoming increasingly available, such analyses are now 
feasible. Moreover, HLA-binding algorithms, which are well 
trained on prevalent HLA alleles, may help point to the most 
promising HLA-mutation combinations.

To date, neoantigen discovery efforts are almost exclusively  
T cell centric. In these methods, candidate neopeptides are arti-
ficially expressed in antigen-presenting cells (APCs), either as 
pulsed synthetic peptides or via minigene overexpression. APCs 
are then coincubated with T cells, most commonly TILs, and 
their response profile interpreted for indirect identification of 
neoantigens. Further characterization and validation rely heav-
ily on binding predictions, such that identified neoantigens 
are restricted to those that are both predicted to bind and are 
immunogenic in the tested patient (15, 20). Moreover, presented 
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Ninety-five (26%), 60 (27%), and 15 (22%) individuals within 
these cohorts have RAS.Q61-mutated tumors, respectively  (Figure 
2, D–F, and Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI129466DS1). 
As expected, we found that the most frequent amino acid sub-
stitutions at position 61 were arginine (46%–60%) and lysine 
(35%–47%); and NRAS was the most abundantly mutated RAS 

our analyses, along with the 4 most prevalent RAS.Q61 amino acid 
substitutions: arginine, lysine, leucine, and histidine.

Using the above-described scheme, we analyzed 3 melanoma 
cohorts: The Cancer Genome Atlas (TCGA), aggregating both 
mutation and HLA-I annotations for 363 melanoma cases, the 
Hartwig database, containing data on 221 such patients, and the 
previously published MELA-AU data set for 69 patients (32–35).

Figure 1. Recurrent neoantigen discovery pipeline. Data-driven analysis of cancer patient cohorts was used to select high-recurrence RAS.Q61/HLA 
allele combinations that were predicted to yield neoantigens, with HLA-A*01:01/RAS.Q61 heading the list. Robust neoantigen presentation was corrob-
orated and quantified via HLA peptidomics using a panel of tumor samples with endogenous expression. Specific reactivity was identified within TILs 
from 2 unrelated patients, thus validating the immunogenicity of the neoantigen. Tetramer-specific cells were TCR- and RNA-sequenced at the single- 
cell level, allowing transcriptional profiling of neoantigen-specific clones. A repertoire of sensitive and specific TCRs were characterized, with striking 
intra- and interpatient TCR sequence similarity between clones. Parts of Figure 1 were created using BioRender.com.
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tide predictions for RAS.Q61K and RAS.Q61R, respectively, in the 
context of HLA-A*01:01. We quantified neopeptide presentation in 
our overexpression system, as well as validated the presentation of 
RAS.Q61R-derived ILDTAGREEY using high-sensitivity absolute 
targeted MS. ILDTAGKEEY and ILDTAGREEY were detected at 
3.2850 and 38.2375 amol per 1 × 106 cells for 721.221A*01:01;mRAS.Q61K 
and 721.221A*01:01;mRAS.Q61R, respectively.

ILDTAGKEEY is robustly presented on HLA-A*01:01/RAS.
Q61K–expressing tumors. To further validate our findings in the 
malignant context and under endogenous mutation/HLA expres-
sion, we subjected the 17T tumor–derived cell line to HLA pepti-
domics. As previous whole-exome efforts in our laboratory (38) 
identified 17T melanoma as NRAS.Q61K mutant, and HLA typing 
granted it HLA-A*01:01+, we used MS in discovery mode to unbi-
asedly identify neoantigens, regardless of prediction or prior iden-
tifications. The database for MS consisted of all normal sequences 
in the human proteome as well as of mutated protein sequences 
as defined by 17T whole-exome sequencing. Indeed, among 2356 
peptides, a single neopeptide was detected — the decapeptide 
ILDTAGKEEY (Figure 2H and see “17T HLA-I peptidomics” in 
Supplemental Table 2).

To investigate the robustness of presentation, we curated a 
panel of 4 snap-frozen tumors and 5 additional tumor-derived cell 
lines, all endogenously expressing the HLA-A*01:01/NRAS.Q61K 
combination (Table 1). We included Hs940T, an HLA-A*01:01/
NRAS.Q61R melanoma cell line, in our analysis to also test for 
endogenous presentation of ILDTAGREEY. All cell lines were 
validated as expressing mutant NRAS transcripts (Supplemental 
Figures 3 and 4).

HLA peptidomics using high-sensitivity absolute targeted  
MS identified the ILDTAGKEEY neopeptide in all NRAS.
Q61K-mutant samples at quantities ranging from 0.1250 to 
2.9138 amol per 1 × 106 cells, assuming 1 × 108 cells per 1 mg tumor 
tissue (Supplemental Figures 5–16 and ref. 39). As expected,  
we identified ILDTAGREEY for Hs940T (Supplemental Figure 
17). Importantly, the HuT78 cell line from our panel was derived 
from a T cell lymphoma, signifying the cross-cancer-type rele-
vance of the identified neoantigens.

We conclude that ILDTAGKEEY is a robust, naturally pro-
cessed, RAS.Q61K-derived neopeptide that is presented in the 
context of HLA allele A*01:01.

Mutant lysine of HLA-A*01:01/ILDTAGKEEY is free to interact  
with TCRs. WT ILDTAGQEEY was shown to strongly bind 
HLA-A*01:01 (40), prompting us to gauge the availability of 
mutant lysine to interact with TCRs. We threaded the side chains of  
ILDTAGKEEY and ILDTAGQEEY onto the backbone of a previously  
resolved HLA-A*01:01/ALK decapeptide crystal structure (Pro-
tein Data Bank [PDB]: 6at9) (41) and sampled conformations by 5 
independent molecular dynamics (MD) trajectories per complex as 
well as by docking using freely accessible web server interfaces for 
FlexPepDock (42), ClusPro (43), and DINC (44). Hydrogen bond 
analysis indicated that mutant and WT variants interacted with 
HLA-A*01:01 in a similar manner. Hydrogen bonds were observed 
between the HLA receptor for both the WT and mutant variants 
(Supplemental Figure 18A) at position 3 (P3) and the C-terminus 
(PΩ) as expected (45). In contrast, P7 (residue 61) formed fewer  
hydrogen bonds with the HLA receptor. While P7’s backbone 

isoform at position 61 (96%–100% of RAS.61 mutations). Com-
parison of HLA allele frequencies between TCGA patients with 
RAS.Q61-mutant and those with WT RAS.Q61 melanoma did not 
reveal significant prevalence skews (Fisher’s exact test with FDR 
correction, Supplemental Figure 1 and Supplemental Table 1).

Plotting HLA/mutation combinations by their scores was 
demonstrative of how the most promising candidates were pri-
oritized (Figure 2, A–C). Across the 3 data sets, HLA-A*01:01 
stood out for contributing the top 2 candidates: HLA-A*01:01/
RAS.Q61R and HLA-A*01:01/RAS.Q61K. We therefore selected 
HLA-A*01:01 for further analysis.

Consistent with its high abundance in the general population, 
26%–38% of patients in the analyzed cancer cohorts were found 
to carry HLA-A*01:01 (35). Importantly, the allele’s frequency did 
not diminish when restricted to the RAS.Q61-mutant melanoma 
population: 27%–40% of mutants possessed it. HLA-A*01:01 
co-appeared with RAS.Q61 mutations in 7%–8.7% of patients with 
melanoma. Specifically, 3.3%–4.5% and 3%–4.3% of patients had 
the combinations HLA-A*01:01/RAS.Q61R and HLA-A*01:01/
RAS.Q61K, respectively, in our analysis.

NetMHCpan 4.0 predicted 32 RAS.Q61-derived neopep-
tides for A*01:01, including 9 predicted strong binders (Sup-
plemental Table 1). Importantly, the same “canonical peptide,”  
ILDTAGXEEY, was the top binding prediction for both RAS.Q61R 
and RAS.Q61K (predicted binding affinities of 202.4 nM and 218.5 
nM, respectively), while its less prevalent variants (RAS.Q61L and 
RAS.Q61H) were also predicted to bind the A*01:01 allele (58.2 
nM and 101.8 nM, respectively).

Of note, the pan-cancer analysis recapitulated our mela-
noma-based candidate prioritization (Supplemental Figure 1). 
Still frequent, RAS.Q61 mutations appeared in 3.3%–5.9% of the 
pan-cancer cases (226 of 6824 and 123 of 2091 individuals from 
TCGA and Hartwig data sets, respectively). The relevance of 
an HLA-A*01:01/RAS.Q61 neoantigen would therefore not be 
restricted to melanoma.

