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In brief

Weller et al. substantiate the role of
translation dysregulation in mediating
anti-tumor immunity by demonstrating
that TYW2 loss in melanoma cells induces
aberrant peptide MHC presentation,
increasing both tumor immunogenicity
and sensitivity to ICB therapy. TYW2
expression levels in patients with
melanoma predict clinical outcomes,
highlighting translation regulatory factors
as immunotherapy targets.
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Translation dysregulation in cancer
as a source for targetable antigens
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SUMMARY

Aberrant peptides presented by major histocompatibility complex (MHC) molecules are targets for tumor
eradication, as these peptides can be recognized as foreign by T cells. Protein synthesis in malignant cells
is dysregulated, which may result in the generation and presentation of aberrant peptides that can be ex-
ploited for T cell-based therapies. To investigate the role of translational dysregulation in immunological
tumor control, we disrupt translation fidelity by deleting tRNA wybutosine (yW)-synthesizing protein 2
(TYW2) in tumor cells and characterize the downstream impact on translation fidelity and immunogenicity us-
ing immunopeptidomics, genomics, and functional assays. These analyses reveal that TYW2 knockout (KO)
cells generate immunogenic out-of-frame peptides. Furthermore, Tyw2 loss increases tumor immunoge-
nicity and leads to anti-programmed cell death 1 (PD-1) checkpoint blockade sensitivity in vivo. Importantly,
reduced TYWZ2 expression is associated with increased response to checkpoint blockade in patients.
Together, we demonstrate that defects in translation fidelity drive tumor immunogenicity and may be lever-
aged for cancer immunotherapy.
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INTRODUCTION

Recent clinical successes of cancer immunotherapies have
highlighted the importance of identifying cancer neoantigens—
novel epitopes of self-antigens that derive from mutant pro-
teins—for anti-tumor immunity."™ Indeed, identifying neoanti-
gens derived from tumor-specific somatic mutations has
enabled the advent of therapeutic cancer vaccines.*® However,
personalized immunotherapies are limited to certain cancer
types and are seldom curative.” A major contributing factor to
this limitation is the scarcity of identified targetable antigens,
particularly in low tumor mutational burden (TMB) settings.
One potential solution to this issue arises from the generation
of antigens derived from dysregulated transcription, splicing,
or translation.'%°

Mistranslation in cancer cells is a potentially rich source of
aberrant peptides. Translation is a multi-step process that re-
quires amino acid and tRNA recognition by aminoacyl-tRNA syn-
thetases (AARSSs), tRNA anticodon-codon pairing, and reading
frame maintenance.’®?® Notably, malignant cancers exhibit
compromised translation fidelity as translation machinery is
hijacked to enable unchecked proliferation, activation of onco-
genic signaling pathways, and adaptation to the tumor microen-
vironment (TME).?®%° For example, tRNA-modifying enzymes
that modulate tRNA stability, translational accuracy, and effi-
ciency are dysregulated in numerous cancer types and play a
role in cancer progression.*®~*° However, whether this contrib-
utes to neoantigen generation has not been elucidated.

To explore how the loss of a single tRNA modifier affects trans-
lation fidelity and tumor immunogenicity, we studied tRNA wybu-
tosine (yW)-synthesizing protein 2 (TYW2) (TRMT12), a tRNA
Ado-Met-dependent transferase involved in the synthesis of yW
at tRNAP"® position 37 (G37) adjacent to the anticodon, which pro-
motes ribosome reading frame maintenance.*®*® Notably, the
role of TYW2 in tumor progression is complex; it is overexpressed
in some cancer types*®°° and epigenetically silenced in others."’
Here, we investigate whether dysregulated translation fidelity in
cancer increases neoantigen production and improves anti-tumor
immune responses, providing insights into potential strategies for
developing effective immunotherapies.

RESULTS

TYW2 loss enhances programmed ribosomal frameshifts
and induces ribosome stalling at Phe codons

To interrogate the influence of TYW2 loss on the tumor transla-
tome and immunopeptidome, we used CRISPR-Cas9 to knock
out TYW2 in two melanoma cell lines, A375 and SKMELSO,
and generated three single-cell derived TYW2 knockout (KO)
lines from each source (Figure S1A). To assess the effect of
TYW2 KO on tRNAP"® G37 modification, tRNA molecules from
wild-type (WT) and KO cells were subjected to mass spectrom-
etry (MS). As expected, tRNAP" harbored the yW modifications
02yW and OHyW at G37 in WT cells. In contrast, these modifica-
tions were lost in KO cells, leaving only the intermediate-modi-
fied nucleoside imG-14 (Figures 1A and S1B). To substantiate
the effect of hypomodified tRNAP"® on programmed ribosomal
frameshifts (PRFs), we utilized a dual fluorescent protein reporter
system®>>® where mCherry-GFP fusion protein is produced
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upon —1 frameshift (FS; Figure 1B). We observed a significant in-
crease in PRF in TYW2 KO compared to WT cells (Figures 1C and
S1C-S1G), demonstrating the regulatory effect of TYW2 on
reading frame maintenance. Restoring TYW2 in KO cells rescued
the enhanced ribosomal slippage phenotype (Figures 1C-1F and
S1H-S1J), whereas restoring a K255Q loss of function mutant®
did not (Figures 1D-1F).

We next used bulk RNA sequencing to measure transcriptional
differences between TYW2 KO and WT cells. This analysis re-
vealed increased expression of tRNA modifiers (e.g., TYW3
and ALKBH8/TRMT9A), components of antigen presentation
machinery (e.g., B2M, human leukocyte antigen [HLAJ-B, and
TAP1), and translation-related RNA-binding proteins (e.g.,
NEMF, PELO, and CPEB1) in KO cells (Figures 1G and S1K). In
contrast, several AARSs were downregulated in KO cells,
including phenylalanyl-tRNA synthetase subunit beta (FARSB),
supporting the role of TYW2 in regulating translation fidelity.

To further characterize the effects of yW modification loss on
decoding, we performed ribosome profiling®® on WT and KO
cells. Given that yW37 is important for tRNA"® binding to the
ribosome-decoding site (A site),”®°” we anticipated that ribo-
somes would dwell longer on Phe codons (UUC, UUU) in the
absence of yW37. Indeed, average ribosome density was
increased at UUC codons in the ribosomal A site in KO
compared to WT cells (Figure 1H). In contrast, UUC codons posi-
tioned at the peptidyl (P) or exit (E) sites or neighboring positions
showed little or no difference in ribosome density. Similarly, A
site density at Phe codons was enriched relative to other sense
codons and ribosome positions specifically in KO cells
(Figures 11, S1L, and S1M), indicating a delay in decoding. This
A site stalling was not explained by differences in tRNA""® ami-
noacylation status (Figure 1J) and did not result in global ribo-
some drop-off or frameshifting downstream of A sites
(Figures S1N and S10). Notably, a delayed decoding of the A
site codon may allow the P site tRNA to FS —1 or +1,57:%°°
similar to the effect of hypomodified tRNAP™ on PRF,?7:5%:59-61
In this case, the translation product would not derive from the
known slippery sequence patterns and would not include Phe
(Figure 1K). In summary, these findings suggest that while there
is no global effect of the hypomodified tRNA"® on protein syn-
thesis, TYW2 KO cells may be more susceptible to reading frame
errors due to specific pausing at Phe codons.

Identification of out-of-frame HLA-bound peptides
presented by TYW2 KO cells

Defective ribosomal products are often unstable and prone to
degradation and presentation by HLA molecules.® As ribosomal
FS and expression of antigen presentation genes were increased
in TYW2 KO cells, we hypothesized that HLA presentation of
faulty translation products would increase in KO cells. To test
this hypothesis, we applied immunopeptidomics®® to the A375
and SKMELS30 lines described previously (Figures S2A and
S2B), as well as to TYW2 KO and WT SKMELS5 clones that
were also validated for enhanced PRF events upon TYW2 loss
(Figures S2C-S2F).

To understand whether TYW2 loss affects the global immuno-
peptidome landscape, we first compared overrepresented
biological pathways in WT and KO cells using Gene Ontology
analysis (Figure S2G), which revealed many shared enriched
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Figure 1. TYW2 loss increases PRF events and induces ribosome pausing at Phe codons in the ribosomal A site

(A) tRNAP"® modification status in A375 cells via MS shotgun analysis of class-I tRNA fraction from WT and TYW2 KO cells (n = 1). Rows correspond to extracted
ion chromatograms (XICs) for negative ions of tRNAP™® fragments bearing G37 with modifications corresponding to the G—m'G —imG-14 — yW — OHyW/o2yW
cascade. Sequence of each fragment with m/z values of doubly and triply charged ions for XICs is shown on the right. Target peaks are indicated by arrows with
retention time. 02yW-containing fragment splits into two peaks. Percentage on each chromatogram represents relative abundance of each fragment (n.d., not
detected).

(B) Schematic of the dual fluorescent reporter used for monitoring —1 PRF.>? * represents in-frame stop codon.

(C) Western blot of mCherry in A375 cells: WT, KO2, and KO2 cells overexpressing (OE) WT TYW2 (KO2+TYW2), transfected with the —1 FS construct described
in (B).

(D) Density plots of GFP/mCherry abundance in A375 cells transfected with the —1 FS (top) or frame 0 control (bottom) constructs, measured by flow
cytometry.

(E) Scatterplot of the relative fold change in mean GFP/mCherry expression in WT, KO2, KO2+TYW2, and KO2+K225Q A375 cells transfected
with the —1 FS construct (normalized to WT; n = 3 biological replicates of each cell line). One-way ANOVA, post hoc Tukey HSD test.
*0.05 < p < 0.001, **p < 0.001.

(F) Western blot of TYW2 in WT, KO2, KO2+TYW2, and KO2+K225Q A375 cells following TYW2 immunoprecipitation.

(G) Volcano plot of differentially expressed genes (n = 2,040 upregulated and n = 2,992 downregulated in KO cells) in bulk RNA sequencing analysis of WT and
KO2 A375 cells (p adj. < 0.05, Benjamini-Hochberg-corrected Wald test; n = 3 replicates per group). ND, not determined.

(H) Line plot of average ribosome density aligned at UUC codons in TYW2 WT and KO SKMELZ3O0 cells.

(I) Scatterplot of the KO:WT pause score ratios for all 61 sense codons at each ribosomal functional site (A, P, E; n = 2 biological replicates per cell line). Phe
codons UUC (red) and UUU (orange) are highlighted. UUU and UUC scores overlap in the E site; both values are 0.01.

(J) Aminoacylation status of tRNAP™ in each A375 cell line detected by acid-urea northern blotting (n = 3 biological replicates). Aminoacylation and tRNA”"® G37
modification status indicated on the left. tRNAP™® from WT was deacylated by alkaline treatment and used as a control (left lane).

(K) Schematic illustrating proposed outcome of A site ribosome pausing at Phe codons; decoding of hypomodified tRNAP® (-yW) is delayed, allowing P site tRNA
to slip into either the —1 or +1 frame.

See also Figure S1.
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pathways among the cell lines. KO-specific enriched pathways
included mMRNA processing and antigen processing and presen-
tation, mirroring our bulk RNA sequencing analyses (Table S1).

Next, given the importance of yW37 modification of tRNA™"® in
reading frame maintenance, we queried the immunopeptidomic
data for out-of-frame (off-frame) HLA-bound peptides.'® Consis-
tent with previous studies, we detected cryptic peptides resulting
from both off-frame and non-canonical translation®%%1° (Fig-
ure S2H). While a subset of off-frame peptides were detected in
both WT and KO cells (n = 53 in A375; n = 25 in SKMEL30; n =
159 in SKMELS5; Figures 2A, S21, and S2J), we also identified a
large number of KO-specific off-frame peptides (n = 46 in A375,
Figure 2A; n = 7 in SKMEL30, Figure S2I; n = 38 in SKMELS5, Fig-
ure S2J). Very few (n = 1-5) off-frame peptides were uniquely iden-
tified in WT samples (Figures 2A, S21, and S2J).

To exclude the possibility that the increased detection of KO-
specific off-frame peptides was due to higher levels of homoge-
neity compared to parental WT cells, we repeated this analysis
using two independent A375 single-cell derived WT lines. Inter-
estingly, these WT and KO lines exhibited distinct differences
even at the canonical immunopeptidome level (Figures S2K-
S2N). Furthermore, peptides identified in KO cells were biased
toward the N terminus of the source protein (Figure S20). Impor-
tantly, an off-frame peptide search revealed a KO-specific pep-
tide cluster (n = 19, 12 detected in both KO lines) compared to a
single off-frame peptide identified in the WT samples (Fig-
ure S2P), mirroring our previous results.

We next evaluated whether off-frame peptides were specifically
associated with FS at Phe codons using a custom analysis pipe-
line (Figure 2B). First, we generated a reference database contain-
ing FS sequences proximal to Phe codons (“ProxyPhe”) that
could result from ribosome slippage due to translocation (P-effect)
or delay in decoding (“hungry frameshifting”; A-effect, Figures 1K
and S3A-S3C). Second, we used two orthogonal peptide identifi-
cation strategies (MaxQuant®* and Peptide-PRISM'?; Figure 2B)
to generate a combined list of ProxyPhe-peptides (Table S1 and
STAR Methods). Finally, to restrict hits to cancer-specific pep-
tides, we filtered out peptides identified in the HLA-ligand
ATLAS dataset®® (Figures S3D and S3E; Table S1) and inimmuno-
peptidomic data of healthy HLA-B*57:01* donors’ peripheral
blood mononuclear cells (PBMCs) to account for the A375 cell
allotype (Figures S3F-S3H; Table S1).

Overall, our analysis revealed 99 ProxyPhe-peptides (Table S1),
34 of which were specific to TYW2 KO cells, versus 4 associated
with WT controls (Table S1). These 99 peptides shared similar
characteristics with identified HLA peptides (Figures 2C-2E;
Table S1) and exhibited enhanced allelic enrichment scores for
HLA-B*57:01 (Figure 2F) and HLA-A*11:01 (Figure S3l), consistent
with prior studies reporting a biased presentation of cryptic pep-
tides by HLA-A*11:01 allele."®°® Moreover, ProxyPhe-peptide po-
sitions were biased toward the N terminus of their source protein
compared to canonical peptides (Figure 2G).

Interestingly, while KO-specific ProxyPhe-peptides are derived
from —1 and +1 FS, +1 was dominant in this group (29/34 pep-
tides; Table S1; Figure 2H). Moreover, six KO-specific peptides
were identified as trans-frame (i.e., chimera of in-frame and out-
of-frame sequences; Table S1). Of these six, two (AVAQLASRW
and ILDSQPPEL) could arise from either off-frame or 5’ UTR trans-
lation of different source genes, respectively (Figure S3J). Further,
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VIFVSVQTK represents a +1 chimeric peptide that could result
from either A- or P-effect induced by hypomodified tRNAP™ (Fig-
ure 2H). Spectrum validation using Prosit®” comparison of exper-
imentally identified and synthetic peptide sequences illustrated
high Pearson correlation coefficient (PCC) scores for ProxyPhe-
peptides (19/20 examined peptides showed >0.92 PCC;
Table S1; Figures 2H and S3K). Overall, these results confirm
that loss of TYW2 is associated with endogenous HLA presenta-
tion of aberrant peptides.

TYW2 loss alters the degradome landscape

To further validate the presence of aberrant, off-frame proteins
associated with TYW2 loss, we isolated proteasomes from WT
and KO A375 cell lines and analyzed their degradation products
using mass spectrometry analysis of proteolytic peptides
(MAPP®85%: Figures S3L and S3M; Table S2). While WT and KO
cells did not differ at the level of the total proteome, KO cell degra-
dation products were distinct from WT controls and featured pep-
tides derived from the ubiquitin-conjugating enzyme activity family
(Figures 3A and S3N-S3P; Table S2). Moreover, the overall num-
ber of detected products was higher in KO cells compared to
WT controls (Figures 3B, 3C, and S3Q). Finally, FragPipe’®’" anal-
ysis (Figures 3D, S3R, and S3S) of aberrant products identified five
trans-frame and off-frame peptides (n = 3 and n = 2, respectively,
Table S2), three of which were exclusive to KO cells (Figure 3E;
Table S2). Collectively, these data demonstrate that defects in
translational fidelity caused by TYW2 loss manifest as pronounced
differences in the degradome and immunopeptidome.

Off-frame peptides induced by TYW2 loss are
immunogenic

Off-frame peptides differ in their sequence from self-peptides,
thus having an increased likelihood to elicit effective immune re-
sponses.’? To examine whether aberrant peptides identified in
TYWZ2 KO cells are immunogenic, we co-cultured PBMCs from
four healthy donors with autologous mature dendritic cells
(DCs) loaded with aberrant peptides (Figure 4A, isolation i).
T cell reactivity was then measured using flow cytometry anal-
ysis of 41BB, tumor necrosis factor alpha (TNF-o), and inter-
feron-gamma (IFNy) expression, revealing that 5/11 examined
aberrant peptides led to CD8"* T cell activation upon stimulation
(Figures 4B and S4A-S4G).