Direct identification of HLA-A*01:01/RAS.Q61–derived neoanti-
gens using a monoallelic overexpression system. Unlike for RAS.Q61R, 
no neoantigen had been previously reported for the highly recur-
rent HLA-A*01:01/RAS.Q61K combination (16, 36). Focusing on 
RAS.Q61K, we therefore set out to query the HLA-A*01:01–bound 
neoantigen landscape in an unbiased manner. To this end, we 
established a 721.221-based HLA-A*01:01 monoallelic cell line that 
co-overexpressed a 25 mer RAS.Q61K minigene and subjected it to 
HLA peptidomics. This overexpression setup had the advantages 
of availability and neoantigen amplification, while still maintain-
ing native antigen processing and presentation. Mass spectrome-
try (MS) results were analyzed using MaxQuant (37) and queried 
against the human proteome data set (Uniprot), to which we man-
ually added the minigene sequence. We detected a total of 2403 
peptides for 721.221A*01:01;mRAS.Q61K (see “721-OE-HLA-I peptidom-
ics” in Supplemental Table 2). Although NetMHCpan predicted 7 
different HLA-A*01:01–binding neopeptides for RAS.Q61K (see 
“input 27 mers” in Supplemental Table 1), a single decapeptide, 
ILDTAGKEEY, was identified. We further validated this finding 
by comparing the identification spectra with that of a synthetic 
peptide (Supplemental Figure 2). Interestingly, ILDTAGKEEY and 
the closely related ILDTAGREEY were the best-scoring neopep-
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HLA-A*01:01/ILDTAGKEEY is immunogenic. We used the 
TIL products 17TIL/135TIL, relating to melanoma cell lines 
17T and 135T of our panel, respectively, to evaluate the immu-
nogenicity of the identified RAS.Q61K neoantigen. These TIL 
products have a killing capacity toward cognate melanoma, as 
demonstrated in GFP-based killing assays (Figure 3A). To dis-

remained within the peptide-binding groove throughout the simu-
lation, the side chain was solvent-exposed and directed toward the 
TCR-facing surface (Figure 2G). This structural modeling suggests 
that residue 61 faces outward of the HLA pocket and is available to 
interact with TCRs, possibly supporting differential immunogenic-
ity toward the mutant versus WT peptides.

Figure 2. From data-driven candidate selection to verification of presentation. (A–C) Percentage of patients with HLA/RAS.Q61 combination in 
cohorts of patients with melanoma (x axis) and NetMHCpan 4.0 binding predictions Best%Rank (y axis). %Rank≤0.5 were considered strong binders; 
0.5<%Rank≤2  were considered weak binders. (A) TCGA, (B) Hartwig, (C) MELA-AU melanoma cohorts. (D–F) Frequency of A*01:01/RAS.Q61-mutant 
combinations in melanoma cohorts. (D) TCGA, (E) Hartwig, (F) MELA-AU melanoma cohorts. (G) Predicted structures of A*01:01 in complex with RAS 
peptides. Gray indicates HLA; turquoise indicates ILDTAGQEEY (WT); yellow indicates ILDTAGKEEY (mutant, RAS.Q61K). The peptide backbones are 
represented as ribbons, with P7 residue (position 61) side-chain atoms shown. Hydrogens were omitted for clarity. (H) Tandem mass spectra of  
ILDTAGKEEY as it was identified in HLA peptidomics of the melanoma cell line 17T, endogenously expressing HLA-A*01:01/NRAS.Q61K. Method: Fourier 
transform mass spectrometry (FTMS); higher-energy collisional dissociation (HCD) score: 91.55; m/z: 569.79. Peptide identification was further  
validated in 2 separate targeted MS repeats.
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tinguish neoantigen-specific from bulk reactivity, we quanti-
fied IFN-γ release by the TIL products in response to peptide- 
pulsed, HLA-A*01:01+–presenting cells. B lymphoblastoid 
cell lines (B-LCLs) (46) were pulsed with either a DMSO 
vehicle or WT (ILDTAGQEEY) or mutant (ILDTAGKEEY or  
ILDTAGREEY) synthetic peptides, followed by overnight coin-
cubation with either 17TIL or 135TIL, and then IFN-γ ELISA of 
the coincubation medium (Supplemental Table 3). As depicted in 
Figure 3B, RAS.Q61K stimulated IFN-γ release from both 17TIL 
and 135TIL, whereas the WT variant did not elicit a significant 
increase over a nonpulsed B cell control. Remarkably, although 
17T is not a RAS.Q61R mutant, 17TIL exhibited cross-reactiv-
ity with RAS.Q61R. Peptide titration assays confirmed dose- 
dependent reactivity with HLA-A*01:01/ILDTAGKEEY, for both 
17TIL and 135TIL (Figure 3C).

Flow cytometric analysis revealed a majority of CD4+ cells 
for 17TIL (58%–80%) and CD8+ for 135TIL (90%) (Supplemen-
tal Figure 19). A flow cytometry–based IFN-γ secretion assay and 
tetramer staining delineated the neoantigen-specific subpop-
ulations (Supplemental Figure 20). We observed neoantigen- 
specific IFN-γ secretion in 0.93% and 1.94% of CD4– TILs for 17TIL 
and 135TIL, respectively, upon incubation with peptide-pulsed 
B-LCLs (P < 0.00001 for both, χ2 test, 10 μg/mL peptide, Figure 
3D). With HLA-A*01:01/ILDTAGKEEY-tetramer staining, 5.2% 
and 3.2% of CD8+ cells bound RAS.Q61K, for 17TIL and 135TIL, 
respectively (1.46% and 2.8% of total TILs, respectively; Figure 
3F). A proliferation assay, performed for 17TIL, demonstrated 
neoantigen-dependent expansion (P < 0.00001, χ2; Figure 3E). 
Moreover, costaining TILs with HLA-A*01:01/ILDTAGREEY- 
tetramer corroborated the cross-reactivity of 17TIL with this 
variant and confirmed that the majority (76%) of HLA-A*01:01/ 
ILDTAGKEEY–binding cells cross-react with the arginine- 
substituted peptide (Figure 3F). CD8– subpopulations did not stain 
with the tetramer, as expected (Supplemental Figure 19).

We thus demonstrate specific TIL reactivity toward 
HLA-A*01:01/ILDTAGKEEY in 2 unrelated patients, 1 of whom 

showed cross-reactivity toward HLA-A*01:01/ILDTAGREEY. We 
conclude that both of these neoantigens are immunogenic.

Identification of neoantigen-binding TCR chains. TCRs that tar-
get HLA-A*01:01/ILDTAGKEEY have translational value; ACT of 
engineered T cells using these TCRs is expected to apply to 3% of 
patients with melanoma, and to 2.9:1000 patients pan-cancer. We 
performed RNA-based TCR sequencing on tetramer-sorted TILs 
to identify relevant α and β chains. For 17TIL and 135TIL each, 3 
cell populations were individually sequenced: bulk CD4– and its 
A*01:01/ILDTAGKEEY-tetramer+ and tetramer– subpopulations. 
We contrasted the tetramer+ and tetramer– repertoires in order to 
extract tetramer-enriched (i.e., tetramer-specific) chains, while 
sequencing of the bulk cell population allowed us to place these 
chains in context. Our sorting and sequencing experiments (3 bio-
logical replicates) were highly consistent (Supplemental Figure 
21). Although each sequencing experiment revealed hundreds 
to thousands of distinct, productive TCR chains (Supplemental 
Table 4),  both 17TIL and 135TIL clearly exhibited oligoclonal 
distributions (Figure 4). With restriction to amino acid sequences  
that reflected 1% or more of the transcripts, 11 β (13 α) chains dom-
inated the CD4– repertoire of 17TIL, with cumulative coverage of 
76.5% (69.6%) of the transcripts. Similarly, for 135TIL, 6 β (7 α) 
chains accounted for 92.5% (93.6%) of the CD4– repertoire. The 
tetramer+ and tetramer– subpopulations were likewise character-
ized by oligoclonal TCR distributions (Supplemental Figure 22). 
When we further focused on TCR chains with at least 100-fold 
tetramer+/tetramer– transcript frequency enrichment, 4 β and 6 α 
chains emerged as neoantigen specific for 17TIL (Figure 4), Table 
2, and Supplemental Table 4). The cumulative frequencies for 
these 4 β chains were 69.6%, 3%, and 0.005% in the tetramer+,  
bulk CD4–, and tetramer– populations, respectively. Likewise, 
cumulative frequencies for the 6 α chains were 83.8%, 6.8%, 
and 0% in the tetramer+, bulk CD4–, and tetramer– populations, 
respectively. For 135TIL, a single αβ pair met the above criteria 
(Figure 4), with frequencies of 89.9% and 85.2% within tetramer+ 
135TIL, respectively. These chains made up only 2.9% and 2.8% 

Table 1. RAS.Q61-mutated HLA peptidomics panel, with quantification of ILDTAGKEEY/ILDTAGREEY peptides using high-sensitivity, 
absolute targeted MS