Next, we investigated the ability of DCs loaded with aberrant
peptides to prime autologous naive CD8* T cells following
short-term co-culture without any restimulation (Figure 4A,
isolation ii).”>"® The immunogenicity of aberrant peptides was
compared to known neoepitopes encoded by shared muta-
tions”®”” and determined using specific peptide-major histocom-
patibility complex (MHC) multimers. Among six donors, we identi-
fied T cell populations recognizing two aberrant peptides in five
(TTWDRPLTV) and three (LIDSGIRYL) donors (Figures 4C and
S4H). In comparison, no populations were found reactive to the
mutation-encoded neoantigens, demonstrating higher immuno-
genicity of the translation-aberrant peptides in these donors.

Tyw2 loss impairs translation fidelity and leads to
reduced tumor growth in vivo

We next tested the contribution of translation aberrations to
immune surveillance in vivo. To this end, we first validated that
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Figure 2. Immunopeptidome analysis of TYW2 WT and KO cells

(A) Heatmap of off-frame HLA-bound peptides in TYW2 WT or KO A375 cells (n = 3 replicates per line). Color bar represents the number of replicates in which a
peptide was identified by MS/MS.

(B) Schematic illustrating the analysis workflow used for the detection of ProxyPhe-peptides.

(C) Bar chart of the length distribution of canonical, ProxyPhe, and other cryptic peptides across all datasets.

(D) Scatterplot of retention time (RT) vs. hydrophobicity for canonical, ProxyPhe, and other cryptic peptides.

(E) Scatterplot of observed RT and predicted RT (iRT) for canonical, ProxyPhe, and other cryptic peptides.

(F) Dot plot of the enrichment of ProxyPhe-peptides (n = 64) associated with HLA alleles in A375 TYW2 KO and WT samples. Dot size and numbers denote
ProxyPhe HLA binders normalized to the amount of canonical HLA binders. Dot color reflects the strong binders (SB) fraction. Enrichment values were multiplied
by 10°.

(G) Boxplot of the position of ProxyPhe (n = 23) and canonical peptides (n = 6046) identified in A375 clones along the normalized source protein length. “***p =
1.515e—23, Mann-Whitney U test. Boxes represent the interquartile range and median peptide length, and the whiskers extend +1.5-fold the interquartile range
(dots correspond to individual peptides).

(H) Schematic illustrations of +1 out-of-frame (OOF) and trans-frame peptides identified in the immunopeptidome analyses (top). Red amino acids indicate +1 FS,
black indicate canonical translation (i.e., frame 0). Green nucleotides indicate slippery-prone Phe codons. Mirror plots depict the ProxyPhe-peptide spectrum
matches between experimentally identified (top) and synthetic peptides (bottom; PCC: Pearson correlation coefficient; SA, spectrum angle; FB, frag-
mented bonds).

See also Figures S2 and S3; Table S1.
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Figure 3. Exploring the effects of TYW2 loss on the degradome
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(A) Heatmaps of pairwise Pearson correlation coefficient (PCC) between the peptides identified in each sample by MAPP (left) or whole-cell proteome (right).
(B) Volcano plot of peptides identified by MAPP (left) or whole-cell proteome (right). For the peptides highlighted in black, the log2 fold change between KO and
WT is —2>X > 2 and p adj. < 0.01 computed by limma linear model.”” Peptides marked in red are associated with the “ubiquitin-like protein conjugating enzyme

activity” or “ubiquitin-conjugating enzyme activity” pathways.

(C) Heatmap of peptides that were robustly (had the same trend in two WT or two KO clones) differentially abundant between TYW2 WT and KO samples by MAPP
(left) or whole-cell proteomics (right). Color bar represents the centered intensity.

(D) Scheme depicting ProxyPhe-peptide search in the MAPP data.

(E) Representative mirror plot of a ProxyPhe aberrant peptide. Upper spectrum represents experimentally identified peptide; lower spectrum represents pre-

dicted peptide.
See also Figure S3 and Table S2.

murine Tyw?2 recapitulated the translation phenotype observed
in human cells (Figures S5A and S5B). We then applied the
CRISPR-Cas9 system to knock out Tyw2 in the B2905 murine
melanoma cells.”® Given that genetic intratumor heterogeneity
is a key factor in determining immune-mediated tumor eradica-
tion,”® we set up a controlled experimental system where
Tyw2 is knocked out or endogenously expressed in isogenic, ho-
mogeneous cell lines (Figure 5A). Specifically, we generated
single-cell-derived clones from the heterogeneous parental
line, inoculated each clone into immunocompetent mice, and
selected a clone that reproducibly exhibited increased growth
after 2-3 weeks (cloned). Next, we transfected clone4 cells
with CRISPR-Cas9 targeting Tyw2 and established clonal lines.
After validating Tyw2 editing, we selected two Tyw2 KO lines
and a Tyw2 WT line to use as an off-target control for CRISPR-
Cas9 targeting. Dual fluorescence FS reporter analysis of these

6 Cancer Cell 43, 1-18, May 12, 2025

clones demonstrated that PRF was enhanced in KO cells (Fig-
ure 5B), suggesting that murine Tyw2 mirrors human TYW2 regu-
lation of reading frame maintenance.

Next, we inoculated Tyw2 WT and KO cells into immuno-
competent mice and observed that both WT and clone4
parental cells grew aggressively unlike KO cells (Figures 5C
and S5C). Notably, Tyw2 overexpression in KO cells acceler-
ated tumor growth and rescued ribosomal FS (Figures 5D and
S5D-S5F), demonstrating that reduced tumor growth was
caused by Tyw2 loss. To assess the role of immune selection,
we inoculated WT and KO cells into NOD-SCID gamma (NSG)
and isogenic Rag2 KO immunodeficient mice and observed
no significant growth differences between WT and KO tumors
(Figures 5E, S5G, and S5H). Together, these results demon-
strate that Tyw2 loss leads to anti-tumor immune responses
in vivo.
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Figure 4. Out-of-frame peptides induced by TYW2 loss are immunogenic

(A) Overview of the two strategies used to assess the immunogenicity of peptides using PBMCs from healthy donors.

(B) Scatterplots of antigen-specific reactivity marker abundance in CD8* T cells measured using flow cytometry, following co-culture and restimulation described
in (A), strategy i. Numbers indicate the percentage of gated events. Bar charts summarize mean fold change +SEM in 41BB, TNF-a, or IFNy abundance (n = 4
biological replicates). Exact p values from Welch two-sample t test or Mann-Whitney U test. CP, control peptide.

(C) CD8" T cell populations stained with relevant dual-colored peptide-MHC (pMHC) multimers following co-culture of naive CD8* T cells with autologous DCs
loaded with indicated aberrant peptides or CP (A, strategy ii). Numbers indicate percentage of events gated as shown in Figure S4H.

See also Figure S4.

CD8"* T cell reactivity against Tyw2 KO tumors

To examine the role of CD8"* T cell-mediated anti-tumor immu-
nity in Tyw2 KO tumor regression, we inoculated mice with
Tyw2 KO or WT cells after CD8" depletion (Figures 5F and S5I-
S5K). KO tumor growth was enhanced after CD8" depletion
compared to isotype control, while WT tumor growth was unaf-
fected (Figure 5F). These results suggest that Tyw2 KO tumor
growth is controlled in a CD8" T cell-dependent manner. We
next isolated CD8* T cells from naive mice, labeled them with
carboxyfluorescein-succinimidyl ester (CFSE) to monitor prolif-
eration, and co-cultured them with DCs pre-loaded with tumor
cell lysates (TCLs) from Tyw2 WT or KO cells (Figure 5G). This
analysis revealed that T cells cultured in the presence of DCs

loaded with Tyw2 KO TCLs were more proliferative (Figures 5H
and S5L).

To examine whether MHC-I-bound aberrant peptides
contribute to CD8* T cell reactivity against Tyw2 KO tumors,
we performed immunopeptidome analysis of bone-marrow-
derived DCs (BMDCs) loaded with either Tyw2 KO or WT TCLs
(Figures 5G, S5M, and S5N). Intriguingly, BMDCs loaded with
KO TCLs had a distinct MHC-I ligandome repertoire at the ca-
nonical peptide level (Figures 51 and S50-S5Q). Furthermore,
ProxyPhe-peptide search revealed 21 robustly identified aber-
rant peptides, 11 of which were KO-specific compared to the
single identified WT-specific peptide (Figures 5J, 5K, and S5R-
S5T; Table S3). Notably, none of the aberrant peptides were
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Figure 5. Effect of Tyw2 loss on tumor growth and MHC-I peptide presentation

(A) Schematic describing the generation of a murine Tyw2 KO-controlled cell line system.

(B) Scatterplot of the relative fold change in mean GFP/mCherry expression in parental clone4 and Tyw2 WT or KO cells transfected with the —1 FS construct
(normalized to clone4; n = 3 biological replicates per cell line). ns, not significant, *0.05 < p < 0.001, ***p < 0.001, one-way ANOVA with post hoc Tukey HSD test.
(C) In vivo tumor growth following inoculation of clone4 or Tyw2 WT or KO tumor cells into C57BL/6 mice (n = 10 mice per cell line). Data are presented as mean +
SEM. p = 8.62e-7, Kruskal-Wallis test. “**p < 0.001, Holm-corrected pairwise Wilcoxon test.

(D) In vivo tumor growth following inoculation of KO18 cells overexpressing WT Tyw2 (OE; KO18 OE) or control empty vector (KO18 EV) into C57BL/6 mice (n =8
mice per cell line). Data are presented as mean + SEM. p = 7.78e—4, Kruskal-Wallis test. ***p < 0.001.

(E) In vivo tumor growth following inoculation of clone4 or Tyw2 WT or KO cells into NSG mice (n = 4 mice per cell line). Data are presented as mean + SEM.
p = 0.7154, pairwise Wilcoxon test. ns, not significant.

(F) In vivo tumor growth following inoculation of KO18 or WT19 cells into C57BL/6 mice after treatment with anti-CD8 or IgG isotype control antibodies (n = 5 mice
per group). Treatment regimen summarized above. Data are presented as mean + SEM. p = 8.65e—3, Kruskal-Wallis test. **p < 0.001, Bonferroni-corrected
pairwise Wilcoxon test.

(G) Schematic of Tyw2 KO and WT tumor cell lysate (TCL) experiments.

(H) Bar plot of proportions of proliferative CD8* T cells after co-culture with untreated DCs and DCs loaded with Tyw2 WT or KO TCLs (n = 3 for T cell-only
condition, n = 5 for all other conditions) determined by CFSE dilution, measured using flow cytometry. p = 1e—5, one-way ANOVA. ***p < 0.001, post hoc Tukey
HSD test. Data are presented as mean + SEM.

(legend continued on next page)
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detected in unloaded-BMDCs control, suggesting that they were
cancer specific (Table S3).

To test the immunogenicity of the KO-specific aberrant pep-
tides, we isolated splenocytes from mice immunized with ten
aberrant peptides and evaluated peptide-specific CD8" T cell
cytotoxic reactivity compared to non-immunized controls,
following ex vivo re-stimulation with each of the peptides or
with a non-relevant peptide control (SIINFEKL). Half of the exam-
ined peptides elicited T cell responses in immunized mice, with
one peptide, YAPANGDFTL, demonstrating the highest immu-
nogenicity (Figures S5U and S5V). Next, we tested the ability
of CD8" T cells from immunized mice to elicit reactivity upon
co-culture with Tyw2 KO or WT cells. Even without the external
addition of peptides, CD8* T cells from immunized mice demon-
strated higher reactivity towards KO cells (Figures S5W and
S5X). Together, these results suggest that immunological control
of Tyw2 KO tumors may involve CD8* T cell responses to non-
mutated, translationally aberrant antigens.

Increased T cell infiltration and exhaustion are
associated with Tyw2 loss
The CD8" T cell-dependent differential growth of Tyw2 KO vs.
WT tumors suggests that they feature distinct immune TMEs.
To explore this, we inoculated Tyw2 WT and KO clones into
immunocompetent mice and used single-cell RNA sequencing
(scRNA-seq) to profile the TME at two time points (18 and
21 days post inoculation, respectively), during which WT and
KO tumors exhibited distinct growth dynamics (Figure 6A). We
used MULTI-seq®° to barcode pooled WT and KO tumors at
each time point (n = 4-5 tumors per sample) and performed mul-
tiplexed scRNA-seq analysis of CD45" immune cells (Figure 6B).
Unsupervised clustering and differential gene expression anal-
ysis led to the identification of major adaptive immune lineages,
such as CD4* and CD8* T cells, innate lymphoid cells (ILCs), nat-
ural killer (NK) cells, regulatory T cells (Tregs), and B cells as well
as myeloid lineages such as DCs and monocytes/macrophages
(Figures 6C and S6A).5"82

Next, we quantified the TME immune population structure in
each sample to identify populations associated with anti-tumor
immune responses (Figures S6B and S6C). This analysis re-
vealed that CD8" T cell proportions increased 1.9-fold between
day 18 and day 21 in KO tumors while remaining relatively un-
changed in WT tumors (Figure 6D). We next annotated and quan-
tified CD8" T cell subtypes, which revealed the presence of
naive, memory-like, effector-like, progenitor exhausted (Tpex),
exhausted (Tex), and proliferative CD8" T cells (Figures 6E, 6F,
S6D, and S6E).2%#* Among these CD8" T cells, WT and KO tu-
mors were associated with altered abundances of memory-like
and Tex CD8* T cells at day 21 (Figure 6G). Specifically, Tex pro-
portions increased 2.5-fold between day 18 and day 21 in KO tu-
mors (vs. 1.8-fold decrease in WT), while memory-like propor-
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tions increased 1.4-fold in WT tumors (vs. 1.8-fold decrease in
KO; Figure 6H).

CD8* T cell exhaustion is associated with elevated and persis-
tent antigen stimulation that induces the co-expression of inhibi-
tory checkpoint receptors (Figure 61).%* Thus, these observations,
together with the immunopeptidome analyses demonstrating the
Tyw?2 loss-dependent increase in aberrant peptide presentation,
suggest that CD8" T cell stimulation and activation were increased
in the Tyw2 KO TME. Supporting this notion, CODEX®® analysis of
WT and KO tumors demonstrated that total, LAG3*-exhausted,
and KI67* proliferative CD8" T cell proportions were all increased
in KO tumors at day 21 (Figures 6J and S6F). Moreover, CellChat®®
analysis revealed that pro-inflammatory IFNy-IFNGR1/2 signaling
between CD8" T cells and myeloid cells was specifically active
in day 21 KO tumors (Figure 6K). NK cell cytotoxicity was also
inhibited in WT tumors but remained consistent over time in KO tu-
mors (Figures S6G and S6H), reflecting the increased inflamma-
tory nature of the Tyw2 KO TME.

Murine Tyw2 loss enhances the response to immune
checkpoint blockade

Given the T cell exhaustion signature observed in Tyw2 KO TME,
we hypothesized that Tyw2 KO tumor-bearing mice would benefit
from immune checkpoint blockade (ICB) therapy. To test this, we
treated Tyw2 KO or WT tumors with an anti-programmed cell
death 1 (PD-1) antibody when mice first formed palpable tumors
or when tumors grew to ~0.05 cm? (Figure 7A). While anti-PD-1
treatment did not impact WT tumor growth, it significantly delayed
KO tumor growth (Figures 7B and S7A-S7E), with 40% of the mice
being tumor-free or bearing <0.05 cm® tumors 50 days post inoc-
ulation (Figures 7C-7E, S7F, and S7G).

Next, we tested whether T cells from anti-PD-1-treated mice
were reactive toward Tyw2 KO-specific ProxyPhe-identified
peptides that demonstrated immunogenicity (n = 5, Figure S5V).
To this end, we isolated splenic CD8* T cells from mice 27 days
post inoculation, labeled them with CFSE, cultured them with
DCs preloaded with the aberrant peptides, and measured media
IFNy concentration and T cell proliferation (Figure S7H). We
observed reactivity against 3/5 examined peptides, and re-
sponses were particularly strong against the YAPANGDFTL pep-
tide (Figures 7F, S71, and S7J). Further, CD8" T cells from the
draining lymph node of Tyw2 KO tumor-bearing mice demon-
strated high reactivity against YAPANGDFTL (Figures S7K and
S7L). These results provide evidence that endogenous presenta-
tion of aberrant peptides is sufficient to trigger de novo antigen-
specific T cell responses in Tyw2 KO-bearing mice.