Sample Type RAS.Q61 mutation HLA-A*01:01 Cell no. or tumor mass (mg) amol/million cells
721.221-RAS-Q61K B-LCL OE cell line Q61K minigene Overexpression 2.00 × 108 3.2850
721.221-RAS-Q61R B-LCL OE cell line Q61R minigene Overexpression 2.00 × 108 38.2375
17T Melanoma cell line NRAS.Q61K Endogenous 2.00 × 108 0.2750
135T Melanoma cell line NRAS.Q61K Endogenous 2.00 × 108 0.1250
SK-MEL-30 Melanoma cell line NRAS.Q61K Endogenous 2.00 × 108 0.2500
MM121224 Melanoma cell line NRAS.Q61K Endogenous 2.00 × 108 0.1500
MZ2-Mel Melanoma cell line NRAS.Q61K Endogenous 2.00 × 108 2.9138
HuT78 Cutaneous T cell lymphoma 

cell line
NRAS.Q61K Endogenous 2.00 × 108 1.0750

MM-1369 Melanoma tumor NRAS.Q61K Endogenous 130 0.1731
MM-1319 Melanoma tumor NRAS.Q61K Endogenous 118 0.3814
Mela-49 Melanoma tumor NRAS.Q61K Endogenous 61 0.7377
Mela-183 Melanoma tumor NRAS.Q61K Endogenous 50 1.3500
Hs940T Melanoma cell line NRAS.Q61R Endogenous 2.00 × 108 0.41625

Total peptide was normalized per cell, assuming 1 mg = 1 × 108 cells. OE, overexpression.
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of the bulk CD4– α and β 135TIL repertoires, respectively. Interest-
ingly, the α and β frequency distributions were consistent enough 
to enable an educated guess regarding chain pairing on the basis of 
bulk TCR sequencing (Figure 4).

Single-cell characterization of the TCR repertoire. To further 
investigate these TCR repertoires, and to uncover tetramer- 
binding αβ pairings, we performed single-cell TCR sequencing. 
After overnight coincubation of TILs and cognate melanoma cells 
(i.e., 17TIL with 17T, 135TIL with 135T), we sorted the samples into 
populations of interest (Supplemental Figure 23); we then pro-
ceeded to perform dual RNA-Seq and TCR single-cell sequencing 
using the 10x Genomics platform. As with our bulk sequencing 
experiment, we focused on 3 TIL populations: bulk CD8+ and its 
HLA-A*01:01/ILDTAGKEEY-tetramer+ and tetramer– subpopula-
tions. We again used tetramer+/tetramer– frequency enrichment to 
hone in on tetramer-specific clones.

As expected, our bulk and single-cell sequencing data were 
highly consistent (Supplemental Figures 24–27). We identified 

343 and 44 CD8+ clones for 17TIL and 135TIL, respectively, with 
a small subset of clones dominating the CD8+ repertoire (Figure 
4). Using the same filtration criteria of 100-fold or greater enrich-
ment and clonal expansion of at least 1% of tetramer+ cells, we 
identified 3 leading tetramer-specific clones for 17TIL and a single 
clone for 135TIL (Figure 4, Table 2, and Supplemental Figure 4). 
These tetramer-specific clones made up merely 5.1% and 2.2% of 
the CD8+ cells for 17TIL and 135TIL, respectively, with the domi-
nant clone accounting for more than 70% of the tetramer-enriched 
subset. Importantly, our candidate chain pairings, deduced from 
bulk TCR sequencing, were confirmed by the single-cell data.

Clone and TCR chain nomenclature. Tetramer-specific clones 
are hereafter defined as single-cell clones that were at least 100-
fold tetramer+/tetramer– frequency enriched in both the single-cell 
and bulk TCR-sequencing experiments. Specifically, a clone was 
considered tetramer enriched according to bulk TCR sequencing 
if all of its TCR chains were tetramer enriched in at least 1 of the 3 
bulk sequencing replicates.

Figure 3. A*01:01/ILDTAGKEEY is immunogenic. (A) Bulk TILs were able to kill cognate melanoma in a fluorescent cell in vitro–killing assay. The fluores-
cently labeled melanoma cell line 17T was coincubated with IHW01161 and the cell line 135T was coincubated with IHW01070. Error bars represent the SEM 
of biological triplicates. (B and C) Bulk TILs were specifically reactive toward the neoantigen. TILs were coincubated with minimal epitope–pulsed A*01:01+ 
B-LCLs. (B) IFN-γ ELISA results. Error bars represent the SEM of biological triplicates; 2-way ANOVA with Tukey’s correction for multiple comparisons. (C) 
IFN-γ ELISA peptide titration assay with 17TIL (IHW0116) and 135TIL (IHW01070). Plots show the mean with SD of biological triplicates; 2-way ANOVA 
with Sidak’s correction for multiple comparisons. (D–F) Delineation of the neoantigen-specific subpopulations. (D) IFN-γ secretion assay of the melanoma 
cells 17TIL (coincubatad with peptide-pulsed IHW01161 cells) and 135TIL (coincubated with peptide-pulsed IHW01070 cells). P < 0.00001, by χ2 for both. (E) 
Differential expansion of 17TILs in response to coincubation with B-LCL IHW01161 and either the WT or mutant peptide. P < 0.00001, by χ2 test. (F) CD8+ 
gated TILs double-stained with the Q61K and Q61R tetramers. FSC-A, forward scatter area. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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dominant tetramer-specific clone for 135TIL, N135.1 (Figure 4). 
N17.2, N17.4, and N135.1 are all αβ cells, whereas N17.3 is ααβ. Con-
ventional analysis pipelines deemed N17.1 an αβ clone. However, 
as will be further elucidated below, this clone has in fact a second α 
chain, rearranged with the δ gene TRDV1 (Supplemental Figure 28).

The respective TCR chains of the above-mentioned clones 
are designated as follows: N{chain type: A/B}{TIL: 17/135}.{clone 

This filtration retained a total of 15 tetramer-specific clones, 
6 of which had more than 5 cells in the tetramer+ subpopulation 
(Supplemental Table 4). Therefore, we annotated these clones as 
N{TIL: 17/135}.{clone number} in descending order of frequency.

For functional validation, we focused, as above, on clones con-
sisting of at least 1% of the tetramer-specific repertoire: these were 
the top 3 clones in 17TIL — N17.1, N17.2, and N17.3 — and a single 

Figure 4. Combined bulk and single-cell TCR sequencing identifies a repertoire of neoantigen-specific TCRs. (A) 17TIL and 135TIL had oligoclonal distribu-
tions. Frequency distributions for bulk 17TIL (top) and 135TIL (bottom) are shown. Left panel: TCR α and β chain frequencies from bulk TCR sequencing of 
CD4– bulk populations. Right panel: Single-cell TCR sequencing of CD8+ bulk populations. Only chains/clones with a frequency of at least 1% are depicted.  
A representative result of 3 replicates is shown for the bulk TCR sequencing. (B) Tetramer+ versus tetramer– frequencies (f). Only TCR chains/clones that 
were enriched in the tetramer+ population (i.e., tetramer+/tetramer– >> 1) were considered tetramer specific and potentially neoantigen specific. Left panel: 
Bulk TCR sequencing α and β chains (a representative result of 3 replicates is shown). Right panel: Single-cell TCR sequencing. For validation, we focused 
on the TCRs that were greater than 100-fold tetramer+-enriched and made up at least 1% of the tetramer+ repertoire (see colored TCR chains/clones). (C) 
Nomenclature for the leading neoantigen-specific clones in 17TIL and 135TIL and their derived TCRs.
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αβ combination for ααβ clone N17.3 (NA17.3.2/NB17.3). Surpris-
ingly, the αβ pair pertaining to the most prominent of 17TIL’s 
tetramer-specific clones, N17.1, did not validate, even though 
it was efficiently expressed (Supplemental Figure 29). Clonal  
expression of the δ-gene TRDV1 in this clone, as observed in  
single-cell RNA-Seq, led us to reinspect the TCR-sequencing 
data and uncover a second α chain for N17.1, NA17.1.2, resulting 
from an uncommon event of TRDV1/TRAJ27 recombination (ref. 
47 and Supplemental Figure 28). NA17.1.2 has been identified in 
frequency equivalent to that of NA17.1.1 in bulk TCR sequencing 
(40.4%–54.9% and 25.6%–41.3%, respectively) and detected in 
99.1% (2905 of 2930) of N17.1 cells in our single-cell analysis. 
Reanalysis of our TCR-sequencing data revealed 2 additional  
TRDV1 α chains for 17TIL and 5 such chains in 135TIL. No  
other TRDV genes were implicated in α chain rearrangements. 
As expected, the NA17.1.2/NB17.1 chain combination, denoted 
by N17.1.2, validated on tetramer staining (Figure 6A).