TYW2 expression is associated with melanoma patient
survival and ICB response

Having demonstrated the role of Tyw2 loss in driving anti-tumor
immunity in mice, we next investigated its clinical relevance.

(I) Heatmap of pairwise Pearson correlation coefficient (PCC) of MHC-I peptide presentation by BMDCs loaded with Tyw2 KO and WT TCLs.
(J) Bar plots of filtered peptide counts for canonical (left) and ProxyPhe (right) identifications in BMDCs loaded with Tyw2 WT or KO TCLs (top; n = 3 replicates per
group). Data are presented as mean + SEM. Venn diagrams summarize intersecting peptides in each group (bottom). Indicated p values computed with Welch

two-sample t test. ns, not significant.

(K) Representative mirror plot of a trans-frame peptide uniquely identified in the Tyw2 KO TCL-loaded sample. Unweighted spectral entropy (USE) is shown.
Upper spectrum: experimentally identified peptide; lower spectrum: predicted peptide.

See also Figure S5; Table S3.
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Figure 6. Longitudinal scRNA-seq analysis of tumor immune compartment reveals anti-tumor CD8" T cell responses linked to Tyw2 KO
(A) In vivo tumor growth following inoculation of WT19, KO13, or KO18 cells into C57BL/6 mice. Time points highlighted with dotted box were used for scRNA-seq
analysis. **p < 0.001, pairwise Bonferroni-corrected Student’s t test.

(B) Schematic overview of experimental workflow. Tumors were removed and dissociated at day 18 and day 21 prior to MULTI-seq barcoding, enrichment for
CD45* immune cells, and scRNA-seq.

(C) Uniform manifold approximation and projection (UMAP) of immune gene expression space colored by cell type.

(D) Bar charts of the percentage of CD8* T cells among all CD45" cells in each tumor background at day 18 (D18) and day 21 (D21). Statistically significant
changes denoted with propeller test p values (ns, not significant; n = 3 sets of 4-5 pooled tumors).

(E) UMAP of CD8" T cell gene expression space colored by subtype.

(F) Dot plot of CD8" T cell subtype annotation genes. Dot color indicates expression level and size indicates the proportion of cells expressing each gene.

(G) UMAP of CD8* T cell gene expression space colored by sample identities on day 18 (top) and day 21 (bottom). Regions of gene expression space that are
enriched in Tyw2 KO or WT samples highlighted with dotted circles.

(H) Bar charts of the percentage of exhausted and memory-like CD8" T cells among all CD8" T cells in each tumor background at day 18 and day 21. Statistically
significant changes denoted with propeller test p values (ns, not significant; n = 3 sets of 5 pooled tumors).

(I) Z score heatmap of the average expression of immunosuppression markers in CD8" T cell subtypes. Z scores for each gene clustered using hierarchical
clustering. Exhausted CD8" T cells highlighted with red box.

(J) Representative images of the day 21 Tyw2 KO and WT TME with bar charts of mean + SEM total (top), exhausted (middle), and proliferative CD8" T cell
percentages (bottom). Exact p values from Welch two-sample t test (n = 5 mice per tumor background).

(K) Weighted network graph of IFNG-IFNGR1/IFNGR2 predicted signaling interactions split by tumor background and time point. Nodes colored by cell type,
edges weighted by signaling probability and colored by sender cell type.

See also Figure S6.

First, we examined the relationship between TYW2 expression free survival (PFS) in patients with primary melanoma in The
levels and melanoma patient survival and found that lower Cancer Genome Atlas (TCGA) cohort (Figure 8A). Patients with
TYW2 expression was associated with improved progression-  higher TYW2 expression also tended to have worse overall
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Figure 7. Anti-PD-1 therapy delays Tyw2 KO tumor growth
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(A) Schematic representation of experimental design. Antibodies were administrated when tumors were palpable (i) or when tumor volume reached ~0.05 cm? (i)
(B) In vivo tumor growth following inoculation of KO18 or WT19 cells into C57BL/6 mice after treatment with anti-PD-1 or IgG isotype control antibodies (as in Ai;
arrow marks treatment onset; n = 10 mice per group). Data are presented as mean + SEM. ns, not significant, **“p < 0.001, pairwise Wilcoxon test with Bonferroni
correction.

(C) Kaplan-Meier (KM) curves of survival probability between KO18 or WT19 tumor-bearing mice +anti-PD-1 treatment (n = 15 mice per group, two independent
experiments combined).

(D) Heatmap of Bonferroni-corrected p values for survival experiment obtained by p log-like model.

(E) Boxplots of tumor weight at endpoint in KO18 or WT19 tumor-bearing mice +anti-PD-1 treatment (n = 10 mice per group). Boxes represent the interquartile
range and median tumor weight, and the whiskers extend +1.5-fold the interquartile range (dots correspond to individual mice). Exact p values from Bonferroni-
corrected t tests. ns, not significant.

(F) Bar charts of media IFNy concentration following 16 h CD8* T:DCs co-culture (n = 5 replicates per peptide; as described in Figure S7H). Exact p values from

Bonferroni-corrected t tests. Data are presented as mean + SEM.
See also Figure S7.

survival (OS), although the association was not statistically sig-
nificant (Figure S8A).

Next, we examined the relationship between TYW2 expres-
sion levels and ICB response and found that TYW2 expression
in the TME was predictive of ICB response in on-treatment sam-
ples in the Riaz et al.®” cohort (Figure 8B) and, to a lesser extent,
pre-treatment samples (Figure 8B). Further, lower TYW2 expres-
sion was correlated with improved OS with a stronger effect
observed in on-treatment samples (Figure 8C) compared to
pre-treatment samples (Figure S8B).

Importantly, the predictive signal of TYW2 expression was inde-
pendent of TMB levels (Figure S8C). Furthermore, TYW2 expres-
sion strongly predicted patient outcomes within the low-TMB
group of on-treatment samples (Figure 8D). For pre-treatment

samples, the hazard ratio (HR) was 3.05 but was not statistically
significant (Figure S8D). Assessment of two additional melanoma
patient cohorts from Cabrita et al.*® and Auslander et al.2 mirrored
these results, as lower TYW2 expression correlated with PFS
following ICB therapy in the Cabrita et al.®® cohort (Figure 8E)
and with ICB response in the Auslander et al.%° cohort (Figure 8F).

Next, we assessed how additional genes that were differen-
tially expressed between TYWZ2-high and TYWZ2-low samples
contributed to patient outcome predictions. To this end, we per-
formed differential expression analysis among TCGA samples
grouped by TYW2 expression level. Notably, TYW2-low tumors
were associated with elevated expression levels of genes associ-
ated with immune activation in the TME (e.g., IL32, IL21R,
CCL5, CXCR3, CD3E, and CR2), and TYWZ2 itself emerged as

Cancer Cell 43, 1-18, May 12,2025 11



Please cite this article in press as: Weller et al., Translation dysregulation in cancer as a source for targetable antigens, Cancer Cell (2025), https://

doi.org/10.1016/j.ccell.2025.03.003

¢? CellPress

OPEN ACCESS

Cancer Cell

Ao B o Ciw
2075 0.75 5. 075
a > =
= Qo
3 2 54
9 0.50 £ 050 S 050
a 2 a
[
P (%] 8
& 025 0.25 0.25
HR =2.01 (1.01-3.99) Pre: AUC = 0.62 p =1.3e-01 HR = 4.42 (1.94-10.1)
p = 4.6e-02 = On: AUC =0.73 p =6.6e-03 p =4.2e-04
0.00 0.00 0.00
0 20 40 60 0.00 0.25 0.50 0.75 1.00 0 10 20 30 40
Time (months) 1 - Specificity Time (months)
Number at risk Number at risk
— 51 13 1 0 — 25 22 17 1 0
— 51 13 1 0 — 25 12 9 2 0
E F
1.00 1.00 1.00
0.75 0.75 0.75
>
> = 2
© 050 8 0.50 3 0.50
[ S @
o 1) [}
8 025 HR =9.74 (1.97-48.13 & 025 HR = 1.48 (0.99-2.1 025
_;3' 0(3' -48.13) 7;3('2 0(2' - AUC = 0.83 (0.67,1.00)
p =5.3e- p =9 p=38.1e-02
0.00 0.00 0.00
0 10 20 30 40 0 50 100 150 200 0.00 0.25 050 075 1.0C
Time (months) Time (months) 1 - Specificity

Number at risk

Number at risk

m— 104 21
w106 12

9 9
9 4 2 0 0

®
o
o

1 4 2
4 3 1

Figure 8. TYW2 expression is negatively associated with patient prognosis and ICB response

(A) Kaplan-Meier curves of progression-free survival (PFS) for patients with low versus high TYW2 expression in the TCGA primary melanoma cohort (n = 102).
Indicated p value and HR from univariable Cox model. TYW2 expression binarized at the 50th percentile.

(B) Receiver operating characteristic (ROC) curves and area under the curve (AUC) values for predicting objective response to ICB (measured by RECIST criteria)
in pre-treatment (n = 49) or on-treatment subsets (n = 56) in the Riaz et al.®” cohort using TYW?2 expression. Indicated p values from two-tailed DeLong’s test.
(C) Kaplan-Meier curves of overall survival (OS) following ICB therapy for patients with low versus high on-treatment TYW2 expression in the Riaz et al.?” cohort

(n = 50). Indicated p value and HR from univariable Cox model.

(D) Kaplan-Meier curves of OS following ICB therapy for patients with low versus high on-treatment TYW2 expression in low-TMB patients in the Riaz et al.®’

cohort (n = 18). Indicated p value and HR from univariable Cox model.

(E) Kaplan-Meier curves of PFS following ICB therapy for patients with low versus high TYW2 expression in the Cabrita et al.®® cohort (n = 210). Indicated p value

and HR from univariable Cox model.

(F) ROC curve and AUC for predicting objective response to ICB (measured by RECIST criteria) using TYW2 expression in the Auslander et al.®® cohort (n = 37).

Indicated p value from two-tailed DeLong’s test.
See also Figure S8; Table S4.

the top-ranked gene for predicting patient outcomes (Figures S8E
and S8F; Table S4). Further, we found that low TYW2 expression
was linked to increased CD8* T cell infiltration and heightened
cytolytic and exhausted activity in the tumor (Figures S8G-S80).
Overall, these findings underscore the critical role of TYW2 in
anti-tumor immunity and cancer immunotherapy, extending
beyond mouse models to diverse clinical settings.

DISCUSSION

Immunotherapies targeting mutation-derived neoantigens have
had limited success for numerous reasons, including the small
percentage of about only ~1% of somatic mutations that are
shared across patients®° and low-TMB patients that lack identifi-
able targetable antigens.”’ Hence, expanding the neoantigen
search to non-mutational sources could greatly increase immu-
notherapy applications.

Various mechanisms may drive aberrant peptide presentation
in tumors. Particularly, the “addiction” of cancer cells to dysre-
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gulated translation
an attractive source of non-mutational cancer neoantigens.
Given the intimate relationship between mRNA translation and
antigen presentation,®*°> we hypothesized that loss of a single
trans-acting factor regulating translational fidelity could generate
a range of tumor-specific immunogenic peptides. To test this
concept, we studied how deleting the tRNA-modifying enzyme
TYW255% influences aberrant peptide generation, tumor recog-
nition, and immune-mediated tumor elimination.

We established a controlled system to compare the generation
and presentation of aberrant peptides in TYW2 KO cells. Ribo-
some profiling revealed pauses at Phe codons, suggesting a delay
in decoding, and immunopeptidome analyses of these cells iden-
tified a set of immunogenic FS peptides uniquely presented by KO
cells. Furthermore, Tyw2 KO tumors showed CD8* T cell-medi-
ated tumor control in vivo, and Tyw2 KO tumor-bearing mice
exhibited a superior response to ICB compared to Tyw2 WT tu-
mor-bearing mice, indicating the involvement of antigen-specific
anti-tumor responses. Importantly, stimulation of T cells from
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ICB-treated Tyw2 KO tumor-bearing mice with off-frame peptides
induced antigen-specific proliferation and activation in different
ex vivo assays. Finally, our observations were corroborated by pri-
mary melanoma patient data showing that lower TYW2 expres-
sion was associated with improved OS after ICB therapy in low-
TMB patients, which addresses an important unmet clinical
need. Taken together, this study highlights the potential of tumor
translational regulators as an attractive target for immunotherapy
development, for enhancing the repertoire of tumor neoantigens.

Limitations of the study

First and foremost, pharmacological agents that inhibit TYW2 in
tumor cells have not been described, limiting the immediate
translational horizon of our work. However, we believe that the
results shown above will stimulate future efforts to design
TYW?2 inhibitors. Second, future studies will be needed to estab-
lish whether these results can be recapitulated in other cancer
types. Finally, this study explored a single tRNA-modifying
enzyme as a proof of concept. Whether perturbing other transla-
tional fidelity regulators can drive anti-tumor immune responses
in vivo, and perhaps even to a larger extent, remains an inter-
esting open area of research.

RESOURCE AVAILABILITY

Lead contact

Requests for further information, resources, and reagents should be directed
to and will be fulfilled by the lead contact, Yardena Samuels (Yardena.
Samuels@weizmann.ac.il).

Materials availability
All plasmids and cell lines are available upon request.

Data and code availability

The mass spectrometry proteomic data have been deposited to the
ProteomeXchange Consortium via the PRIDE® partner repository with the
dataset identifier PXD053256 and are publicly available. Bulk RNA-seq (Bio-
Project: ID#PRJNA1045112) and Ribo-seq (BioProject: ID#PRJNA1045083)
data were deposited to the BioProject, and single-cell RNA-seq data (GEO:
GSE272996) were deposited in GEO and are publicly available. Data from
public repositories were accessed from the Gene Expression Omnibus with
accession numbers GEO: GSE91061 (the Riaz et al.®” cohort), GEO:
GSEB5904 (the Cabrita et al.?® cohort), and GEO: GSE115821 (the Auslander
et al.®® cohort) and from the TCGA data portal SKCM (https://portal.gdc.
cancer.gov/projects/TCGA-SKCM; the TCGA primary melanoma cohort).
Gene expression counts data from TCGA were obtained from the GDC Xena
Hub (https://xenabrowser.net/datapages/?dataset=TCGASKCM.htseq_counts.
tsv&host=https %3A%2F %2Fgdc.xenahubs.net&emoveHub=https %3A%2F %
2Fxena.treehouse.gi.ucsc.edu%3A443).