We proceeded to coincubate the different TCR-engineered 
T cells with HLA-A*01:01+ B-LCLs pulsed with either the  
ILDTAGKEEY neopeptide or its WT counterpart at different con-
centrations. All 5 tested TCRs proved to be neoantigen specific, 
as evidenced by differential reactivity toward the mutated pep-
tide at supraphysiologic pulsed-peptide concentrations (Figure 
6B). Peptide titration experiments further elucidated that these 
TCRs potently recognized the ILDTAGKEEY neopeptide at con-
centrations ranging from 0.01 nM to 10 nM (Figure 6C and Sup-
plemental Figures 30–39). Interestingly, we observed an inverse 
relationship between TCR frequency and sensitivity within 
17TIL (Supplemental Figure 40). To further evaluate the reac-
tivity and cytotoxic capacity of the TCRs toward endogenously 
expressed neoantigen, we coincubated TCR-engineered T cells 
with HLA-A*01:01+NRAS.Q61K+ tumor cell lines. Testing the 2 
most potent TCRs, N17.1.2 and N17.2, in a reactivity assay against 
a panel of tumor cell lines recapitulated our immunopeptidomics 
results (Figure 7A and Supplemental Figures 41–58). Moreover, we 
observed significant 4-1BB upregulation upon coincubation with 
the HLA-A*01:01+KRAS.Q61K+ lung adenocarcinoma cell line 
Calu6, attesting to the cross-isoform, cross-cancer-type relevance 
of the HLA-A*01:01/ILDTAGKEEY neoantigen, as predicted. All 5 

number}.{chain number [where applicable]} (Figure 4). The 
TCR products of αβ clones will bear the same name as the clone 
(i.e., TCR N17.2 is the combination of NA17.2 and NB17.2), 
whereas for ααβ cells, the TCR name will be determined by the 
differentiating α chain (i.e., TCR N17.1.2 is the combination of 
NA17.1.2 and NB17.1).

Intra- and interpatient sequence convergence of neoantigen- 
specific TCRs. The amino acid sequences of annotated tetramer- 
specific TCRs (Table 2) revealed a cross-patient TCR resem-
blance between N17.3, N17.5, and N135.1: the β chains had 11- 
amino-acid-long CDR3 regions, with a Hamming distance of 1–3 
between them, and V/J genes of the same family (TRBV6-1 or 
TRBV6-6, TRBJ1-1). The α chains were also similar, with Ham-
ming distance of 2–4 between their 16-amino-acid-long CDR3, a 
shared V gene (TRAV19), and the same J gene (TRAJ39) in 2 of 
the chains. With restriction to a Hamming distance of 3 or less 
and the same V/J gene families, we found, strikingly, 2 lower- 
frequency α chains and 1 β chain resembling NA135.1 and NB135.1, 
respectively. Moreover, our single-cell experiment confirmed the 
pairing of these chains into 2 additional clones resembling N135.1. 
Using the same naming conventions as before, we denoted these 
clones N17.6 and N17.7 (Figure 5, Table 2, and Supplemental Table 
4), with N17.5 and N17.6 sharing the exact same β chain sequence. 
Although their frequencies within the repertoire were lower, these 
additional clones were tetramer specific (Figure 5A).

All in all, we uncovered a convergent class of 5 tetramer- 
specific clones. Two of these, N17.3 and N135.1, were already 
selected for functional validation on the basis of their frequency.  
We added the most frequent among the similarity-selected 
TCRs, N17.5 (consisting of 7 cells in our single-cell data), to our 
TCR validation pipeline.

Validation and characterization of the neoantigen-binding TCR 
repertoire. Having identified multiple tetramer-specific T cell 
clones, we aimed to validate their individual sensitivity and speci-
ficity toward the HLA-A*01:01/ILDTAGKEEY neoantigen.

To this end, we induced overexpression of αβ combinations 
of interest in healthy donor peripheral T cells. As shown in Fig-
ure 6A, tetramer-binding experiments confirmed neoantigen 
binding for N17.2, N17.5, and N135.1 and discerned the relevant 

Table 2. List of tetramer-specific TCRs analyzed

TCR name Clone Functionally 
tested?

Neoantigen- 
specific? α Chain β Chain

V gene CDR3 aa sequence J gene V gene CDR3 aa sequence J gene Emerson  
sharing level

N135.1 N135.1 Yes Yes TRAV19 CALSESHNNAGNMLTF TRAJ39 TRBV6-1 CAASQNTEAFF TRBJ1-1 4
N17.1.1 N17.1 Yes No TRAV17 CATDCKNQFYF TRAJ49 TRBV27 CASSLVSTPLPKETQYF TRBJ2-5  
N17.1.2 N17.1 Yes Yes TRDV1 CALGDTAGKSTF TRAJ27-1 TRBV27 CASSLVSTPLPKETQYF TRBJ2-5  
N17.2 N17.2 Yes Yes TRAV5 CAESSGGGFKTIF TRAJ9 TRBV6-6 CASSTPGPSAYEQYF TRBJ2-7  
N17.3.1 N17.3 Yes No TRAV16 CALFGGTSYGKLTF TRAJ52 TRBV6-1 CAEGENTEAFF TRBJ1-1 3
N17.3.2 N17.3 Yes Yes TRAV19 CALSESGDAAGNKLTF TRAJ17 TRBV6-1 CAEGENTEAFF TRBJ1-1 3
N17.4 N17.4 No ? TRAV13-2 CAEIPGGSYIPTF TRAJ6 TRBV12-4 CASSPWDIRTEAFF TRBJ1-1  
N17.5 N17.5 Yes Yes TRAV19 CALSETINNAGNMLTF TRAJ39 TRBV6-6 CASSQNTEAFF TRBJ1-1 696
N17.6 N17.6 No ? TRAV19 CALSESFRNAGNMLTF TRAJ39 TRBV6-6 CASSQNTEAFF TRBJ1-1 696
N17.7 N17.7 No ? TRAV19 CALSETVHNAGNMLTF TRAJ39 TRBV6-1 CATAENTEAFF TRBJ1-1 21
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with TRBV6-6 (or TRBV6) was not statistically increased for this 
subset of samples (Fisher’s exact test, P = 0.45). Although simi-
lar to NB17.5, all other β chains of the convergent class have low 
Emerson sharing levels (Table 2).

It is instructive to plot the generation probabilities (denoted 
herein as Pgen) of the convergent class clones (Figure 5C). Our 2 
most potent TCRs, N17.1.2 and N17.2, exhibited low Pgen for both 
their α and β chains. N17.5 and N17.6 excelled in their Pgen(β), as 
expected for a public clonotype. N135.1 had the highest Pgen(α)  
of the set.

From an engineering point of view, it is interesting to inves-
tigate whether some of the α/β chains are interchangeable. As 
depicted in Figure 5, B–D, NH1 (NA135.1/NB17.5) is a hypotheti-
cal clone that maximizes Pgen for both α and β within the similarity 
cluster. We tested NH1 for neoantigen reactivity, and it validated 
with both tetramer staining and neoantigen-specific IFN-γ release 
(Figure 8). The reverse combination, NA17.5/NB135.1, validated  
as well, whereas transposing the chains of N17.3.2 with either N17.5 
or N135.1 failed to maintain neoantigen specificity (Supplemen-
tal Figure 68).

Single-cell profiling of CD8+ 17TIL and 135TIL. We next sought to 
investigate the transcriptional profile of neoantigen-specific clones 
in response to cognate melanoma and compare their cell states 
with other CD8+ TIL populations. Briefly, bulk 17TIL and 135TIL 

tested TCRs had cytotoxic capacity toward neoantigen-expressing 
melanoma, as demonstrated in a cleaved caspase-3 assay (Figure 
7B and Supplemental Figures 59–67).

Since the majority of tetramer-binding 17TIL also cross-
binds to the HLA-A*01:01/ILDTAGREEY-tetramer, we specu-
lated that it is N17.1.2 that possesses both reactivities. Remark-
ably, indeed, N17.1.2 proved to recognize the ILDTAGREEY 
neopeptide at concentration as low as 1 nM (Figure 6C). We 
confirmed that the remaining 4 TCRs did not recognize the 
ILDTAGREEY neopeptide.

TCR generation considerations for the neoantigen-specific simi-
larity cluster. As mentioned above, similarity cluster TCRs N17.5 
and N17.6 share an identical β chain. Interestingly, the CDR3 
sequence of chain NB17.5, CASSQNTEAFF, is in fact “public,” 
as it is shared among 696 (of 786) samples in the Emerson data 
set (48). Of note, although in the Emerson data set this same 
CDR3 sequence can be attained with 39 different TRBV genes 
(i.e., high convergent recombination), in our data it solely recom-
bined from TRBV6-6. Taken together with TRBV6 conservation 
across all similarity cluster TCRs, a hypothesis emerged that 
TRBV6 has functional significance outside of the CDR3 region 
for this convergent neoantigen-specific class. Thirty percent of 
HLA-annotated CASSQNTEAFF+ samples in the Emerson data 
set possess HLA allele A*01:01 (189 vs. 440). Recombination 

Figure 5. N135.1 TCR similarity cluster within 17TIL converges on both α and β chains. Inspection of the 17TIL repertoire revealed a cluster of 4 TCRs that 
were similar to N135.1: N17.3.2, N17.5, N17.6, and N17.7. The top most frequent TCRs on this list, N17.3.2 and N17.5, were validated as potent and neoantigen 
specific (see Figures 6 and 7). (A) Both α and β chains for the similarity cluster were enriched in the tetramer+ subpopulation. α/β Pairings were confirmed 
by single-cell TCR sequencing. Representative data (replicate 1 of 3) from bulk TCR sequencing. (B) Sequence comparison of the TCRs’ variable regions. 
Note the Hamming distance of up to 4 amino acids and the similarity of the V/J genes. (C) TCRs were plotted according to the Pgen of their α (x axis) and 
β chains (y axis). NH1 (NRAS hybrid TCR no. 1) combines the most probable α/β within the similarity cluster; it was generated through chain swapping 
between N135.1 and N17.5. NH2 is the counterpart to NH1, mixing NA17.5 with NB135.1. (D) Illustration of the chain swapping generating NH1, combining 
NA135.1 with NB17.5.
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integrated these bulk populations and performed unsupervised 
clustering, which revealed 10 phenotypic clusters (bulk clusters, 
BC1-10, Figure 9A), including a cytotoxic cluster (3275 cells) 
expressing high levels of GNLY, NKG7, and GZMH (Figure 9B and 
Supplemental Figure 69). We also identified a cluster of 1708 cells 
that expressed markers of an early activation state, such as IL7R, 
FOS, TCF7, and SLAMF6, and showed similarities to progenitor 
and stem-like gene signatures from previous studies (BC3, Figure 
9C), including a CD39–CD69– double-negative signature that was 
associated with an effective clinical response in the settings of 

were coincubated with the cognate melanoma cell line overnight 
at a 1:1 ratio, sorted into bulk CD8+, CD8+ tetramer+, and CD8+ 
tetramer– T cell populations, and profiled using paired single-cell 
RNA-Seq and TCR sequencing on the 10x Genomics platform.

After quality filtering based on the TCR chains captured, the 
number of UMIs, and the percentage of mitochondrial reads per 
cell (see “single-cell analysis cell-filtering steps” in Supplemen-
tal Table 5), we obtained 14,012 cells from the sorted bulk CD8+ 
cell populations (3815 cells, 17TIL bulk; 10,197 cells, 135TIL bulk). 
To generate an overview of the overall CD8+ TIL landscape, we 

Figure 6. A repertoire of potent neoantigen-specific TCRs. Healthy donor T cells were electroporated with in vitro–transcribed TCR α and β chains. (A) Flow 
cytometric plots of A*01:01/ILDTAGKEEY-tetramer–stained cells. Negative controls were cells electroporated without mRNA (EN, electroporated nothing). 
(B and C) Electroporated T cells were coincubated overnight with peptide-pulsed IHW01161 cells. (B) IFN-γ ELISA with 10 μM peptide. ****P < 0.0001, by 
1-way ANOVA with Tukey’s correction for multiple comparisons. Error bars represent the SEM of biological triplicates. (C) 4-1BB peptide titration assay. 
Plots show the mean with SD of biological triplicates. ****P < 0.0001, by 2-way ANOVA with Sidak’s correction for multiple comparisons.

https://www.jci.org
https://doi.org/10.1172/JCI129466
https://www.jci.org/articles/view/129466#sd
https://www.jci.org/articles/view/129466#sd
https://www.jci.org/articles/view/129466#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(20):e129466  https://doi.org/10.1172/JCI1294661 2

tionally, the bulk CD8+ T cell landscape contained a cluster of  
tissue-resident memory-like cells that expressed ITGAE, CXCR6, 
and ENTPD1 (CD39), as well as 2 clusters of proliferating cells that 
expressed high levels of G2M/S cell-cycle–related genes including 
MKI67, TOP2A, and TUBA1B. Indicative of shared cell states and 
effective data integration, clustering did not segregate 17TIL and 
135TIL into separate clusters (Figure 9A). Nonetheless, 17TIL had 

adoptive cell transfer and immune checkpoint blockade (49). BC4 
differentially expressed a mixture of activation markers, includ-
ing IFNG, TNFRSF9 (4-1BB), TNF (TNF-α), ENTPD1 (CD39), 
CD69, and inhibitory checkpoint genes, such as HAVCR2 (TIM-3), 
PDCD1 (PD-1), TIGIT, and LAG3 (Figure 9B, Supplemental Fig-
ure 69, and Supplemental Table 5), and displayed transcriptional 
overlap with established exhaustion signatures (Figure 9C). Addi-

Figure 7. Neoantigen-specific TCRs convey reactivity and cytotoxic capacity toward tumor cells that endogenously express the neoantigen. Healthy 
donor T cells were electroporated with in vitro–transcribed TCR α and β chains and coincubated with tumor-derived cell lines. Donor cells electroporated 
without mRNA were used as T cell negative controls. (A) Percentage of T cells expressing the activation marker 4-1BB after an overnight 1:1 coincubation; 
17T, 135T, SK-MEL-30, MM121224 and MZ2-MEL are all melanoma cell lines endogenously expressing HLA-A*01:01/NRAS.Q61K. HuT78 is a T cell lymphoma 
cell line that endogenously expresses HLA-A*01:01/NRAS.Q61K. Calu6 is a lung adenocarcinoma cell line that endogenously expresses HLA-A*01:01/KRAS.
Q61K. Negative control cell lines: 108T (A*01:01+/NRAS WT); MM150414 (A*01:01–/NRAS.Q61K). See Methods for further information on the cell lines. *P 
< 0.05 and ****P < 0.0001, by 2-way ANOVA with Sidak’s correction for multiple comparisons. (B) Cleaved caspase-3 killing assay: percentage of 17T (top) 
and SK-MEL-30 (bottom) tumor cells expressing cleaved caspase-3 after a 3-hour coincubation at a 3:1 effector/target ratio. ***P < 0.001 and ****P < 
0.0001, by 1-way ANOVA with Tukey’s correction for multiple comparisons. Error bars represent the SEM of biological triplicates throughout.
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bulk counterparts. However, all of the well-represented neoanti-
gen-specific clones (N135.1, N17.1, N17.2, N17.3, and N17.4) con-
tained cells in the early-activated cluster (Supplemental Figure 
70D), which is related to the CD39–CD69– stem-like progenitor 
state (49). Interestingly, the dominant and sensitive N17.1 clone 
contained the smallest proportion of these early-activated cells, 
with only 1.3% of cells within the clone belonging to BC3 (Sup-
plemental Figure 70D). Taken together, these results suggest 
that, although neoantigen-specific clones are generally present 
in a more mature activated and/or exhausted state in compari-
son with other CD8+ clones, the degree to which this is true varies 
between neoantigen-specific clones and may reflect their expan-
sion and functional capabilities.

To further characterize and compare the phenotypic states of 
individual neoantigen-specific clones, we analyzed the tetramer- 
enriched cell populations alone. Unsupervised clustering of 
17TIL and 135TIL tetramer-enriched cell populations revealed 
7 clusters (neoantigen clusters, NC1-7) that encompassed clones 
from both patients and did not correspond directly to the phe-
notypic clusters derived from the bulk sample integration (Fig-
ure 10, A and B, and Supplemental Figure 71). NC2 differentially  
expressed markers of activation including IFNG, TNFRSF9 
(4-1BB), and TNF, as well as cytotoxicity-related genes such as 
NKG7 (Figure 10D and Supplemental Figure 72). NC1 and NC3 
also expressed the cytotoxicity genes NKG7 and GNLY, although 
their cellular states were less well defined. While NC4 exhibited 
phenotypic similarities to the activated effector-like NC2 (i.e., 
expression of NKG7, TNFRSF9, and IFNG), it expressed higher  
levels of certain inhibitory receptors such as HAVCR2 (TIM-3)  
and TIGIT, suggesting that cells in this cluster may exist in a 
more exhausted state, which was corroborated by a modest 
association with established exhaustion signatures (Figure 10E). 
NC6 consisted of cells expressing a mixture of the early-activa-
tion genes TCF7, SLAMF6, and FOS and the memory marker 

an increased proportion of early-activated (BC3) and activated/
exhausted (BC4) cells (Figure 9D and Supplemental Figure 70D), 
suggesting that there were also patient-specific phenotypic differ-
ences between the bulk CD8+ T cell populations.