The pipeline and scripts used for the immunopeptidome analysis and figures
can be found on GitHub: https://github.com/YSamuelsLab/MetaPept2. Sin-
gle-cell RNA-seq original code has been deposited into Zenodo (https://doi.
org/10.5281/zenodo.12802673) and is available on GitHub: https://github.
com/chris-mcginnis-ucsf/tyw2_neoantigen. Processed single-cell RNA-seq
data and R scripts used for analyzing data and generating Figures 6 and S6
are deposited onto Synapse: synapse.org/Synapse:syn61841510. All raw
data, supplementary files, code, and any additional information required to re-
analyze the data reported in this study are available from the lead contact upon
request.
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SOURCE

IDENTIFIER

Antibodies

anti-TYW2 (TRMT12)

anti-o tubulin mouse

anti-mCherry

anti-rabbit HRP conjugate

anti-mouse HRP conjugate

pan-HLA antibody W6/32
APC anti human HLA A,B,C

PE anti-human CD3

FITC anti-human CD8

APC anti-human CD137 (41BB)

APC anti- human IFNy

APC anti-human TNFa

APC anti-human CD8

PE-Cy7 anti-human CD3

PE anti- human IFNy

BV421 anti-human TNFa

InVivoMAD anti-mouse CD8a, clone 2.43
InVivoMAD rat IgG2b isotype control, clone LTF-2
InVivoMAb anti-mouse PD-1 (CD279),
clone RMP1-14

InVivoMAD rat IgG2a isotype control, clone 2A3

CD8a. (D4W2Z7) XP® Rabbit mAb

Anti-CD3 epsilon antibody [CAL57]
Anti-LAG-3 antibody [CAL77]

CD45 (D3F8Q) Rabbit mAb

BD Pharmingen™ Purified Mouse Anti-Ki-67

FITC anti-mouse CD3

Novus-Biologicals

Millipore

Abcam

Cell Signaling Technology

Cell Signaling Technology

ATCC
BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioXcell

BioXcell

BioXcell

BioXcell

Cell Signaling Technology
abcam

abcam

Cell Signaling Technology
BD Biosciences

BioLegend

Cat#NBP1-76583;
RRID: AB_11025190

Cat#05-829;
RRID: AB_310035

Cat#Ab167453;
RRID: AB_2571870

Cat#5127;
RRID: AB_10892860

Cat#91196;
RRID: AB_2940774

ATCC-HB-95RRID; N/A

Cat# 311410;
RRID: AB_314879

Cat#300308;
RRID: AB_314044

Cat#301060;
RRID: AB_2564165

Cat#309810;
RRID: AB_830672

Cat#502512;
RRID: AB_315237

Cat#502912;
RRID: AB_315264

Cat#300912;
RRID: AB_314116

Cat# 300316;
RRID: AB_314052

Cat#502509;
RRID: AB_315234

Cat# 502932;
RRID: AB_10960738

Cat#BE0061;
RRID: AB_1125541

Cat#BE0090;
RRID: AB_1107780

Cat#BE0146;
RRID: AB_10949053

Cat#BE0089;
RRID: AB_1107769

Cat#60168RRID; N/A
Ab251607RRID; N/A
Ab251606RRID; N/A
Cat#98819RRID; N/A
Cat#556003;

RRID: AB_396287

Cat#100203;
RRID: AB_312660
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Continued
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PE anti-mouse CD4 BioLegend Cat#100511;

RRID: AB_312714
APC anti-mouse CD8 BioLegend Cat#100711;

RRID: AB_312750
APC anti-mouse CD3 Biolegend Cat#100236;

RRID: AB_2561456
PacificBlue anti-mouse CD8 Biolegend Cat#100725;

VioletFluor450 anti-mouse CD45 antibody

PE-Cy7 anti-mouse CD44 antibody

FITC anti-mouse TCRp antibody

BV421 anti-mouse TCRp antibody

Anti-Mouse H-2Db

InVivoMADb anti-mouse MHC Class | (H-2Kb), clone Y-3

BV421 anti-mouse CD3

APC-Cy7 anti-mouse CD44

BV605 anti-mouse CD8

TruStain FcX™ (anti-mouse CD16/32) antibody

FITC anti-mouse CD3

Alexa Fluor 700 anti-mouse CD8a antibody

PE anti-mouse TNFa antibody

Anti-PSMA-1
Anti-Mouse CD16 / CD32 (Fc Sheild)

Tonbo Biosciences

BioLegend

BioLegend

BioLegend

SouthrenBiotech

BioXCell

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Produced from Hybridoma
Tonbo Biosciences

RRID: AB_493425
Cat#75-0451-U100;
RRID: AB_2621947
Cat#103030;

RRID: AB_830787
Cat#109206;

RRID: AB_313429
Cat#109229;

RRID: AB_10933263
Cat#1910-01;

RRID: AB_2795489
Cat#BE0172;

RRID: AB_10949300
Cat#100228;

RRID: AB_2562553
Cat#103028;

RRID: AB_830785
Cat#100744;

RRID: AB_2562609
Cat#101319;

RRID: AB_1574973
Cat#100203;

RRID: AB_312660
Cat#100729;

RRID: AB_493702
Cat#506305;

RRID: AB_315426
kind gift from Keiji Tanaka

Cat#70-0161-U500;
RRID: AB_2621487

Biological samples

PBMCs from healthy donors Weizmann Institute IRB#2274-2
of Science
PBMCs from healthy donors Oslo University Hospital REK#2018/879
Chemicals, peptides, and recombinant proteins
Ficoll-Paque PLUS Cytiva Cat#17144003
Dextrane Sigma Aldrich Cat#31392
Trisodium citrate dihydrate Sigma Aldrich Cat#S1804
Lipofectamine 2000™ Invitrogen Cat#11668019
NP-40 Alternative Calbiochem Cat#492016
protease-inhibitor cocktail 1l Calbiochem Cat#539134
Protease Inhibitors Cocktail Sigma Aldrich Cat#P8340
Synthetic peptides GenScript Biotech Corp. N/A

RPMI 1640 medium
Fetal Bovine Serum (FBS)
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Gibco
Gibco
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L-glutamine Biological Industries Cat#03-020-1B

Penicillin Invitrogen Cat#15140163

HEPES Sigma Aldrich Cat#H0887

SDS Solution 20% Bio-Rad Cat# 161-0418

Water, ultra-pure
b-mercaptoethanol

Dulbecco’s Phosphate Buffered Saline (PBS)
Sodium pyruvate

TBE/UREA 2X loading dye

Syber Gold 10000X

40% Acryl (29:1)

T4 PNK

T4 RNA Ligase 2 truncated K227Q
T4 PNK

Lipopolysaccharides (LPS) from E-coli O111:B4
Opti-MEM Reduced Serum Medium
Trypsin for cell culture

5’ Deanenylase

RecJf

10mM dNTPs

Superscript Il

0.1M DTT

GlycoBlue™ Coprecipitannt
Single strand RNA ladder
Paraformaldehyde (PFA) 16%
sodium deoxycholate
lodoacetamide

EDTA

PMSF

octyl-b-D glucopyranoside
Dynabeads Protein-G

KAPA HiFi HotStart ReadyMix
Not1

EcoRlI

CutSmart

Fspl

TurboFect

RNase A

DNAse |

DSP

Protein G PLUS-Agarose
L-cysteine

LIVE/DEAD Fixable blue dead cell stain
MACS buffer

TRI Reagent

Puromycin

Trifluoracetic acid (TFA)
Acetonitrile (ACN)

DMSO

Human GM-CSF

Biological Industries
EMD Millipore Corp.
Biological Industries
Biological Industries
Thermo Fisher Scientific
Invitrogen

Sigma Aldrich

NEB

NEB

Toyobo

Sigma Aldrich

Gibco

Corning

NEB

NEB

Invitrogen

Invitrogen

NEB

Invitrogen

NEB

Thermo Scientific
Sigma Aldrich

Sigma Aldrich

Promega

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
Roche

NEB

NEB

NEB

NEB

Thermo Fisher Scientific
Thermo Fisher Scientific
STEMCELL technologies
Thermo Fisher Scientific
Santa Cruz

Sigma Aldrich

Thermo Fisher Scientific
Miltenyi Biotec

Sigma Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bio lab

MP Biomedicals

PeproTech

Cat#01-866-1A
Cat#444203
Cat#02-023-1A
Cat#03-042-1B
Cat#L.C6876
Cat#S11494
Cat# A7802
Cat#M0201L
Cat#M0351S
Code#PNK-111
Cat#L.26630
Cat#31985-047
REF#25-051-Cl
Cat#MO0331S
Cat#M0264S
Cat#18427
Cat#18080044
Cat#B1222A
Cat#AM9515
Cat#M0364S
Cat#28908
Cat#D6750
Cat#16125
Cat#V4231
Cat#78830
Cat#08001
Cat#10003D
Cat# KK2602
Cat#R0189S
Cat#R0101S
Cat#B6004
Cat#R0135S
Cat#R0531
Cat#EN0531
Cat#100-0762
Cat#22585
Cati#tsc-2002
Cat#C7352
Cat# L23105
Cat#130-091-221
Cat#T9424
Cat#P8833
Cat#302031
Cat#000120410100
Cat#196055
Cat#300-03
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Human IL-4 PeproTech Cat#200-04
Human IL-15 PeproTech Cat#200-15
Human IL-7 PeproTech Cat#200-07
Human IL-21 PeproTech Cat#200-21
Human IFNy PeproTech Cat#300-02
Human AB Serum Bio IVT HUMANABSRMP-HI-1
Murine GM-CSF PeproTech Cat#315-03-50
Murine IL-4 PeproTech Cat#214-14-50
Monensin BioLegend Cat#420701
Brefeldin A BioLegend Cat#420601
Intracellular staining permeabilization wash buffer BioLegend Cat#421002
Heparin Sigma Aldrich Cat#H3393
ACK Lysing Buffer Gibco REF#A10492-01
CELLBANKER 2 Amsbio SKU#11914
Targeted Retrieval Solution, pH 9 Agilent Cat#S236784-2
Protein A Resign Genscript Cat#L00210
Protein G Resign Genscript Cat#L00209
Hanks’ Balanced Salt solution (HBSS) Sigma-Aldrich Cat#H6648
Histopaque-1077 Hybri-Max Sigma-Aldrich Cat#H8889
Anti-CD8 biotin Biolegend Cat#100704
streptavidin nanobeads Biolegend Cat#480016
Insulin-Transferrin-Selenium Thermo Fisher Scientific Cat#41400045
CellTrace™ CFSE Thermo Fisher Scientific Cati# C34554
DAPI Thermo Fisher Scientific Cat# D1306
Propidium lodide (PI) Solution Biolegend Cat#421301
Adjuvant Incomplete Freund BD Biosciences Cat#263910
M.TUBERCULOSIS H37 Ra BD Biosciences Cat#231141

Critical commercial assays

EZ-PCR mycoplasma

DNeasy Blood & Tissue

Wizard Genomic DNA purification

NGSgo® - Multiplexed HLA amplification 6 loci
Dynabeads mRNA DIRECT Purification Kit
CORALL Total RNA-seq library prep kit

Human CD14 MicroBeads

EasySep Human T cell enrichment kit

Mouse Tumor Dissociation Kit

Anti-CD11c¢ microbeads

CD8a (Ly-2) MicroBeads, mouse

MojoSort™ Mouse CD8 Nanobeads

ELISA , Mouse IFN-gamma DuoSet
MULTI-seq Lipid-Modified Oligos

Agilent High Sensitivity DNA Kit

Qubit dsDNA HS Assay kit

NovaSeq X Series 10B Reagent Kit (100 cycles)
Zombie NIR viability dye

Pierce™ BCA Protein Assay Kit

Biological Industries
Qiagen

Promega

GenDx

Invitrogen

LEXOGEN

Miltenyi Biotec
STEMCELL technologies
Miltenyi Biotec

Miltenyi Biotec

Miltenyi Biotec
Biolegend

R&D systems
Millipore-Sigma

Agilent

Fisher Scientific

lllumina

BioLegend

Thermo Fisher Scientific

SKU:20-700-20
Cat#69504

REF A9281

MX6-1

Cat#61011

N/A
Cat#130-050-201
Cat#19051
Cat#130-096-730
Cat#130-125-835
Cat#130-117-044
Cat#480136
Cat#DY485
LMOO001-100RXN
5067-4626
Q32854
20085596
Cat#423105
Cat#A65453

Deposited data

Melanoma Cell Lines Mass Spectrometry data
(Immunopeptidomics, MAPP and Proteomics)
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Bulk RNAseq This study BioProject: IDPRIJNA1045112
Ribosome Profiling This study BioProject: IDPRJNA1045083
HLA-Ligand ATLAS Mass Spectrometry data Marcu et al.®® N/A

DCs Mass Spectrometry data This study PRIDE: PXD053256

Raw scRNA-seq data This study GEO: GSE272996

Riaz et al. cohort Riaz et al.®” GEO: GSE91061

Cabrita cohort Cabrita et al.®® GEO: GSE65904

Auslander cohort
TCGA primary melanoma cohort

Auslander et al.®®

TCGA data portal SKCM

GEO: GSE115821
https://portal.gdc.cancer.gov/projects/TCGA-SKCM

TCGA Gene expression counts data GDC https://xenabrowser.net/datapages/?dataset=
Xena Hub TCGASKCM.htseq_counts.tsv&host=https%3A%2F
%2Fgdc.xenahubs.net&removeHub=https %3A%2F
%?2Fxena.treehouse.gi.ucsc.edu%3A443
Experimental models: Cell lines
A-375 ATCC CRL-1619™
SK-MEL-5 ATCC HTB-70™
SK-Mel-30 DSMz ACC-151
Murine melanoma B2905 Laboratory of Prof. Merlino N/A
HEK293T ATCC CRL-3216™
721.221 monoallelic B cells IHWG cell land DNA bank N/A
Experimental models: Organisms/strains
C57BL/6JOlaHst Envigo N/A
NOD.Cg-Prkdc scidll2rg tm1Wijl/SzJ (NSG) The Jackson Laboratory Strain#JAX:005557;
RRID:IMSR_JAX:005557
C57BL/6J-Rag2em3Lutzy/J (Rag2 KO) The Jackson Laboratory Strain #:033526;

RRID:IMSR_JAX:033526

Recombinant DNA

pSpCas9 (BB)-2A-GFP (PX458)

Human Tyw2 #1 sgRNA: (5’ - GGATGGCTCGGT

GGCGCTAC CGG - 37)

Human Tyw2 #2 sgRNA: (5° AGGCTGATTTGCC

CCGATCA TGG- 3))

Human Tyw2 KO validation primer Forward
(5’- TGTGGTTGTTAGCAACATGGA - 3)
Human Tyw2 KO validation primer Reverse
(5’ - CTCTACCCAGCCATGGTCAC - 3’)

Murine Tyw2 #1 sgRNA: (5’ - TAGCGGAGCGAG

TTTAG CTC - 3))

Murine Tyw2 #2 sgRNA: (5° CTCGAAGTTTCTCG

GTG ATG - 3)

Murine Tyw2 KO validation primer Forward
(6’-CCCACTGCACCCGAAATTCC - 3)

Murine Tyw2 KO validation primer Reverse
(6’ - TTCAGTTTCCTGTTGTCCCC - 3)

Human TYW2 K225Q primer Forward (5’-CATC
ACTGAGCAGCTTCGAGTGGC- 3)

Human TYW2 K225Q primer Reverse (5’- GCC
ACTCGAAGCTGCTCAGTGATG- 3’)

DNA probe tRNAphe - 5’-TGGTGCCGAAACC
CGGGATCGAACCAGGGACCTTTAGATC-3’

pCDH-CMV Human TYW2
pCDH-CMV-MCS-EF1a-Neo

Addgene

Rosella et al.,”", Sigma-
Aldrich

Rosella et al.”", Sigma-
Aldrich

Rosella et al.”", Sigma-
Aldrich

Rosella et al.”", Sigma-
Aldrich

This study, Sigma- Aldrich
This study, Sigma- Aldrich
This study, Sigma- Aldrich
This study, Sigma- Aldrich
This study, Sigma- Aldrich
This study, Sigma- Aldrich

This study

This study
SBI

RRID:Addgene_48138
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
Cat#CD514B-1RRID: N/A
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pMD2.G Addgene RRID: Addgene_12259
psPAX2 Addgene RRID: Addgene_12260
pLV-EIF1a-IRES-Puro Murine tyw2 This study N/A

MULTI-seq anchor LMO: TGGAATTCTCGG This study N/A
GTGCCAAGGGTAACGATCCAGCTGTCACT-

[Lignoceric-Acid]

MULTI-seq co-anchor LMO: [Palmitic-Acid]- This study N/A
AGTGACAGCTGGATCGTTAC

MULTI-seq barcodes: CCTTGGCACCCGAGA This study N/A

ATTCCA- [8bp-Index]-AAAAAAAAAAAAAAAA

AAAAAAAAAAAAA

TruSeq RPI 17 indices: CAAGCAGAAGACGGC This study N/A
ATACGAGAT-[6bp-Index]-GTGACTGGAGTTC

CTTGGCACCCGAGAATTCCA

Unviersal 15 index: AATGATACGGCGACCAC This study N/A
CGAGATCTACACTCTTTCCCTACACGACGC

TCTTCCGATCT

Software and algorithms

NGSengine® HLA typing software V2.13 GenDx https://www.gendx.com/product_line/ngsengine/

Kaluza software v.2.2

FLOWJO software V10.10.0

R studio v. 2023.12.0+369

PyCharm v.2024.1.1 Community edition
Jupiter_core 4.9.1

MaxQuant v.proteogenomic, 2.1.3.0
NetMHCpan 4.1

PEAKS X Pro

Peptide-PRISM

FragPipe v.21.1

BioRender

Code for Integrated de novo and search engine
pipeline (Figure 2B)

Code for scRNA-seq analysis
scRNA-seq companion code

Cell Ranger version 6.0.0

R package - Seurat v.5.0.1

R package - deMULTIplex2 v. 1.0.1
R package - CellChat v. 1.6.1

R package - Speckle v.0.99.7

R package — ComplexHeatmap v. 2.14.0

R package - SingleCellExperiment version 1.20.1

QuPath - v0.4.3

R package — Survminer v.0.4.9
R package — SurvRM2 v.1.0-4
R package - enrichR v.3.2

Beckman Colter

BD Biosciences

N/A

JetBrains

N/A

This study

DTU Health Tech

Bioinformatics Solutions

Inc.

Erhard et al.'®
Nesvilab
BioRender
This study

This study
This study
10x Genomics
Hao et al.”®
Zhu et al.*®®

Jin et al.®®

Phipson et al."*®

Guetal.’!

Amezquita et al.'®?

Bankhead et al.'®

Kuleshov et al.’®*

https://www.beckman.co.il/flow-cytometry/
software/kaluza/downloads

https://www.flowjo.com/solutions/flowjo/
downloads

https://cran.rstudio.com
https://www.jetbrains.com/pycharm/
https://github.com/jupyter/jupyter_core
N/A

https://services.healthtech.dtu.dk/services/
NetMHCpan-4.1/

https://www.bioinfor.com/peaks-xpro/

https://erhard-lab.de/software
https://github.com/Nesvilab/FragPipe/releases
http://biorender.com/
https://github.com/YSamuelsLab/MetaPept2

synapse.org/Synapse:syn61841510

Zenodo https://doi.org/10.5281/zenodo.12802673
10xgenomics.com/support

satijalab.org/seurat/
github.com/Gartner-Lab/deMULTIplex2
github.com/sqjin/CellChat

bioconductor.org/packages/release/bioc/html/
speckle.html

bioconductor.org/packages/release/bioc/html/
ComplexHeatmap.html

bioconductor.org/packages/release/bioc/html/
SingleCellExperiment.html

https://qupath.github.io/
https://github.com/kassambara/survminer/
https://github.com/cran/survRM2

https://www.rdocumentation.org/packages/
enrichR/versions/3.2
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Other

SPRIselect Beckman Coulter B23319

Bovine Serum Albumin Sigma-Aldrich A8577-50M
Sep-Pak tC18 96-well Waters Cat#186002321
Ultra-Micro SpinColumn, C18 Harvard Apparatus BVD-74-7206
S-Trap microcolumns Protifi, USA C02-96well

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Human melanoma cell lines A-375 (A375, CRL-1619 ™; HLA-A*01:01; HLA-A*02:01; HLA-B*44:03; HLA-B*57:01; HLA-C*06:02;
HLA-C*16:01) and SK-MEL-5 (SKMEL5, HTB-70™; HLA-A*11:01; HLA-A*02:01; HLA-B*07:02; HLA-B*40:01; HLA-C*03:04;
HLA-C*07:02) as well as 293T kidney epithelial cells were purchased from the American Type Culture Collection (ATCC). SK-Mel-
30 (SKMEL-30; HLA-A*01:01; HLA-A*02:01; HLA-B*08:01; HLA-B*44:02; HLA-C*07:01; HLA-C*05:01) human melanoma cell line
(ACC-151) was purchased from DSMZ (https://www.dsmz.de). 721.221 B cells (IHW00001) were purchased from the Fred Hutch In-
ternational Histocompatibility Working Group (IHWG) cell and DNA Bank (https://www.fredhutch.org/en.html). Murine melanoma
B2905 cells’® were kindly provided from Prof. Glen Merlino’s laboratory. All cell lines were tested regularly and were found negative
for mycoplasma contamination (using EZ-PCR mycoplasma kit; Biological Industries). All cell lines were cultured at 37°C in Roswell
Park Memorial Institute1640 Medium (RPMI 1640, Gibco), supplemented with heat-inactivated 10% fetal bovine serum (Gibco),
25mM HEPES (Gibco), and 100U/ml penicillin-streptomycin (Gibco). All cell lines were maintained in a humidified atmosphere con-
taining 5% CO2 at 37°C. Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors.

Mice

Mice were maintained under specific pathogen-free (SPF) conditions at the Weizmann Institute’s animal facility and were handled
in accordance with the guidelines of the Institutional Animal Care and Use Committee (08571123-1). For ex vivo assays, mice
were monitored in the TAU animal facility under the approval number of TAU - MD - IL2310 - 163 — 5 and TAU - MD - L2401 -
102 - 5 . Food and water were given ad libitum. Wild-type C57BL/6 (B6) mice were purchased from Harlan Laboratories.
NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ (NSG) and C57BL/6J-Rag2em3Lutzy/J (Rag2 KO) were obtained from Jackson laboratory.

Healthy donors for PBMC extraction

The study was approved by the Weizmann Institutional Review Board and informed consent was obtained from healthy donors in
accordance with the IRB doctrine of the Weizmann Institute of Science (protocol number 2274-2). The study was approved by
the Regional Committee for Medical and Health Research Ethics (REK) South-East Norway, the Institutional Review Board, and
the Data Protection Officer at Oslo University Hospital. Informed consent was obtained from healthy donors following the Declaration
of Helsinki and institutional guidelines (REK 2018/879). PBMCs including donor 50 (D50; HLA-A*01:01, HLA-A*33:03, HLA-B*38:02,
HLA-B*57:01, HLA-C*06:02, HLA-C*07:02) and donor 160 (D160; HLA-A*01:01, HLA-A*30:02, HLA-B*18:01, HLA-B*57:01,
HLA-C*06:02, HLA-C*05:01) were isolated using Ficoll-Paque PLUS (Cytiva) according to the manufacturer’s instructions.

METHOD DETAILS

HLA-typing of healthy donor PBMCs

DNA samples were typed for HLA-A, -B, -C, using the MX6-1 NGS typing kit (GenDx) according to the manufacturer’s instructions.
The library was paired-end sequenced (2x150bp) on an Iseq100 platform (lllumina). FASTQ files were analyzed in NGSengine® HLA
typing software V2.13 (GenDx), using IPD-IMGT/HLA database 3.33.0. Final genotyping calls were made after manual review.

CRISPR-Cas9 mediated KO for TYW2

Two sgRNAs for human TYW2 (SG1; GGATGGCTCGGTGGCGCTAC CGG, SG2; AGGCTGATTTGCCCCGATCA TGG) were kindly
provided by Esteller’s lab.>" For the murine Tyw2, the following sgRNAs were used: SG1; TAGCGGAGCGAGTTTAG CTC, SG2;
CTCGAAGTTTCTCGGTG ATG. Guides were cloned into pSpCas9 (BB)-2A-GFP vector (Addgene). sgRNAs were simultaneously
transiently transfected into cells using Lipofectamine 2000 transfection reagent (Invitrogen). 48h later, single GFP* cells were sorted
into 96-well plates using a BD FACSAria Il (BD Biosciences) to form clonal cell lines. Since the transiently transfected constructs are
not integrated into genome, Cas9, sgRNA and GFP are not expressed in any cell clones that were subjected to downstream exper-
iments. To genotype the single cell-derived clones for TYW2 status, DNA was extracted using DNeasy Blood & Tissue Kit (QIAGEN)
and a PCR reaction for amplification of a 589 bp amplicon in the human genome (Fwd: 5’-TGTGGTTGTTAGCAACATGGA-3’; Rev:
5’-CTCTACCCAGCCATGGTCAC-3’) spanning the sgRNA targeting region was applied. For the murine gene, the following primers
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were used for PCR: Fwd: 5’- CCCACTGCACCCGAAATTCC-3’; Rev: 5’- TTCAGTTTCCTGTTGTCCCC-3’. PCR products were
cleaned using Wizard Genomic DNA purification kit (Promega), and samples were analyzed using Sanger sequencing.

Immunoprecipitation assay and western blot analysis

For TYW2 immunoprecipitation, cells were lysed in NP40 lysis buffer (50mM Tris-HCI [pH 7.4], 150mM NaCl, 1mM EDTA, 0.1 % NP40)
supplemented with protease inhibitor cocktail (Sigma-Aldrich). Cells were sonicated in a Bioruptor sonicator (Diagenode, 3 cycles of
10 sec) and then centrifuged at 17,0009 for 10 minutes at 4°C. Clear lysates were rotated overnight at 4°C with an anti-TYW2 antibody
(NBP1-76583, Novus-Biologicals). The next day, Dynabeads Protein G (Thermo Fisher Scientific) were added to the samples for
1 hour at 4°C. Beads were then washed five times with NP40 buffer. Proteins were released from beads by boiling and were resolved
by SDS-PAGE.

For western blot analysis, cells were harvested and lysed directly in Laemmli sample buffer containing 2.5% beta-mercaptoethanol
followed by sonication. The following antibodies were used: anti-TYW2 rabbit polyclonal antibody (NBP1-76583, Novus Biologicals),
anti-a. tubulin mouse mAb (DM1A, Millipore), anti-mCherry rabbit polyclonal antibody (ab167453, abcam), mouse anti-rabbit IgG,
HRP conjugate (Cell Signaling), and goat anti-mouse IgG HRP conjugate (Cell Signaling).

MS shotgun analysis of tRNA"® from the cells

Total RNA from cellular models was extracted by TRI Reagent (Sigma-Aldrich) according to manufacturer’s instructions. Class | tRNA
fraction excision was performed from 10% Urea-PAGE gel, and 2-4 pmol of tRNAs were digested with RNase A (Thermo Fisher Sci-
entific) and subjected to capillary-LC/nano ESI-MS analyzed by liquid chromatography-mass spectrometry as described previ-
ously. "% The modification frequencies indicated in chromatograms were calculated from the peak area ratio of the multiply charged
negative ions (-2 to -3) for RNA fragments with different modifications.

Lentiviral production, mutagenesis, and viral transduction

The human or murine TYW2 WT insert was cloned into the pCDH-CMV lentiviral vector backbone plasmid (Addgene) by Not1 (NEB)
and EcoRl (NEB) restriction enzymes, using CutSmart and Fspl cloning reagents (NEB). For TYW2 point mutation induction (K225Q
mutation), a mutagenesis procedure was used on the WT insert in a two-step PCR reaction. Following Sanger sequencing verifica-
tion, the insert was cloned into the pCDH-CMYV lentiviral vector backbone plasmid. Lentiviral vectors were transfected together with
packaging constructs pMD2.G and psPAX2 (#12259 and #12260, Addgene) into 293T cells, using TurboFect transfection reagent
(Thermo Fisher Scientific). 72 hours later, viruses were collected and used to infect TYW2 KO cells. Infected cells were selected
with Puromycin (A375: 1pug/ml, SKMEL30, B2905: 2pg/ml). For the generation of 721.221 monoallelic B cells, HLA-B*57:01 or
HLA-A*02:01 or HLA-A*11:01 DNA was cloned into lentivector pPCDH-CMV-MCS-EF1a-Neo (SBI). Lentiviral particles were produced
as described above. 721.221 B cells (HLA-I null) were infected and selected with neomycin (G-418, Sigma-Aldrich). For the in vivo
experiments presented in Figures 5D and S5F, pLV-EIF1a-IRES-Puro vector (EV or Tyw2 WT) were generated and infected into
Tyw2 KO cells as described above.

PRF reporter assay

Cells were transfected with either an in-frame control (‘frame 0’) or the -1 FS reporter construct (‘frame -1’, where mCherry is trans-
lated in frame, followed by a linker containing the slippery sequence UUUUUUA. GFP translation occurs only upon ribosomal
slippage to the -1 frame)52 using lipofectamine 2000 transfection reagent (Invitrogen). 24 hours later, cells were washed with PBS,
harvested, and stained with LIVE/DEAD Fixable blue dead cell stain (Thermo Fisher Scientific). Cells were washed with MACS buffer
(Miltenyi Biotec) and subjected to flow cytometry analysis using a CytoFLEX instrument (Beckman Coulter). Results were analyzed
using the Kaluza software (Beckman Coulter). Gated, ‘live cell’ population was further analysed using R.

Specifically, from the mCherry* cell population (fluorescence intensity >10%), three different expression ranges were selected ac-
cording to the Mean Fluorescence Intensity (MFI) of mCherry. Then, for each range, the GFP/mCherry ratio was calculated for each
cell independently. GFP/mCherry ratios were presented by density plots. For ‘frame 0’ construct experiments, ratios were multiplied
by 10. For ‘frame -1’ construct experiments, ratios were multiplied by 103. Statistical analysis was performed separately for each
construct and range. All reporter experiments were tested by the ANOVA test, followed by the Tukey HSD post-hoc test for significant
ANOVA experiments. Notably, most ranges were normally distributed across all groups. However, because some repetitions violated
the assumption of normality (significant Shapiro test) and/or the homoscedasticity (significant Leven’s test) assumption, all experi-
ments were also tested by the Kruskal-Wallis (KS) test, and significant KS experiments were subjected to Dunnett post-hoc analysis.

Bulk RNA-sequencing

Cell lines used for bulk RNA-sequencing were grown in 10cm plates. Upon reaching 80% confluency, total RNA was extracted using
TRI Reagent (Sigma-Aldrich), according to the manufacturer’s recommendations. Libraries were constructed using COALL Total
RNA-seq library prep kit (LEXOGEN), containing UDI 12nt Unique Dual Indexing. Samples were sequenced using NovaSeq
(SP100). FASTQ files were processed with the CORALL RNA-Seq integrated data analysis pipelines (https://www.lexogen.com/
corall-data-analysis/). After completing the quantification with FeatureCounts,'®® DESeq2'®” was used to perform differential
gene expression analysis between TWY2 KO and WT samples (background genotype was ‘WT’, adjusted p-value threshold =
0.05), the data was filtered to select genes exhibiting positive or negative trends in at least two KO cell lines, and the PathCards
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database (pathcards.genecards.org/) was used to identify molecular pathways (e.g. tRNA processing) represented amongst these
differentially-expressed genes. To construct the merged volcano plots, we applied a function to keep a representative sample with
the most negative or positive value.

Ribosome profiling

The construction of ribosome-protected fragment (RPF) libraries was done as previously described, '°® with one modification: Frag-
ments corresponding to size range of 17-34bp were purified from TBE-Urea gel. RPF libraries were sequenced using the NovaSeq
(SP100), and raw FASTQ files were trimmed to remove the adaptor ‘CTGTAGGCACCATCAATATCTCGTATGCCGTCTTCTGCTTG
AAAA’ using the bbduk script in BBtools (jgi.doe.gov/data-and-tools/bbtools/). rRNA sequences were also removed by alignment
to a non-coding RNA library, after which trimmed reads failing to align were then aligned to the hg38 human genome sequence using
STAR.

To quantify codon-specific effects, we defined the pause score for each instance of a codon of interest as the ratio of the ribosome
density on the codon, normalized by the density on the transcript where it occurs. We computed pause scores for the 61 sense co-
dons by averaging the pause scores across tens of thousands of instances of each codon across the transcriptome. The log2 of the
ratio of pause scores in the KO/WT was reported to highlight the differences in the samples.

To compute the metaplot, each open reading frame (ORF) with an average read density >1 (A375 n=4978, SKMEL30 n=4299) was
split into 100 bins. For each of these ORFs, the number of reads per bin was determined and divided by the total number of reads for
this ORF to obtain relative bin frequencies. The meta value for each bin was then computed as the average of the relative frequencies
across all ORFs.

The N-terminal and C-terminal ribosome occupancies were computed for all ORFs with an average read density >1 (A375 n=4978,
SKMEL30 n=4299) as the total number of reads mapped to the first or last 50 codon triplets, respectively. log2 fold changes for each
ORF were computed with a pseudocount of 0.1.

tRNA charging assay by acid urea PAGE northern blotting

Total RNA was extracted from each cell line under acidic conditions and low temperature as described previously. %% As for a
deacylated tRNA, 60 ng of WT total RNA was incubated with deacylation buffer containing 20mM CHES-NaOH (pH 9.0) at 37°C
for 2h followed by ethanol precipitation. Ten pg of total RNA was resolved by 7.5% PAGE containing 7M urea and 0.1M NaOAc
(pH 5.2) at 4°C overnight, blotted onto a nylon membrane, dried, and cross-linked by UV (254nm, 1200mJ/cm?). The DNA probes
for tRNAP"® (5"-TGGTGCCGAAACCCGGGATCGAACCAGGGACCTTTAGATC-3’) were 5’-labeled with [y-32P] ATP (PerkinElmer) us-
ing T4 Polynucleotide Kinase (Toyobo). The membrane was subjected to hybridization at 50°C overnight in hybridization buffer
[500mM sodium phosphate buffer (pH 7.4), 7.5% SDS, 5% polyethylene glycol 6000, 1mM EDTA-NaOH (pH 8.0), and 0.5% Casein]
and 4 pmol of the 5’-32P-radiolabeled DNA probe. The membrane was washed three times with 1 x SSC [150mM NaCl, 15mM So-
dium citrate (pH 7.0)], dried, and exposed to an imaging plate (BAS-MS2040, Fujifilm) to visualize the hybridization bands using the
FLA-7000 fluorimager (Fuijifilm).