In order to focus our analysis on true tetramer-enriched 
clones, we filtered the 17TIL and 135TIL CD8+ tetramer+ popu-
lations, as described above, to only include tetramer+/tetramer–  
frequency-enriched clones with at least 5 cells (i.e., N17.1-5, 
N135.1), in addition to clones identified through TCR similarity 
(N17.6, N17.7). This yielded 3679 and 2178 cells derived from 7 
clones and a single clone in the tetramer+ populations of 17TIL and 
135TIL, respectively (see “single-cell analysis cell-filtering steps” 
in Supplemental Table 5). These tetramer-enriched clones were 
also present within the bulk population, albeit at much lower fre-
quencies, with the exception of N17.5, N17.6, and N17.7, which were 
not found in the bulk sample (Supplemental Figure 70, E and F).

To compare the transcriptional states of these tetramer- 
enriched clones with the broader CD8+ landscape, we integrated 
the filtered 17TIL and 135TIL tetramer+ samples with the bulk 
CD8+ samples, using the bulk populations as a reference (see 
Methods). Unsupervised clustering of the tetramer-enriched and 
bulk TILs generated a phenotypic clustering profile highly similar 
to that of bulk CD8+ populations alone (Supplemental Figure 70, 
A and B, and Figure 9A). Thus, BC cluster annotations were main-
tained for the integrated bulk and tetramer-enriched analysis. By 
comparing phenotypic proportions between tetramer-enriched 
and bulk populations, we observed that both 17TIL and 135TIL 
tetramer-enriched populations were significantly enriched for 
activated/exhausted phenotypes (Figure 9D and Supplemental 
Figure 70, C and D). Furthermore, the 17TIL tetramer-enriched 
population was also more prevalent in the tissue-resident mem-
ory cluster than in the 17TIL bulk CD8+ population. Conversely, 
the tetramer-enriched cell populations were depleted for early- 
activated and cytotoxic phenotypes in comparison with their 

Figure 8. α/β Chain-swapping within the TCR similarity cluster perserves neoantigen specificity. Donor T cells were electroporated with in vitro– 
transcribed TCR α and β chains to express NH1 and NH2. Donor cells electroporated without mRNA (EN) were used as T cell negative controls. (A) Flow 
cytometric analysis of anti-CD8– and tetramer-stained cells. (B) IFN-γ ELISA after overnight 1:1 coincubation with IHW01161-presenting cells, pulsed with 
the WT or mutant peptides. IHW01161 without pulsed peptide (DMSO only) served as a negative control. Error bars represent the SEM of biological tripli-
cates. ****P < 0.0001, by 2-way ANOVA with Tukey’s correction for multiple comparisons.
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while N17.2 was largely restricted to NC4 (Figure 10, C and 
F). The less frequent (N17.3, N17.4) and sensitive (N17.3) well- 
represented clones were mainly composed of cells in the early- 
activated NC6. This observation that different clones against a 
single neoantigen assumed distinct clonal states may suggest that 
differential T cell states are induced by the unique characteristics 
of the specific TCR-neoantigen interaction. By contrast, N135.1 
was distributed among all clusters (Figure 10, C and F). Since dif-

KLRB1 (Figure 10D and Supplemental Figure 72), and displayed 
the highest correspondence to stem-like and memory signatures 
described in the literature (Figure 10E).

Mapping TCR clonal identities onto this phenotypic clus-
tering revealed a strong transcriptional association among cells 
within the same clone, despite the exclusion of TCR genes from 
the dimensionality reduction and clustering process (see Meth-
ods). Concretely, cells from N17.1 predominantly occupied NC1-3,  

Figure 9. Unsupervised clustering of bulk TILs. Tetramer-enriched clones showed increased exhaustion and decreased early-activation proportions 
compared with bulk TILs. (A) UMAP of cells from bulk-sorted populations colored by phenotype cluster (top). UMAP of cells from each patient sample 
(bottom). (B) Heatmap depicting gene expression of select cluster markers and canonical T cell subset marker genes across the phenotypic clusters iden-
tified. (C) Gene expression module scoring of clusters with previously published CD8+ T cell gene sets (select signatures from ref. 43). (D) Comparison of 
phenotypic proportions among 17TIL and 135TIL bulk and tetramer+ populations. *P < 0.05 and **P < 0.001, by χ2 test.
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N17.5, which resembles N135.1 in both sequence and function, also 
exhibited a dispersed phenotypic state across several clusters (Fig-
ure 10F), although its underrepresentation and small clone size (7 
cells) preclude any definitive conclusion (Supplemental Figure 70E).

ferent tumors may differentially present the same neoantigen, as 
we have shown for 17T and 135T, it is difficult to conclude whether  
the wide range of phenotypes observed within N135.1 is TCR intrin-
sic, neoantigen dependent, or both. It is interesting to note that 

Figure 10. Contrasting tetramer-specific clones reveals transcriptional clonal segregation. (A) UMAP of cells from tetramer+ populations colored by 
phenotype cluster. (B) Distribution of cells across clusters within each patient sample. Tet+, tetramer+. (C) UMAP of cells from each patient sample colored 
by tetramer-enriched clone identity. tetPos, tetramer+.  (D) Heatmap depicting gene expression of select cluster markers and canonical T cell subset marker 
genes across the phenotypic clusters identified. (E) Gene expression module scoring of tetramer+ clusters with previously published CD8+ T cell gene sets 
(select signatures from ref. 49 and refs. 66–68). (F) Distribution of cells across phenotype clusters within each tetramer-enriched clone. (G) Comparison of 
T cell activation scores (from ref. 50) between each tetramer-enriched clone, other highly expanded clones in the bulk population, and all other unex-
panded clones. The number of cells in each clone or group is indicated. (H) Gene signatures of each tetramer-enriched clone (for clones with >5 cells). (I) 
Spearman correlation of tetramer-enriched clones based on clone-specific gene signatures as defined in H.
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Discussion
The identification of recurrent neoantigens presented by tumors 
and recognized by T cells has been the main challenge in apply-
ing robust and effective cancer immunotherapies in the clinic. 
Identification of neoantigens has primarily been carried out using 
approaches based on the overexpression of neopeptides of interest 
in APCs and the assessment of their reactivity using HLA-matched 
TILs. This allowed the identification of numerous immune- 
reactive neopeptides. However, this approach has 2 main draw-
backs: (a) since neopeptide identification is based on T cell reactiv-
ity, there is no certainty that the neoantigen is actually presented 
on the patient’s tumor tissue; and (b) most identified neoantigens 
are private, limiting their robust clinical application.

Alongside the few recurrent neoantigens discovered by ser-
endipity (7, 20, 52), recent efforts used the above-mentioned 
methods to directly look for such antigens. These studies usually  
selected samples either on the basis of specific recurrent muta-
tions (21, 23, 24), or according to the HLA allele frequency in the 
cell population (24). However, the population-wide applicability 
of a recurrent neoantigen depends on the productive intersection 
of both. A highly recurrent mutation may produce an infrequent  
neoantigen if combined with a rare HLA allele and vice versa.

Given these limitations, we developed a new approach that 
increases the likelihood of identifying both presented and recur-
rent neopeptides. To the best of our knowledge, this is the first 
study to use such an approach, in which our data-driven anal-
ysis combined the use of a recurrent mutation database with 
knowledge of the HLA allotypes of the patients who harbored 
the recurrent mutation. Such an analysis allowed the accurate 
and rational selection of candidates to be assessed for recurrent 
neopeptide presentation.

Moreover, we directly demonstrated neoantigen presentation. 
To query a candidate’s neopeptide space in an unbiased manner, 
we induced co-overexpression of the relevant minigene and HLA 
combination and evaluated it directly using HLA peptidomics. 
This not only pushed neopeptide presentation to its maximum, but 
also obviated the need for hard-to-come-by tumor samples in the 
early screening phase. Once a specific neopeptide was validated,  
we proceed to test for its robust presentation within the malignant 
context. To increase our detection capabilities, we perform HLA 
peptidomics in a targeted fashion using heavy synthetic peptides 
that were spiked into the HLA peptidomics sample. This not 
only increased the sensitivity of the process but also allowed an 
approximate assessment of the concentration of the endogenous 
peptide of interest.