Immunopeptidome sample processing and LC-MS/MS

HLA purification was done as previously described.®® Briefly, cell pellets consisting of 2x 108 cells were homogenized and lysed with
lysis buffer (containing 0.25% sodium deoxycholate, 0.2mM iodoacetamide, ImM EDTA, protease inhibitor cocktail (Sigma-Aldrich),
1mM PMSF and 1% octyl-B-D-glucopyranoside in PBS) and incubated at 4°C for 1 hour. Lysates were cleared by centrifugation at
4°C, 48,0009 for 45 minutes and passed through a pre-clearing column containing Protein A resin beads (GenScript). Human-derived
HLA-peptide complexes were then immunoaffinity purified from the cleared lysate using pan-HLA antibody (W6/32 antibody purified
from HB95 hybridoma cells), covalently bound to Protein A Resin (Genescript). For the mouse-derived MHC complexes a 1:1 ratio of
anti-Mouse H-2Db (UNLB, SouthernBiotech) and anti-mouse H-2Kb (Y-3, BioXCell) were covalently bound to Protein G Resin (Gen-
script; same beads were used at the pre-clear step). The MHC-peptide complexes were eluted with 1% trifluoracetic acid (TFA), fol-
lowed by purification of the peptides by Sep-Pak tC18 100mg Sorbent 96-well plate (Waters). Elution of the peptides was done with
28% acetonitrile (ACN) in 0.1% trifluoracetic acid TFA.

In preparation for LC-MS/MS analysis, MHC peptides were dried by vacuum centrifugation and resolubilized with 0.1% formic
acid. For Orbitrap MS/MS experiments, the peptides were separated using reversed-phase chromatography using the nanoAquity
system (Waters), with a Symmetry trap column (180 x 20 mm) and HSS T3 analytical column, 0.75 x 250 mm (Waters), mobile phase
A: H,0+0.1% formic acid, B: acetonitrile+0.1% formic acid. The peptides were separated with a linear gradient over 2h from 5 to 28%
B, 28 to 35% in 15min, 35% to 95% in 15min, maintained at 95% for 10min and back to initial conditions, at a flow rate of
0.35ul min—1.

The LC was connected online via a nano-electrospray ionization source (Flexlon, Thermo Scientific) using an emitter (Fossil) to
either a Quadrupole Orbitrap MS (Q Exactive HF, Thermo Scientific) or a tribrid MS (Fusion Lumos, Thermo Scientific). Data were
acquired using a data-dependent method, fragmenting the peptides by higher-energy collisional dissociation (HCD). On the Q Ex-
active HF, full-scan MS spectra were acquired at a resolution of 120,000 at 200 m/z with automated gain control (AGC) value of
3 x 10%ions, mass range of 300 to 1800 Th and maximum injection time of 100msec. MS/MS scans were acquired with an AGC target
value of 10° with a maximum injection time of 150 msec, isolation of 1.7 Th, normalized collision energy was set to 30%, and MS/MS
resolution was 15,000 at 200 m/z. Fragmented m/z values were dynamically excluded from further selection for 20s.
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On the Fusion Lumos, full-scan MS spectra were acquired at a resolution of 120,000 at 200 m/z with AGC value of 200%, mass
range of 300 to 1800 Th and maximum injection time set to auto. MS/MS scans were acquired with an AGC target value of 100%
with a maximum injection time of 150 msec, isolation of 1.7 Th, normalized collision energy was set to 27%, and MS/MS resolution
was 15,000 at 200 m/z. Fragmented m/z values were dynamically excluded from further selection for 20 s.

For timsTOF (TTP) experiments, the peptides were resolubilized with 0.1% trifluoroacetic acid and 5mM TCEP before LC-MS/MS
analysis. 5uL of each sample was loaded using the nanoElute2 (Bruker, Germany) liquid chromatography. Mobile phase A was 0.1%
formic acid in water. B was 0.1% formic acid in acetonitrile. Peptides were separated using the Aurora Ultimate C18 nano column,
0.075x250mm (lonOptiks, Australia), using a gradient of 2% B to 29% B in 80min, then 0.5min to 95% B, maintained 95%B for 2.9min
at flow of 300nL/min. The column was placed in the column toaster and connected to a CaptiveSpray Electrospray ionization source.
The column was maintained at 50°C. Data was acquired with a timsTOF Pro (Bruker) in data-dependent-acquisition-parallel-accu-
mulation-serial-fragmentation (DDA-PASEF) mode with the following parameters: capillary voltage of 1600v, temperature of 180°C,
mass range of 100-1,700 Th, ion mobility 0.6-1.57 1/K0, tims ramp time of 300msec, number of PASEF MS/MS scans 10, target in-
tensity of 20,000 with threshold of 2,500, charge range 0 to 5, collision energy of 20 at 0.6 1/K0 and 59 at 1.6 1/KO0.

Immunopeptidome data analysis

RAW files were analyzed using a MaxQuant (MQ)°* newly-developed 2-stage database search version (v.proteogenomic, 2.1.3.0)
which evaluates target-decoy-based FDR separately for the canonical CDS proteins (searched with the human Ensemble'"’
v.109) as well as peptides from other databases (see below). The following parameters were used for the search: LFQ was set to
a ‘minimum ratio count’ of 1. A peptide spectrum match FDR of 0.05 was used, and no protein FDR was set. The enzyme digestion
was set as ‘unspecific,” N-terminal acetylation and methionine oxidation were set as variable modifications, the ‘match between runs’
option was disabled to avoid false identifications across the samples, mass tolerance was set to 20ppm, and the decoy mode used
was reverted. NetMHCpan v.4.1""? was utilized to predict peptide binding affinity (binder <2% rank).

GO enrichment analysis was performed on genes that present canonical peptides identified in MQ, at least in two replicates for each
sample. Enriched GO terms were identified using the R package “enrichR 3.2”'%* and “GO_Biological_Process_2015” database for
human genes. Pathways with adjusted P values below 0.05 were considered. Heatmaps were generated using the “seaborn 0.11.2”
Python library. The heatmap color density represents the gene count (GC), which was calculated according to the formula: GC =
log2(N+1), where N — is the number of genes in the pathway. Knockout gene abundance (GA) was calculated for GO terms as follows:

GA = 100 % (KX© — K"T) / N,if KK© > = KT

GA = 0,if KKO <KWT

where
KKO

KWT

— the number of genes shared only between knockout samples in the pathway,
— the number of genes that originated from wild-type samples in the pathway,
N - the total number of annotated genes in the pathway

All GO terms for each cell line are presented in Table S1.

De novo peptide sequencing
De novo sequencing was performed with PEAKS X (Bioinformatics Solutions Inc.)
ance was set to 10 ppm, and Error Tolerance was set to 0.02 Da.

118,114 35 described in.'® Parent Mass Error Toler-

Peptide-PRISM
Peptide-PRISM was applied as described in with some modifications; initially, we generated and searched on-the-fly databases
according to the following categories termed Prio1/Frameshift:
CDS>UTR5>0ffFrame>UTR3>ncRNA>Frameshift>Intronic>Intergenic. FDR control was built on the mixture modeling described
by Erhard et al.’® Then, we filtered PSMs with best ALC>80 and Q<0.1, removed ‘“frameshift, intronic’ incidence, and non-binders
(NetMHCpan rank > 2%) and observed the different distribution of categories and off-frame identifications.
When Peptide-PRISM was utilized as a part of the orthogonal independent strategy, we included an ‘Extra’ database termed
ProxyPhe (described in the following paragraph) and generated two new priorities:
Prio2:CDS>UTR5>0ffFrame>UTR3>ncRNA>ProxyPhe>Intronic>Intergenic, and Prio3: CDS>ProxyPhe>UTR5>0ffFrame>UTR3>
ncRNA>Intronic>Intergenic. All three Prio were combined and subjected to the rational filtering step (described below). ‘Other cryptic’
denotes non-canonical peptides other than ProxyPhe:
UTRS5, OffFrame, UTR3, ncRNA, Frameshift, Intronic, and Intergenic.

19,66

Differential enrichment analysis

Mass spectrometry data was analyzed using DEP''® with the following configurations: A375_ii dataset was analyzed by MQ with
SwissProt database (UniProtKB, 2024) and ‘peptide.txt’ was used as input for DEP pipeline.'® Missing values were treated as
Thr value was set to 0, and imputation was applied by the MinProb function with g = 0.01. Significant peptides were considered
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as alpha = 0.05 computed by protein-wise linear models combined with empirical Bayes statistics implemented in limma R pack-
age,’” and log2 fold change of 1.5.

Peptide distribution along the source protein

Source proteins were ranked by the number of mapped peptide sequences. The top 25 of them, which were represented by the high-
est number of peptides, were subjected for further analysis. The distribution of peptide spectra along protein lengths was analyzed on
A375_ii dataset prior to the integration pipeline (described above). To find spectrum locations, each canonical peptide sequence
observed in at least two technical replicas of a cell line was mapped to the corresponding protein sequence, to determine its relative
position on the protein in the range from 0 to 100% of the protein length. For ProxyPhe-peptides mapping (from the A375_ii dataset;
post-integration pipeline (see below)), an in-silico reversed translation was applied to identify the canonical peptide corresponding to
the same protein location. Canonical and ProxyPhe-peptides were then mapped to the normalized source protein length as
described above.

Construction of ProxyPhe-peptides database

Coding sequences of GRCh38 were downloaded from Ensembl, and all transcript variants were included. The steps are presented in
Figure S3A. Briefly, transcripts with fewer than 150 nt were discarded. Sequences not containing an in-frame TTT/TTC codon (corre-
sponding to Phenylalanine (Phe)) were excluded. Only coding sequences starting with ATG were kept. In cases with multiple in-frame
TTT/TTC codons per transcript, each TTT/TTC along the sequence was frameshifted separately. Aberrant peptide databases were con-
structed to identify trans-frame (- chimera of in-frame and out-of-frame) peptides and adjacent off-frame in a narrow window of 13 amino
acids surrounding Phe residues (As a 13-amino-acid window upstream to the Phe in question consists of all possible HLA-I-bound
altered peptides). The in silico off-frame translation was applied up to the first stop codon in the new frame. In the last step, in cases
of 100% sequence identity, sequence redundancy was removed, and the most extended sequence was kept using CD-HIT."""'"°

Data analysis workflow for ProxyPhe-peptide identification

For the Search Engine (SE) arm, we utilized MQ proteogenomic search (with the parameters detailed above) and performed two inde-
pendent runs: i) containing only canonical sequences (termed ‘a’, Ens v.109), and ii) ‘a,b,c’ — containing canonical, nuORFs'? and
ProxyPhe databases. The updated MQ version allows the user to separately treat the canonical and cryptic spaces (i.e. the nuORFs
and ProxyPhe) with separated 0.05 FDR (prioritizing first the canonical space). As leucine and isoleucine residues are indistinguishable
by MS due to their identical molecular masses, we looped through our list of all peptides in all the different categories, termed ‘I2L fol-
lowed by db-search’ (Canonical, nuORFs, and ProxyPhe) in which inverting | to L (or L to I) resulted in peptides that can be derived from a
canonical sequence. The | to L loop prioritization was: canonical>nuORFs>ProxyPhe. We then utilized NetMHCpan for HLA-I binding
prediction and kept HLA-binders (HLA rank < 2%). To avoid misinterpretation, the last part of the SE arm was to perform ‘scan validation
versus run a’, whereby fragment ion mass spectra identified in both canonical and ProxyPhe databases are tested to discard PSMs with
a higher number of peptide fragment ions in run ‘a’ compared to run ‘a,b, and ¢’ querying only for ‘b’ and ‘c’ databases.

SE-search

a (CDS analysis)  a,b,c (CDS + nuORFs + ProxyPhe analysis)

N

if
fragmentation(s) a,b,c < fragmentation(s) a
keep sequence of fragmentation(s) a

In parallel, we applied a modified Peptide-PRISM as described above. The PSMs of both methods were then integrated and filtered
as described below.

Integration and filtering

An integration algorithm was applied to the SE and Peptide-PRISM outputs to generate a ‘combined’ list of peptides. The integration
algorithm input is derived from i) database searching (MQ output) and ii) de-novo peptide identification (Peptide-PRISM output). A
peptide is included in the list of combined peptides if detected in MQ and Peptide-PRISM outputs in at least one replicate. Addition-
ally, PSMs were kept as follows: Peptide-PRISM unique peptides with ALC>80 and Q<0.1, combined peptides with ALC>80* and
Q<0.1 (* - we also obtained ALC>70 sequences if their fragmentation coverage was > 80 and their delta score >10). Fragmentation
coverage was calculated as the number of fragmented ions (0 or 1) between two amino acids along the peptide sequence length -1
(multiplied by 100). All integrated PSMs are shown in Table S1.

Source validation
To confirm that the identified ProxyPhe peptides were not derived from insertions/deletions (indels) or from intron-retention events

and somatic variants, we analysed RNAseq data using the GATK'?? and iREAD'?" analysis tools, respectively, to filter out such
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sequences. ldentified events that matched PSM identifications after integration step are presented in Table S1 and were excluded
from further analysis.

To restrict the list of ProxyPhe hits to cancer-specific peptides, the PSMs identified in the melanoma cells (presented in Table S1)
were intersected with peptides identified in the benign HLA-ligand ATLAs®® (Table S1), that was re-analysed using the modified
Peptide-PRISM pipeline. Matched hits are indicated in ‘HLA_atlas_PRISM’ column in Table S1. Immunopeptidomic data of healthy
donors’ PBMCs that harbor the HLA-B*57:01 allotype (generated in this study) was analyzed as described for the HLA-ligand ATLAS
(Table S1).

ProxyPhe peptides that passed all filters (not intersected with GATK, iREAD, HLA ligand ATLAS and the healthy donors’ PBMCs)
are shown in Table S1.

In addition to the filtration steps described above, we searched the peptide spectrum matches (PSM) identified by peptide-PRISM
for identical peptide sequences that could be derived from an alternative, non-canonical translation of a different transcript/ UTR of
the same transcript. These ‘ambiguous peptides’ are indicated in Table S1.

Retention time and hydrophobicity index

Hydrophobicity values for total PSM peptides were predicted with R package protViz version 0.7.7'?? (https://CRAN.R-project.org/
package=protViz) and were plotted against the experimental retention time for the A375_i dataset (Figure 2D). In addition, retention
time values for eluted peptides were predicted using the AlphaPeptDeep framework for the A375_i dataset (Figure 2E)."?° LS-MS/MS
raw files and MQ ProxyPhe library output were used to fine-tune the AlphaPeptDeep’s default model for each cell line. After model
tuning, the MQ and Peptide-PRISM combined peptides were processed with AlphaPeptDeep in the ‘precursor table’ mode. A charge
value for each peptide was taken from the ‘best fragmentation coverage’ scan. Observed RT values were normalized according to the
formula: RT = (RTobserved - RTmin) / (RTmax - RTmin). Applied linear regressions were built with the statistics library from scipy
Python package version 1.8.0."%*

Allelic enrichment analysis
The enrichment of ProxyPhe peptide presentation by different HLA alleles in KO and WT samples was calculated according to the
formulas for strong and weak binders,

KO _ KO KO
EProxyPhe = 1000 = KProxyPhe / N Canonical
wT _ wTt wT
EProxyPhe = 1000 = KProxyPhe / N Canonica
-KO,WT _ KO,WT KO wTt
EProxyPhe = 2000 = KProxyPhe / (NCanonical + NCanonical)

where
EXCproxyphe — the enrichment of KO unique ProxyPhe peptides,
E™ T proxyPhe — the enrichment of WT unique ProxyPhe peptides,
EXOWT, oxyphe — the enrichment of KO and WT shared ProxyPhe-peptides,
KKOproxyphe - the number of ProxyPhe-peptides found at least in one of KO replicas but not found in WT replicas,
KWTproxyphe - the number of ProxyPhe-peptides found at least in one of the WT replicas but not found in KO replicas,
KKO’\NTproxyphe - the number of ProxyPhe-peptides found at least in one of the KO replicas and one of the WT replicas,
N¥Ccanonical - the number of canonical peptides found at least in one of the KO replicas,
NYT Ganonical - the number of canonical peptides found at least in one of the WT replicas;
The figures were created using the "matplotlib 3.5.1" Python library.

Spectra validation

Light synthetic peptides for spectra validation were ordered from GenScript, as HPLC grade (>85% purity). These were analyzed
using the same LC-MS/MS system and acquisition parameters as indicated above for the endogenous peptides, with the following
changes: the gradient was from 4% to 30% acetonitrile in 20 min, and NCE was set to 27 or 30 for HF2 and FS1, respectively. The
data were processed with MaxQuant using the following parameters: all FDRs were set to 1, and the individual peptide mass toler-
ance was set to false. MQ spectra from endogenous and synthetic runs were correlated against each other in Prosit®’ (termed mirror
plots above).

Mass spectrometry analysis of proteolytic peptides (MAPP)

Sample preparation

Purification of proteasome complexes. Cells were lysed with 25mM HEPES, pH 7.4, 10% glycerol, 5mM MgCI2, 1TmM ATP, and
1:400 protease-inhibitor cocktail lll (Calbiochem), then homogenized through freeze-thaw cycles and passed through a needle.
The lysates were cleared by 30-min centrifugation at 21,130g at 4°C. Lysates were treated with 2mM 1,10-phenanthroline
(Sigma-Aldrich), cross-linked with 2mM DSP (Thermo Fisher Scientific) for 30min at room temperature, and quenched in 100mM
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Tris-HCI, pH 8, 5mM L-cysteine (Sigma-Aldrich) for 10 min at room temperature. Forimmunoprecipitation, the lysates were then incu-
bated with Protein G PLUS-Agarose (Santa Cruz) with antibodies to PSMA1 and eluted with 100mM Tris-HCI, pH 8, 8M urea and
50mM DTT for 30min at 37°C. Subsequently, 1% trifluoroacetic acid (TFA) was added. Aliquots of each elution fraction were analyzed
by SDS-PAGE to evaluate yield and purity.

Purification and concentration of proteasome peptides

Immunoprecipitated proteasomes and their encompassed peptides were loaded on Ultra-Micro SpinColumn, C18 (Harvard Apparatus)
that were prewashed with 80% acetonitrile (ACN) in 0.1% TFA, then washed with 0.1% TFA only. After loading, the cartridges were
washed with 0.1% TFA. Peptides were eluted with 30% ACN in 0.1% TFA. Protein fractions were eluted with 80% ACN in 0.1% TFA.

Mass spectrometry sample processing

Total proteomics: Lysates in 5% SDS in 50mM Tris-HCI were incubated at 96°C for 5min, followed by six cycles of 30s of sonication
(Bioruptor Pico, Diagenode, USA). Proteins were reduced with 5mM dithiothreitol and alkylated with 10mM iodoacetamide in the
dark. Each sample was loaded onto S-Trap microcolumns (Protifi, USA) according to the manufacturer’s instructions. In brief, after
loading, samples were washed with 90:10% methanol/50mM ammonium bicarbonate. Samples were then digested with trypsin for
1.5 hat 47°C. The digested peptides were eluted using 50mM ammonium bicarbonate; trypsin was added to this fraction and incu-
bated overnight at 37°C. Two more elutions were made using 0.2% formic acid and 0.2% formic acid in 50% acetonitrile. The three
elutions were pooled together and vacuum-centrifuged to dry. Samples were kept at —80°C until analysis.

Liquid chromatography mass spectrometry
Peptide fraction: ULC/MS grade solvents were used for all chromatographic steps. Each sample was loaded using split-less nano-
Ultra Performance Liquid Chromatography (10 kpsi nanoAcquity; Waters, Milford, MA, USA). The mobile phase was: A) H20 + 0.1%
formic acid and B) acetonitrile + 0.1% formic acid. Desalting of the samples was performed online using a reversed-phase Symmetry
C18 trapping column (180 um internal diameter, 20mm length, 5 um particle size; Waters). The peptides were then separated using a
T3 HSS nano-column (75 pm internal diameter, 250mm length, 1.8 um particle size; Waters) at 0.35 uL/min. Peptides were eluted
from the column into the mass spectrometer using the following gradient: 4% to 35%B in 120 min, 35% to 90%B in 5 min, maintained
at 90% for 5min and then back to initial conditions.

The nanoLC (Ultimate3000, Thermo Scientific) was coupled online through a nESI emitter (10 um tip; FossillonTech) to a quadru-
pole Orbitrap mass spectrometer (Exploris480, Thermo Scientific).

Data was acquired in data-dependent acquisition (DDA) mode, using a Top10 method. MS1 resolution was set to 70,000 (at 400m/z),
mass range of 375-1650m/z, AGC of 3e6 and maximum injection time was set to 100msec. MS2 resolution was set to 17,500, quad-
rupole isolation 1.7m/z, AGC of 1e5, dynamic exclusion of 40sec and maximum injection time of 150msec.

Mass spectrometry data analysis

Raw data were analyzed in MaxQuant software (V.2.1.3.0) with the parameters as described above, except for the following: match
between runs was enabled and a false discovery rate (FDR) of 1% was applied for peptide identification. For the analysis of tryptic
digests, the default parameters were set. Masses were searched against the human proteome database from UniprotKB (last up-
date 2024).

Proteomics processing and label-free quantification
Peptides resulting from MaxQuant were initially filtered to remove reverse sequences and known MS contaminants. For the MAPP
peptide fraction, we removed antibody and proteasome peptides, as well as ribosome-associated proteins as contaminants.

Differential enrichment analysis and aberrant peptides identification

MAPP differential analysis was performed using the DEP package as described above. For differential abundance analyses, the pep-
tides that were filtered were consistently different (up/ down) in the two KO or WT clones with the higher log2 fold change values
presented and labeled. GO enrichment analysis was performed by enrichR package'®* and Padj values were considered as signif-
icant as <0.05.

For ProxyPhe aberrant peptide identification, the custom-reference database was generated as described above, but trimming
was not restricted to 13 amino acids, but in-silico translation proceeded until a stop codon was read. In addition, group-specific
1% FDR was applied by utilizing FragPipe where Protein Evidence (PE) was: PE1 = Canonical, PE2 = nuORFs and PE3= Phe-
OOF, as described before.”®”" PSMs underwent filtering as described above, except for length and HLA-binding affinity filters.
Rational filtering was applied by filtering PSMs of Hyperscore >= 20 and delta score (Hyperscore - Nextscore) >= 4 as shown in
Figures S3R and S3S to keep high confidence identifications. Mirror plots projection was performed by Prosit as described above.

Immunogenicity assessment for identified peptides (human)

T cell activation measurement using flow cytometry

Protocol was adapted from”® with modifications; Peripheral blood mononuclear cells (PBMCs) were isolated on day -4 from fresh
blood of healthy donors with HLA-matched alleles. PBMCs were subjected to CD14 separation (with CD14 MicroBeads, Miltenyi
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Biotec). CD14" cell fraction was cryopreserved in freezing media containing 12% DMSO in human serum (Bio IVT) on day -4 and
thawed on day -1 (in the presence of DNAse | (10pg/ml; STEMCELL technologies)) to isolate T cells (with EasySep Human T cell
enrichment kit, STEMCELL technologies). CD14* monocytes were differentiated into immature DCs for three days with GM-CSF
(800I1U/ml, PeproTech) and IL-4 (501U/ml, PeproTech). On day -1, DCs were maturated by the addition of a maturation cocktail con-
taining 10ng/ml Lipopolysaccharides (LPS from Escherichia coli O111:B4, (Sigma-Aldrich)) and 100 IU/ml IFNy (PeproTech) for 16
hours. On day 0, mature monocyte-derived DCs were pulsed with the corresponding synthetic peptides or DMSO at a concentration
of 1ug/ml for 2 hours and subsequently co-cultured with the autologous T cells for 12 days. On days 3, 5, 7, and 9, IL-7 (5ng/ml,
PeproTech) and IL-15 (5ng/ml, PeproTech) were added to the culture media. On day 12, T cells were re-stimulated with irradiated
(85gy) 721.221 B cells expressing the relevant (predicted) HLA allele, pre-pulsed with the relevant peptides, and cultured for an addi-
tional 7 days. On day 19, cells were co-cultured with 721.221 B cells, pre-pulsed with the aberrant peptide, or canonical control pep-
tide (that was previously identified by immunopeptidomics. Notably, both aberrant and canonical peptides were predicted to bind
strongly to HLA-A*02:01, HLA-A*11:01 or HLA-B*57:01 (Rank BA<2% by NetMHCpan)), or DMSO, and subjected to flow cytometry
analysis of TNFa, IFNy, and 41BB abundance 6 or 18 hours later:

Cells were harvested and plated in U-bottom 96-well plates and washed with PBS. Cells were then stained with LIVE/DEAD Fixable
blue dead cell stain (Thermo Fisher Scientific), washed with PBS, and stained for surface antigens (PE anti-human CD3, FITC anti-
human CD8a and APC anti-human CD137 (41BB) (BioLegend)). Cells were then washed twice with MACS buffer (Miltenyi Biotec),
resuspended in MACS buffer, and analyzed by CytoFLEX flow cytometer (Beckman Colter). For intracellular staining, cells were
treated with Monensin and Brefeldin A (BioLegend) 6 hours before harvesting. Following surface antigen staining, cells were fixated
with 4% paraformaldehyde (Fisher Scientific), washed and permeabilized with intracellular staining permeabilization wash buffer
(BioLegend) according to the manufacturer’s protocol, and stained with APC anti- human IFNy or APC anti-human TNFa
(BioLegend). For analysis, we used Kaluza analysis software (Beckman Coulter).

Identification of T cells reactive to aberrant peptides using multimers

Priming of naive CD8" T cells with autologous monocyte-derived DCs (MoDCs) and identification of T cells reactive to aberrant pep-
tides presented on HLA-A*02:01 was performed as previously described.'””*7%25 |n brief, monocytes and naive CD8* T cells were
isolated from HLA-A*02:01 positive healthy donors. Peptide-loaded MoDCs were co-cultured with naive CD8" T cells for 10-12 days
prior to screening of cultures for the presence of pMHC multimer-reactive CD8" T cells complexed with aberrant peptides or control
peptides. The pMHC multimers were labeled with various combinations of two streptavidin-fluorochromes, including PE, PE-Cy?7,
PE-CF594, BV605, BV421, APC-R700 or APC, and were prepared in-house as previously described.'?%'?” Neoepitope-reactive
CD8* T cells were identified as live CD8" T cells staining double positive for two fluorochrome-conjugated pMHC multimers while
being negative for all other fluorochromes. Immunogenicity of translation-aberrant peptides was compared to control peptides rep-
resenting known neoepitopes encoded by shared mutations’®’”: covering the JAK2_p.V617F mutation (VLNYGVCFC; donors 1 and
2) and TP53_p.R175H mutation (HMTEVVRHC; for donors 3-6).

In vivo tumor inoculation

For cellinoculation, 5x10° tumor cells in 100ul PBS were injected intradermal into the right lower flank of 6-8-week-old C57BL/6, NSG
or Rag2 KO female mice after shaving. Tumors were measured using calipers. Tumor volume was assessed by measuring tumor
diameter in the long (y) and short axis (x) and calculation using the equation X2*Y*3.14/6. Mice with a tumor volume of >1 cm®
were euthanized. Statistical analysis was performed with KS test. For KS significant days (Pvalue < 0.05) we performed a Wil-
coxon-pairwise test to determine the source of the variance within each day.

In vivo CD8* T cell depletion

For CD8* T cell depletion, mice were treated with monoclonal anti-CD8a. antibody (clone 2.43, BioXCell) or monoclonal antibody rat
IgG2b control (clone LTF-2, BioXCell). Each antibody was administered intra-peritoneum (i.p), first, at 250ug per dose 3 days before
tumor cells inoculation (day-3), and then at 200ug per dose at day 0 (the day of tumor cell inoculation) and twice weekly thereafter.
Depletion efficiency was examined at days 0 and 20 using flow cytometry analysis of blood with the following antibodies: FITC anti-
mouse CD3 (clone 17A2), PE anti-mouse CD4 (clone RM4-5) and APC anti-mouse CD8 (clone 53-6.7), (BioLegend).

Tumor cell lysate preparation

To generate tumor cell lysates (TCL), tumor cells were trypsinized, washed and resuspended in 1mL PBS. lysates were prepared by 4
freeze-thaw cycles, followed by passing 30 times through a 27-gauge needle. Lysates were then centrifuged at 1500 rcf for 10 mi-
nutes to remove cell debris, and protein levels were quantified by Pierce™ BCA Protein Assay Kits (ThermoFisher).

T cell proliferation assay

Toisolate DCs, the inguinal, brachial, and axillary lymph nodes were collected from euthanized mice, homogenized in 2% FBS and 5mM
EDTA supplemented HBSS (Sigma-Aldrich), and passed through a 70 um strainer (ThermoFisher). Cells were next incubated with anti-
CD11c MicroBeads and column (Miltenyi Biotec) and used immediately for T cell proliferation assays. To extract CD8" T cells, spleens
were collected, homogenized in 2% FBS and 5mM EDTA supplemented HBSS, and passed through a 70 um strainer (ThermoFisher).
Lymphocytes were enriched on a Histopaque-1077 Hybri-Max (Sigma-Aldrich) density gradient medium. Collected PBMCs were
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washed twice with a complete RPMI 1640 medium [-RPMI 1640 medium supplemented with 1% pen-strep, 10% heat-inactivated FBS,
1% sodium pyruvate, 1% MEM-Eagle non-essential amino acids, 1% insulin-transferrin-selenium (Thermo Fisher Scientific), 50uM
B-mercaptoethanol (Sigma-Aldrich)], followed by incubation with anti-CD8 magnetic beads (MojoSort™ Nanobeads, BioLegend or
CD8a (Ly-2) MicroBeads, mouse Miltenyi Biotec) according to the manufacturer’s instructions. CD8" T cells were stained with 5uM
CellTrace™ CFSE (ThermoFisher) according to the manufacturer’s instructions. Stained T cells were incubated for approximately
4 hours with 100U IL-2 before incubation with DCs, in order to reduce the amount of CFSE in the cells. 2x10° CFSE-labeled T cells
were co-cultured with isolated DCs pre-loaded for 16 hours with 20 ug/mL of TCL at a ratio of 3:1 (T:DC), or, with isolated DCs pre-
loaded for 1 hour with 10 pg/mL of synthetic peptide) at a ratio of 4:1 (T:DC) in a round-bottom 96-well plate. Four days later, cells
were stained with extracellular markers APC anti-CD3 (BioLegend), and BV405 anti-CD8 antibodies (BioLegend) or BV405 anti-
TCRp (BioLegend) and BV610 anti-CD8 (BioLegend) antibodies for 15 minutes and for two minutes with DAPI or Propidium lodide
(P1), respectively, and analyzed by flow cytometry (CytoFLEX, Beckman Coulter).

Dendritic cells immunopeptidomics

Bone marrow cells were isolated from the tibia, femur and hip bones of control C57BL/6 mice under sterile conditions in a laminar
hood. Bones were washed extensively in PBS, incubated for 20 sec in 70% EtOH and washed again twice in PBS. Bones were ground
using a sterile mortar and pestle and filtered through a 70 pm strainer. Cells were then washed, re-filtered, and cultured in 15cm cul-
ture dishes for 4-5 days in complete DMEM medium (Gibco) in the presence of 50ng/ml GM-CSF (PeproTech) and 10ng/mL IL-4
(PeproTech) to generate monocyte-derived DCs. Cells were then incubated for 16 hours with 20pug/mL of lysates derived from either
Tyw2 WT or KO cells, or without any lysate (unloaded DC control). Cells were then washed, harvested, and stored at -80°C until
further processing. Sample preparation for immunopeptidomics, MS/MS sample preparation and data acquisition were performed
as described above.

To analyze the DC immunopeptidomic data, FragPipe group-specific 1% FDR searched ‘.d files’ (activating ion-mobility) from the
TTP.”%"" Canonical Ensemble GRCm39 and ProxyPhe in-silico translated database were inquired as different groups by setting the
‘Group variable’ to ‘protein evidence from FASTA file’. The default Nonspecific-HLA workflow was utilized, and subsequent modifi-
cations and filters were performed for known contaminants and reverse decoy, length, HLA-binding affinity, 12L, and scan validation
function. MaxLFQ was set to a minimum ion of 2 and MBR was set to off. De novo sequencing and peptide-PRISM search (described
above) were applied to avoid peptide ambiguity. PSMs were annotated if Peptide-PRISM could identify an additional source or if
Peptide-PRISM interpreted the spectrum by a different sequence (Table S3). PSMs were also searched against the DC-only data
that underwent the same data analysis pipeline. For high-confidence identifications, we observed PSMs with delta score > 4 and
Hyperscore > 17 as this threshold we were able to observe KO-specific ProxyPhe-identifications (shown in Figure S5R). PSMs
were generated by the FragPipe-PDV viewer,?® and mirror plots were obtained for the experimental fragment ion spectrum VS pre-
dicted spectrum using deep learning.'?®

Immunization of mice

To perform an antigen-adjuvant vaccination, PBS solution containing a pool of ten peptides (1mg/ml) was emulsified in complete
Freund’s adjuvant (CFA; 1Tmg/ml M. Tuberculosis H37 Ra; BD) in a 1:1 (v/v) ratio by sonication (40% amplitude, Pulser: 25 seconds
(net), 2 sec on, 2 sec off). Naive 7-week-old female C57BL/6 mice were subcutaneously injected with the emulsion into the lower
flanks (right + left; each animal was injected with a total of 0.2 ml harboring 100pg peptide-pool, 10ug of each peptide). 11 days later,
mice were boosted subcutaneously with the same peptide pool, emulsified in incomplete Freund’s adjuvant (IFA; BD).