As a melanoma-oriented laboratory, and in light of the thera-
peutic benefit immunotherapy has brought specifically to patients 
with melanoma, we decided to direct our proof-of-concept efforts 
for the pipeline described above to mutations that are highly recur-
rent in melanoma.NRAS-mutant melanoma is notorious for the 
bad prognosis it confers. Unlike for BRAF-mutant melanoma, 
there are currently no available targeted agents to treat this sub-
type. Although patients with NRAS mutations are more reliant on 
immunotherapy for their treatment, current data are conflicting 
regarding the benefit they receive from checkpoint blockade (53, 
54). We therefore further focused on RAS.Q61, the second most 
highly mutated position in melanoma, for the study at hand. The 

To compare the extent of activation, we scored neoantigen- 
specific clones, the 3 most highly expanded bulk clones, and the 
aggregation of all unexpanded clones (bulk clones presenting 
with 1 cell) on the basis of an established T cell activation gene 
signature (ref. 50 and Figure 10G). Counterintuitively, 17TIL 
neoantigen–specific clones exhibited high activation scores 
when compared with the top expanded bulk clones despite being 
orders of magnitude less frequent within the bulk TIL population 
(Supplemental Figure 70, E and F). Consistent with the sensitivity  
hierarchy delineated by our peptide titration experiments (Fig-
ure 6), cells from N17.1 were present in the most activated state 
on average, followed closely by N17.2, whereas N17.3 and N17.4 
displayed comparable levels of lower activation states (Figure 
10G). While N17.5 contains cells with high activation scores, its 
low clonal frequency and large range of activation scores within 
the clone precludes any significant interpretation of its activation 
pattern. The unexpanded 17TIL clones collectively displayed 
significantly lower activation scores than did either the neoan-
tigen-specific clones or the top expanded bulk clones. Although 
there was less variability in activation scores for clones from 
135TIL (Figure 10G), we also observed a similar pattern in which 
the neoantigen-specific clone N135.1 had a significantly higher 
activation score than the second and third most-expanded bulk 
clones despite comprising only 2.2% of the bulk 135TIL popula-
tion (P < 0.001, when using the activation signature, as in ref. 
50, as well as individual activation markers IFN-γ, 4-1BB, TNF-α, 
and CD69; Wilcoxon test with Bonferroni’s correction for multi-
ple comparisons; Supplemental Figure 70F). These trends were 
also seen when analyzing the expression levels of individual 
activation markers, such as IFNG and TNFRSF9 (4-1BB) (Supple-
mental Figure 73). It is important to note that 17TIL and 135TIL 
were both expanded in vitro using the rapid expansion proto-
col (REP), which sometimes skews native clonal frequencies 
(51). Moreover, it is possible that the 17T and 135T cell lines do 
not present certain antigens that were dominant in the original 
tumors and may be recognized by the most expanded TIL clones.

To generate clone-specific gene signatures, we performed 
differential gene expression analysis between the tetramer- 
enriched clones from 17TIL and 135TIL with a clone size of greater 
than 5 cells (Figure 10H). N17.1 displayed high expression levels 
of LAIR2, TNFRSF9 (4-1BB), and several chemokine molecules, 
including CCL3, CCL4, CXCL8, and CCL4L2. These genes were 
also expressed by N17.2 and N17.5, the latter of which additionally 
expresses high levels of KLRB1 and the killer cell immunoglobu-
lin-like receptor KIR2DL3. The gene signatures of N17.3 and N17.4 
were highly concordant, with both clones overexpressing REG4, 
CD27, and SPOCK2, whereas N135.1 exhibited a distinct gene sig-
nature consisting of RARRES3, CCL5, and GZMA. Clustering of 
the neoantigen-specific clones based on these clone-specific gene 
signatures revealed that N135.1 was indeed transcriptionally less 
similar to the other 17TIL-derived clones (Figure 10I). Among the 
17TIL neoantigen–specific clones, we observed 2 clusters of high 
correlation, with N17.1, N17.2, and N17.5 in 1 cluster and N17.3 and 
N17.4 in the other, which recapitulated their shared gene signature 
and activation score patterns (Figure 10, G and H). Notably, we did 
not observe a tendency for clones with similar TCR sequences to 
cluster together according to their phenotypic profile.
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of their respective TCRs. For their HLA-C*08:02/RAS.G12D 
recurrent neoantigen, Tran et al., too, reported on an identical 
TCR appearing in 2 unrelated patients (7, 20). These statisti-
cally improbable phenomena are reminiscent of “public” con-
vergent sequences appearing in certain viral and autoimmune 
contexts and deserve further exploration that is beyond the 
scope of the current work.

Our single-cell analyses of neoantigen-specific clones recapit-
ulated the activation we observed in functional assays. As a whole, 
these cells showed increased exhaustion (BC4) and decreased 
early-activation (BC3) proportions compared with bulk TILs, in 
line with continuous antigen exposure.

Although in vitro expansion might have skewed the original 
clone frequencies, exposure to cognate melanoma spotlighted 
neoantigen-specific clones over even the most expanded bulk 
TIL clones. When compared side by side, the larger neoantigen- 
specific clones trended toward better activation scores. While 
the proportion of early-activated cells tended to decrease with 
increased TCR sensitivity, all well-represented neoantigen- 
specific clones retained some cells in BC3 upon exposure to mela-
noma. This is important, as BC3 resembles the recently described 
stem-like CD39–CD69– signature, which has been shown to be 
imperative for ACT success (49).

Contrasting neoantigen-specific cells strikingly resulted in 
clonal segregation for 17TIL, highlighting the idea that “clonal 
states” are driven by the unique TCR-tumor interaction. Although 
beyond the scope of the current work, studying this relationship 
between TCR and neoantigen-induced T cell states may inform 
the rational design of adoptive T cell therapy, especially as 
TCR libraries like the one we present here for the A*01:01/ILD-
TAGKEEY neoantigen become available.

Unlike for 17TIL, N135.1 distributes over the entire uniform 
manifold approximation and projection (UMAP). Moreover, 
although clone N135.1 is similar in its TCR sequence and functional  
profile to some neoantigen-specific clones in 17TIL, gene signa-
ture–based clustering revealed it to be transcriptionally distinct 
from these clones. This may be due to the tumor-end of the equa-
tion, as we have shown that 17T and 135T differentially presented 
the neoantigen. Gene signature–based clustering did put together  
the most highly activated (N17.1, N17.2, N17.5) versus early- 
activated (N17.3, N17.4) clones.

Interestingly, LAIR2 was differentially expressed in the highly  
activated neoantigen-specific clones. The role of LAIR2 in the 
tumor microenvironment is yet to be fully elucidated. As a 
secreted antagonist of LAIR1, LAIR2 has been shown to induce 
an immune-excitatory net effect and has been linked to autoim-
munity (55–57). Recently, LAIR2 expression has been suggested 
to promote T cell exhaustion by activation of CD8+ T cells and 
to associate with poor prognosis in non–small-cell lung cancer 
(58). Future work may aim to validate LAIR2 secretion in neoan-
tigen-specific CD8+ cells and explore its immunomodulatory role 
in the cancer microenvironment.

Our new pipeline enabled us to identify a RAS.Q61K-derived 
neopeptide that was recurrently presented by HLA-A*01:01. 
As NRAS.Q61K is harbored by 3% of patients with melanoma 
(2.9:1000 patients pan-cancer) and the HLA-A*01:01 allotype 
is found in 25% of the population, this discovery is relevant for 

discovery pipeline described is of course readily generalizable to 
any recurrent mutations, and we are currently using it to uncover 
additional recurrent neoantigens.

Applying this approach to RAS.Q61 yielded several important 
findings. First, we identified a NRAS.Q61K-derived neopeptide that 
is recurrently presented by HLA-A*01:01, demonstrating the strength 
of our approach. Second, we showed that the NRAS.Q61K-derived 
neopeptide was robustly presented on malignant cells. Third, we 
demonstrated the immunogenicity of our identified neoantigen using 
TILs from 2 unrelated patients. Fourth, TCR sequencing of tetramer+ 
TILs uncovered functional neoantigen-specific TCRs that may prove 
therapeutically relevant beyond the individual patient.

Importantly, our results extend beyond the NRAS.Q61K 
mutation in melanoma. The ILDTAGKEEY sequence is shared 
across RAS variants, thus, we expected KRAS- and HRAS- 
mutant tumors to also present the neoantigen. Indeed, our find-
ings in HLA peptidomics and reactivity assays corroborated that 
the HLA-A*01:01/ILDTAGKEEY neoantigen is relevant across 
tumor types and is presented on a KRAS-mutant tumor.

The main RAS.Q61 variants are all predicted to be strong 
binders of HLA-A*01:01. Indeed, T cell reactivity toward 
HLA-A*01:01/ILDTAGREEY, the RAS.Q61R variant, was pre-
viously identified in TILs from a patient with melanoma (16). 
The cumulative frequency of the HLA/mutation combinations 
A*01:01/NRAS.Q61K and A*01:01/NRAS.Q61R amounts to 7% of 
patients with melanoma. Importantly, a dominant, TRDV1 recom-
bined TCR we uncovered cross-reacted with both the RAS.Q61K 
and RAS.Q61R variants of our identified neoantigen, thereby more 
than doubling the therapeutic potential of our findings. Final-
ly, although our study focused specifically on the HLA allotype 
A*01:01, our RAS.Q61K peptide was predicted to bind other HLA 
allotypes, albeit weakly. Future studies will determine whether 
these neopeptides also bind these other predicted allotypes.