Ex-vivo peptide stimulation

T cells from tumor-bearing mice (from spleens and dLNs) were analysed on day 27 after tumor-cell inoculation, and 5 doses of anti-
PD-1 antibody treatment, on days 11, 14, 17, 21 and 24. Splenic T cells were isolated using CD8a (Ly-2) MicroBeads (Miltenyi Biotec)
following the manufacturer’s protocol, resuspended in complete RPMI 1640 medium, washed with PBS and stained with CFSE as
described above, and co-cultured with isolated DCs (pre-loaded for 1 hour with 10 ng/mL of synthetic peptide) at a ratio of 4:1 (T:DC)
in a U-bottom 96-well plate. 16 hours later, culture media was collected and subjected to enzyme-linked immunosorbent assay
(ELISA) for the measurement of Mouse IFN-gamma (DuoSet ELISA; R&D systems). Four days post co-culture, T cell proliferation
analysis was performed using flow cytometry (as described above).

Cells isolated from the dLNs were cultured in complete RPMI 1640 and plated in a U-bottom 96-well plate (at a concentration of
10° cells/ml) in the presence of 1uM synthetic peptide. 2 hours later, Monensin and Brefeldin A (BioLegend) were added to the culture
media. 14 hours later, cells were washed with PBS and stained with LIVE/DEAD Fixable blue dead cell stain (Thermo Fisher Scien-
tific). Cells were then washed with PBS, resuspended with MACS buffer (Miltenyi Biotec) supplemented with Mouse TruStain FcX™
antibody (BioLegend) for 15 minutes at room temperature and stained for surface antigens FITC anti-CD3 (BioLegend) and A700 anti-
CD8 antibodies (BioLegend) for 30 minutes on ice. Stained cells were then washed twice with MACS buffer, fixated with 4%
paraformaldehyde (Fisher Scientific), washed and permeabilized with intracellular staining permeabilization wash buffer
(BioLegend) according to the manufacturer’s protocol, and stained with PE anti-TNFa (BioLegend). Following two washes with
MACS buffer, cells were resuspended in MACS buffer and analyzed by CytoFLEX flow cytometer (Beckman Colter). For analysis,
we used FlowdJo V10.10.0 (BD Biosciences) analysis software.

Cancer Cell 43, 1-18.e1-e18, May 12, 2025 el15




Please cite this article in press as: Weller et al., Translation dysregulation in cancer as a source for targetable antigens, Cancer Cell (2025), https://
doi.org/10.1016/j.ccell.2025.03.003

¢ CellPress Cancer Cell

OPEN ACCESS

T cells from immunized mice were analysed 7 days post the boost injection. Spleens were collected, homogenized in 2% FBS and
5mM EDTA supplemented HBSS, and passed through a 70 um strainer (ThermoFisher). Cells were then washed with PBS, and red
blood cells were lysed by incubation in ACK lysis buffer (Gibco) for 5 minutes at room temperature, following two washes with PBS
and filtration through a 70 um strainer (ThermoFisher). Cells were resuspended in complete RPMI 1640 medium, counted and plated
in a U-bottom 96-well plate (at a concentration of 107 cells/ml) in the presence of 1uM synthetic peptide. 2 hours later, Monensin and
Brefeldin A (BioLegend) were added to the culture media, and 14 hours later, cells were subjected to intracellular staining as
described above.

T cell:tumor cell co-culture

T cells from immunized mice were analysed 14 days post the boost injection. Spleens were collected, homogenized in 2% FBS and
5mM EDTA supplemented HBSS, passed through a 70 um strainer (ThermoFisher) and resuspended in complete 1640 RPMI me-
dium. PBMCs were isolated using Ficoll Paque Plus (Cytiva) according to the manufacturer’s instructions and resuspended in
wash buffer containing PBS, pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA. CD8" T cells were then isolated using
CD8a (Ly-2) MicroBeads (Miltenyi Biotec) according to the manufacturer’s instructions, resuspended in complete RPMI 1640 me-
dium, and cultured in a flat bottom 96 well plate (2x10° cells/well) that was pre-seeded with 4x10* cancer-cells the night before.
T cell reactivity was measured 16 hours later by flow cytometry using the following antibodies: FITC anti-CD3 (BioLegend), A700
anti-CD8 (BioLegend), PE-anti TNFa (BioLegend) and LIVE/DEAD Fixable blue dead cell stain (Thermo Fisher Scientific).

scRNA-seq sample preparation

Tumors were surgically removed and dissociated according to manufacturer’s recommendations (Miltenyi Biotec). Dissociated tu-
mor cells were then cryopreserved with CELLBANNKER 2 (serum-free media, Amsbio). Four cryopreserved tumors from each tumor
background and timepoint were then thawed in a 37°C water-bath, pooled by sample type into 9mL of warm 10% FBS in DMEM,
pelleted, and washed twice with PBS. Cells were then labelled in PBS with lipid-modified oligonucleotides hybridized to a sam-
ple-specific MULTI-seq barcode as described previously.?® MULTI-seq LMO labelling reactions were then quenched with 1%
BSA in PBS, pooled, and washed with 1% BSA in PBS prior to labelling with Zombie NIR viability dye (1:500 in PBS; BioLegend).
After 15 minutes on ice, the cells were diluted with 5mL of 2% FBS in PBS (FACS buffer), pelleted, and resuspended in 150uL of
Fc-block (1:200 in FACS buffer; Tonbo). After 5 minutes on ice, the cells were diluted with 5mL of FACS buffer, pelleted, and resus-
pended in 100uL of an antibody cocktail containing 1:100 anti-CD44 (PE-Cy7; BioLegend), 1:100 anti-TCRb (FITC; BioLegend), and
1:40 anti-CD45 (violetFluor™ 450; Tonbo) mouse monoclonal antibodies in FACS buffer. After 30 minutes on ice, the cells were
diluted with 5mL of FACS buffer, washed once with 5mL of FACS buffer, and filtered through a 70pm Macs SmartStrainer prior to
FACS enrichment for CD45" live immune cells using a BD FACSAria Il instrument. After FACS, cells were counted, the concentration
was adjusted to 1x106 cells/mL, and 43.2uL of the cell suspension was ‘super-loaded’ across 4 lanes of a 10x Genomics 3’ scRNA-
seq V3.1 chip.

scRNA-seq library preparation and next generation sequencing

scRNA-seq libraries were prepared according to manufacturer’s recommendations (10x Genomics). MULTI-seq libraries were pre-
pared as described previously.?’ scRNA-seq and MULTI-seq libraries were pooled and sequenced using NovaSegX 10B flow cells.
scRNA-seq libraries were sequenced to an average of 65,000 reads per cell while MULTI-seq libraries were sequenced to an average
of 3,000 reads per cell.

scRNA-seq library pre-processing, quality-control, MULTI-seq sample classification, and cell type annotation
scRNA-seq library FASTQs were pre-processed using Cell Ranger version 6.0.0 (10x Genomics) and aligned to the mm-10-3.0.0
reference transcriptome. Cell Ranger aggregate was used to perform read-depth normalization. Filtered read depth normalized
scRNA-seq count matrices were then read into R and parsed to exclude genes with fewer than 5 counts across all cell barcodes.
Parsed scRNA-seq data was then pre-processed using Seurat V5% and clusters with low total UMIs and/or high proportion of mito-
chondrial transcripts were excluded. Cell barcodes passing the first quality-control workflow were then used to pre-process MULTI-
seq barcode FASTQs and perform sample classification using the ‘deMULTIplex2’ R package.®® Following MULTI-seq demultiplex-
ing, unclassified cells and clusters enriched with MULTI-seq-defined doublets were removed prior to re-processing. These data were
used for unsupervised clustering, differential gene expression testing, and manual annotation of major immune cell types based on
the following literature-supported marker genes: CD4* T cells (Cd3e, Cd4), CD8" T cells (Cd3e, Cd8b1), B cells (Cd79a, Igkc), ILCs
(Cd3e, Fcer1g),®" Tregs (Cd3e, Foxp3), NK cells (Gzma, Kire1), Mono/Macs (Csf1r, Lst1), DCs (Syngr2, Napsa), and proliferative cells
(MKi67, Hells).

After annotating the major immune cell types, the data was subsetted by cell type and re-processed prior to unsupervised clus-
tering, differential gene expression testing, and manual annotation of immune cell subtypes based on the following literature-sup-
ported marker genes: naive (Ccr7, Sell), memory-like (Tcf7, lI7r1, Cxcr3), effector-like (Gzmb, Gzmk, Ccl5), progenitor exhausted
(Xcl1, Lag3), exhausted (Pdcd1, Lag3), and proliferative CD8* T cells (Mki67, Hells)®*®*; as well as cytotoxic (Prf1, Ccl5, Gzma), immu-
nomodulatory (Ctal2a, Cd27, Ly6e), and proliferative NK cells (Mki67, Hells).'?® Notably, low-quality/doublet cell clusters missed
during the initial quality-control workflows were removed during the subtype annotation workflow, after which all datasets were
re-processed, as described previously.®”
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CODEX multiplexed tissue imaging
Oligo-conjugated primary antibodies were prepared 50ug at a time, precisely as detailed in Black et al.®®> For CODEX multiplexed
imaging, tumors were excised at day 21 post-inoculation, fixed in 4 % (w/v) PFA for 24 h, and restored in 1 % PFA until embedded
in paraffin for histological analysis. The tissue was pretreated by heating the slides in an incubator at 70°C for 1h to melt the paraffin
and improve tissue attachment to the slide. Immunohistochemistry was performed on deparaffinized and rehydrated 4-pum thick
paraffin-embedded sections using Xylene and a decreasing concentration of Ethanol (100%, 95%, 80%, 70%). For antigen retrieval,
the slides were heated in Dako retrieval solution buffer (- Target Retrieval Solution, pH 9, Agilent, diluted 1:10) in a PT module, fol-
lowed by washing steps with ddH20 and TBST and blocking with CODEX FFPE blocking solution (B1+ B2+ B3+ BC4) for 1h at
RT in a humidity chamber. The tissue was incubated overnight at 4°C with the antibody mix diluted in FFPE blocking solution.
The next day, the tissue was fixated using three fixation steps. First, the antibodies were fixed with PFA fixation solution, followed
by the treatment with ice-cold methanol for the precipitation of proteins, the removal of lipids from cells and clearing fluorescent re-
porters with the cell membranes, and finally the incubation with final fixative solution (BS3 in PBS) for maintaining CODEX antibodies
bound to the tissue for the hybridization and stripping cycles during imaging. Until the experiment run, the specimens were stored in
CODEX staining buffer (S4) solution at 4°C. Using the Experiment Designer, all PhenoCycler Reporters were assigned to a cycle num-
ber and cycles were associated with specific wells. For each cycle the reporter master mix was prepared by diluting each reporter in
plate buffer and for each run two blank cycles with plate buffer were prepared. During the PhenoCycler run, in each cycle, the instru-
ment withdrew the Reporter Master Mix from one well of the 96-well plate.

Following the antibody labeling, a flow cell was affixed to the tissue slide. Then the slide was mounted into the stage carrier and
placed into the PhenoCycler-Fusion Phenolmager (Akoya Biosciences, Marlborough, MA), and multicycle imaging was initiated us-
ing 20x magnification.

In vivo «-PD-1 therapy

Animals were treated with 250pg of anti-PD-1 flat dose (clone RMP1-14, BioXCell) or rat IgG2a isotype control (clone 2A3, BioXCell).
Antibodies were administrated i.p., starting on day 11 or 12 post tumor cell inoculation, or when the tumors’ mean volume
reached 50mm? (conditions i or ii, shown in Figure 7A, respectively) and twice weekly thereafter until mouse reached the humane
endpoint (- tumor volume=1cm?® or developed ulceration). Mice were monitored three times a week. When reaching the humane
endpoint, mice were sacrificed, and the tumor weight was measured. Mice that did not reach the human point by day 50 were sacri-
ficed, and the tumor was weighed. Kaplan-Meier plots were generated by utilizing the ‘survminer’ package from R, and statistics
were obtained by the Wald, log-rank, likelihood ratio test. Mice that did not reach the human-end point by day 50 were censored
and sacrificed as described above.

Patient DATA analysis

Melanoma patient clinical and transcriptomic data were downloaded from public databases, as detailed in the “data and code avail-
ability” section above. Survival outcomes and ICB objective response were analyzed by computing the following variables for the
human melanoma cohorts depending on data availability: overall survival (TCGA and Riaz et al.%” cohorts), progression free survival
(TCGA, Riaz et al.®” and Cabrita et al.2® cohorts) and ICB objective response (Riaz et al.®” and Auslander et al.®® cohorts).

Survival analyses were performed using the R packages survminer v.0.4.9 and survival v.3.3.1 where TYWZ2 high versus low
expression was determined by binarizing TYW2 expression at the 50th percentile. TMB status was determined using a previously
established threshold of 100 mutations to differentiate between high and low TMB patients in the Riaz et al.®”*'*° cohort. AUCs
were calculated with the roc() function in the pROC R package v1.18.5.

To identify differentially expressed genes (DEGs) in TCGA data of TYW2-high versus TYW2-low tumors we employed DESeq
with criteria of |log2 fold change| > 1 and adjusted p-value < 0.05. Ranking the DEGs was performed by computing hazard ratios (HRs)
and p-values for overall survival and progression free survival. The effect size defined as HRs (1/HR when HR < 1) for survival analysis
and AUCs (1-AUC when AUC < 0.5) for ICB objective response, was used to rank the genes.

Cytolytic score was defined as the geometric mean of the expression levels of the genes GZMA and PRF1, as previously
described.®! Exhausted score was defined as the geometric mean of the expression levels of the genes PDCD1, CTLA4, LAG3,
HAVCR2, and TIGIT, as previously described.'®?

2107

QUANTIFICATION AND STATISTICAL ANALYSIS

Intercellular signaling predictions

Intercellular signaling interactions were predicted using CellChat®® first by splitting the full sScRNA-seq dataset by tumor background
and timepoint and processing individual CellChat objects using the demonstrated workflow. Processed CellChat objects were then
merged using the ‘mergeCellChat’ function, enabling comparative visualizations of weighted cell-cell signaling networks.

scRNA-seq statistical tests

Statistically-significant shifts in cell type and subtype proportions in the scRNA-seq data were identified using the ‘propeller’ function
with bootstrapping in the ‘Speckle’ R package.'%° Differentially-expressed genes between clusters in all datasets were defined using
the Wilcoxon rank-sum test as implemented in the ‘FindAllMarkers’ Seurat function. Specific differential expression testing was
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performed using the Wilcoxon rank-sum test as implemented in the ‘FindMarkers’ Seurat function. Statistically-significant differ-
ences in LAG3* and KI67* CD8" T cell proportions in the CODEX data were identified using the ‘t.test’ R function.

Codex image processing

Cell segmentation and classification was applied to the fluorescence images using QuPath'% to detect and quantify the T cells (CD3*
CD8"%)."%® Nuclei were segmented from the 4’,6-diamidino-2-phenylindole (DAPI) channel using StarDist'*® and further inflated to
have approximated cell segmentation. To improve nuclei segmentation a new StarDist model was trained using the
ZeroCostDL4Mic'** StarDist notebook with examples that were not perfectly segmented by the provided model. The cells were
then classified as positive or negative for each of the stains, and the total number of double or triple-positive cells and their respective
ratio were quantified within each tumor. Positive/Negative random trees cell classifiers were trained for each stain independently on
multiple image regions representative of the tissue characteristics and experimental conditions. The classifiers were then combined
to detect double and triple-positive cells. The classifiers were then applied to each tumor, based on a threshold classifier, to quantify
the total number of the double positive CD3* CD8* T cells and their respective ratio to the total number of cells per tumor and the triple
positive CD3* CD8* LAG3* and CD3* CD8* Ki67™* cells and their respective ratio to the number of CD3* CD8* T cells.

Statistical analyses
All statistical analyses were performed with R as described above. For all experiments shown above, measurements were taken from
distinct samples. All statistical tests used in the study were two-sided tests. Assumptions and multiple comparisons corrections were
tested (or corrected) for each reported statistic by the Shapiro test, Leven’s test and Bonferroni correction, as described above. A
pellet results of statistical parameters, including central tendency and variation (means differences and confidence intervals), ANOVA
or Kruskal-Wallis test results, are available upon request from the corresponding author. Standard errors of the mean are shown as
error bars or unshown when only the observed data points are shown. Null hypothesis testing statistics are described in the figure
legend, while confidence intervals and estimation of effect size (calculated by Cohen’s D for FS reporter experiments) are not shown.
Statistics for the human data analysis were computed using R (v.4.3.0). DeLong’s test'®® was used for calculating p values for
AUCs. We calculated HRs with 95% confidence intervals and p values with univariable Cox proportional hazards regression using
the coxph() function.®% "7 All the tests are two-tail unless otherwise specified. No statistical methods were used to pre-determine
sample sizes because we used all available samples from published studies.
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