Our neopeptide-HLA 3D structural model supports poten-
tial binding of both WT and mutant RAS.Q61 peptides to 
HLA-A*01:01. Indeed, although not identified in our data set, 
there is MS evidence that the WT ILDTAGQEEY peptide is pro-
cessed and presented in HLA-A*01:01–expressing cell lines (45). 
However, our neopeptide-HLA structural model also predicted 
that the mutated amino acid is free to engage with the TCR. Thus, 
although both the WT and mutant peptides may be presented,  
differential reactivity toward the WT and mutant peptides is 
expected. This was indeed corroborated by our reactivity assays, 
which showed dose-dependent TIL reactivity specifically toward 
the mutant, but not the WT NRAS peptide.

Bulk TCR sequencing of tetramer-enriched TILs provided us 
with TCR α and β sequences that were highly likely to participate 
in neoantigen-specific receptors. Similar α and β chain frequency 
distributions hinted at specific chain pairings that were corrobo-
rated by single-cell TCR sequencing. Moreover, all of these TCRs 
were validated as potent and neoantigen specific.

While historically more emphasis was put on the TCR β chain, as 
demonstrated in the 2 neoantigen-specific ααβ clones we analyzed, 
the α chain plays a crucial role in determining antigen recognition.

The neoantigen-specific repertoire we uncovered exhib-
ited remarkable intra- and interpatient TCR sequence sim-
ilarities. These similarities spanned both the α and β chains 
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lysine, leucine, or histidine (see “input 27 mers” in Supplemental 
Table 1). All 5 versions were wrapped into the FASTA format and 
served as input for netMHCpan, along with our compiled list of 
HLA alleles co-appearing with RAS.Q61 mutations in the analyzed 
patient databases (Supplemental Table 1). The algorithm was set to 
scan for binding peptides of 8–14 amino acids in length, with pep-
tides ranked at 0.5≤%Rank≤2 considered weak binders and those 
with %Rank≤0.5 considered strong binders. The output was filtered 
to retain only peptides spanning position 61. A “best %Rank” score 
was assigned to each HLA/mutation combination by enumerating 
over the predicted neopeptides.

Tumor tissue, cell lines, TILs, and PBMCs
Metastatic melanoma cell lines 17T, 135T, 108T and their cognate TIL 
products were established as previously described (62). Whole-exome 
sequencing was performed for 17T as part of a previous sequencing 
effort in our laboratory (63). Established TILs were expanded via the 
REP, as described previously (64).

The commercial melanoma cell line SK-MEL-30 (ACC-151) was pur-
chased from DSMZ (https://www.dsmz.de). Additional tumor cell lines 
HuT78, Hs940T and Calu6, as well as HB95 (W6/32) and HB145 (IVA12) 
hybridoma cells, were purchased from American Type Culture Collec-
tion (ATCC). The cell lines MM121224 and MM150414 were provided 
by Mitch Levesque (University of Zurich Hospital, Zurich, Switzerland). 
The cell line MZ2-MEL, established by Thierry Boon and colleagues 
(65), was obtained courtesy of Ugur Sahin (Translational Oncology at the 
University Medical Center of the Johannes Gutenberg University, Mainz, 
Germany). The EBV-transformed B-LCLs IHW01161, IHW01113, 
IHW01070, and 721.221 (IHW00001) were purchased from the Fred 
Hutch International Histocompatibility Working Group (IHWG) Cell 
and DNA Bank (https://www.fredhutch.org/en.html). NRAS.Q61K- 
mutant malignant melanoma snap-frozen tumors were provided 
in-house (Mela049, Mela183, MM1369, and MM1319).

Healthy donor leukocyte preparations from blood donations 
intended for research were purchased from MDA (Israel’s national  
blood service). PBMCs were extracted from these using Ficoll-
Paque PLUS (GE Healthcare) via density-gradient centrifugation, 
cryopreserved in aliquots in FCS with 10% DMSO, and thawed as 
needed per experiments.

The hybridoma cells HB95 and HB145 were used to purify 
pan–HLA-I and pan–HLA-II antibodies for the preparation of the 
HLA-affinity columns. All cell lines were tested regularly (EZ-PCR 
Mycoplasma Kit, Biological Industries) and were found negative for 
mycoplasma contamination.

Melanoma cell lines were cultured in complete RPMI medium 
consisting of RPMI supplemented with 10% FCS, 2 mM l-glutamine, 
2.5% HEPES, 100 IU/mL penicillin, and 0.1 mg/mL streptomycin. 
B-LCLs were cultured in B cell medium consisting of complete RPMI 
medium supplemented with 1 mM sodium pyruvate. TILs and PBMCs 
were cultured in T cell medium consisting of RPMI supplemented 
with 10% heat-inactivated human serum AB, 2 mM l-glutamine, 100 
U/mL penicillin, 0.1 mg/mL streptomycin, and 5.5 × 10–5 M β-mercap-
toethanol. TILs were thawed and recovered in T cell medium con-
taining 6000 IU/mL IL-2 (Proleukin) for 3 days prior to use in down-
stream assays. PBMCs were thawed and selected for T cells in T cell 
medium containing 300 IU/mL IL-2 and 50 ng/mL OKT3 anti-CD3 
antibody (317304, BioLegend) 7 days prior to experiments. PBMCs 

a high fraction of the cancer patient population. These findings 
strongly suggest that our data-driven analysis in cancer patient 
cohorts, in combination with binding predictions, increases 
the chances to successfully discover the most promising can-
didate neopeptides. Indeed, pan-melanoma as well as pan- 
cancer applications of this pipeline are highly feasible, as indi-
cated in Figure 1.

Although it has been suggested that recurrent driver neoantigens 
may be immune edited (26), and only a handful of recurrent neo-
antigens have been discovered to date (7, 16–21, 23, 24), the insight 
gathered through our analysis strengthens the notion that these neo-
antigens may actually be more abundant than previously suggested. 
As the delineation of validated HLA neoantigen pairs derived from 
recurrent “hotspot” mutations together with their paired TCRs could 
serve as predefined “off-the-shelf ” immunotherapy targets relevant 
for numerous patients, systematic application of our approach is of 
high relevance for personalized treatments.

Methods
Further information can be found in the Supplemental Methods.

Data-driven analysis for recurrent neoantigen candidate prioritization
HLA/mutation co-occurrence analysis using patient data. TCGA 
data on provisional cohorts were downloaded via cBioportal 
on October 10, 2018, accumulating to a total of 8038 patients 
(33, 59, 60). Previously published high-resolution HLA-I typing 
data for 9176 TCGA patients were obtained courtesy of Hannah 
Carter (UCSD, San Diego, California, USA) (26). Intersection of 
these 2 sources yielded a mutation- and HLA-annotated cohort 
of 6840 patients in total, 368 of whom had melanoma. Muta-
tion and HLA data for 11,033 patients pan-cancer, including 221 
patients with melanoma, were downloaded from the Hartwig 
Medical Foundation database on January 17, 2020, and were 
processed as previously described (34, 61). HLA-typed samples 
were annotated on the basis of their RAS.Q61 status. Canonical 
transcript identifiers for NRAS (ENST00000369535), KRAS 
(ENST00000256078), and HRAS (ENST00000451590) were 
obtained from Ensembl, version 101, on August 31, 2020, and 
their protein-coding sequence coordinates were obtained from 
Gencode, version 35, on August 30, 2020.

The previously published MELA-AU data set consisting of data 
on 69 patients with melanoma was obtained from David Adams 
of the Wellcome Sanger Institute (Hinxton, Cambridge, United  
Kingdom) (35).

For each of these 3 data sets, we computed pan-cancer and 
melanoma lists of all HLA-I alleles co-appearing with RAS.Q61 
mutations. For each HLA/mutation combination, we calculated its 
frequency in melanoma and pan-cancer (Supplemental Table 1). 
For TCGA data set, HLA-I frequencies were compared between the 
RAS.Q61-mutated and general populations (Fisher’s exact test with 
FDR correction).

NetMHCpan predictions. We used netMHCpan 4.0 to predict 
RAS.Q61-derived neopeptides (30). Using the protein sequence of 
NRAS, we extracted the 27-amino-acid-long stretch flanking posi-
tion 61. This sequence is conserved among RAS variants; therefore, 
it is representative of NRAS, KRAS, and HRAS. Four mutated vari-
ants were constructed by substituting glutamine 61 with arginine, 
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