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SUMMARY

The impact of the peptide amino acids side-chain modifications on the immuno-
logical recognition has been scarcely explored. We investigate here the effect
of methionine oxidation on the antigenicity of the melanoma immunodominant
peptide 369-YMDGTMSQV-377 (YMD). Using CD8" T cell activation assays, we
found that the antigenicity of the sulfoxide form is higher when compared to
the YMD peptide. This is consistent with free energy computations performed
on HLA-A*02:01/YMD/TCR complex showing that this is lowered upon oxidation,
paired with a steep increase in order at atomic level. Oxidized YMD forms were
identified at the melanoma cell surface by LC-MS/MS analysis. These results
demonstrate that methionine oxidation in the antigenic peptides may generate
altered peptide ligands with increased antigenicity, and that this oxidation may
occur in vivo, opening up the possibility that high-affinity CD8" T cells might be
naturally primed in the course of melanoma progression, as a result of immuno-
surveillance.

INTRODUCTION

The increasing incidence of malignant melanoma' and the high mortality due to malignant skin tumors?
require therapeutic options with improved efficiency and lower toxicity. Although in the last years immune
checkpoint therapy revealed an improved clinical efficacy,”™ still a large proportion of patients do not
respond to it and significant immune-related toxicity may occur.” Recent studies suggest enhanced immu-
nogenic response when combinatorial immunotherapy is used.®"'” Therapeutic vaccines have shown effi-
cacy in preclinical studies. This strategy is based on the ability of cytotoxic T cells (CTL) to recognize
through their T cell receptor (TCR) different human leukocyte antigen (HLA)-peptide complexes exposed
at the cancer cell surface to specifically kill tumor cells.

One promising cancer antigen for translational research in immunotherapy is tyrosinase.M The maturation
and glycosylation of this antigen depends upon the endoplasmic reticulum (ER)-associated quality con-
trol.">"? In melanoma, tyrosinase is frequently retained in the ER as a misfolded protein and sent to degra-
dation, resulting in the production of peptides presented at the cell surface by HLA molecules.'*"® While
these have shown to induce detectable specific T cell responses in patients, peptide-based vaccination
proved limited patient benefit in clinical trials.'” One strategy to circumvent this problem is to design an-
tigens with increased immunogenicity, by the modification of the peptide’s amino acid sequence in order
to provide a better immune response.'® Although initially this approach showed promising results
in vitro,'” it did not deliver the expected clinical response in patients with melanoma.?’ Another alternative
is to chemically modify the amino acid side chain of the HLA-associated peptides. The finding that the
tyrosinase-derived epitope Tyrage.377 (YMNGTMSQYV) is presented at the cell surface of melanoma cells
in the deamidated form by the conversion of asparagine-Asn to aspartic acid-Asp (N371D resulting
YMDGTMSQV - YMD peptide) suggested that chemical modifications of HLA-associated peptides can
have an impact on the immunological scale.”’ This was further confirmed by functional T cell assays, which
revealed the existence of distinct CD8" T cell clones for the Asn and Asp containing sequence in patients
with melanoma.?? However, this epitope contains other amino acids susceptible to potential modifications
and given its use in clinical trials for melanoma,”” these could also alter its immunological response.

It is well known that peptides and proteins containing methionine (Met) or cysteine residues can become
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Figure 1. Identification of the YMD-oxidized derivatives using mass spectrometry and HPLC profile of its
oxidation potential
(A) Schematic representation of the theoretical Met-oxidized forms of the YMD peptide. * designates experimentally

identified peptide variants in this work.
(B) LC-MS identification of the YMD peptide Met-oxidized derivatives from the standard peptide (upper panel) and from
an acidic cell surface elution of A375 melanoma cells, stably expressing tyrosinase (A375+Tyr): extracted ion

chromatograms for the native (N — m/z 516.21226), Met2 sulfoxide (M2so — m/z 524.20973), Meté sulfoxide (Méso — m/z
524.20973), and the sulfoxide at Met2 and Met6 (M2soMéso — m/z 532.20717) of the YMD peptide. Retention time (min)
and identity are assigned to each peak. The calculated mass of each peak corresponds to an increase of 16 and respective

32 Da compared to the native form.
(C) The standard peptide was subject to a series of oxidation reactions with several concentrations of hydrogen peroxide
as described under STAR methods. An aliquot of 1 ug of peptide was analyzed using reversed phase high-performance
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Figure 1. Continued

liquid chromatography (RP-HPLC) for the separation of the oxidized products (left panel). Peak integration was
performed for the annotated peaks N, M2so, Méso, and M25soMbso at each peroxide concentration. At 120 mM, ~15%
of the peptide is still detected as native, while at concentrations of 600 mM and higher, the peptide is almost
completely oxidized (right panel). Points are mean of triplicate replicates and error bars are SEM.

(D) Similar to C, but the oxidation reaction was monitored in time (left panel) to derive the kinetics of the reaction (right
panel). It can be observed that after 60 min of incubation with hydrogen peroxide, less than 10% native form was detected.
Inset: a linear correlation (R%: 0.9766) was found between the log of the native peptide remained fraction and the reaction
time suggesting a pseudo-first-order reaction ([N]o and [N]; are the concentrations of the reduced Met at the initial to time
and time t).

physicochemical and even biological properties.”* However, little is known about the immunological
response of such modifications and previous reports in this field were inconclusive. Initial results pointed
to the hypothesis that oxidized HLA-associated peptides could boost the immune response in patients
with cancer, as it was found that the oxidation of an ovarian cancer cell line enhanced its immunogenic
response by increasing antigen processing and cross-presentation by dendritic cells.”> Though CD8*
T cell clones specific for the human immunogenic peptide CMV,95.503 displayed reduced antigen avidity
for the sulfoxide version of the peptide, the oxidized version and the native peptide showed similar HLA
bindings.Zé On the other hand, both, the sulfoxide- and the sulfone-modified forms of the tyrosinase
reversed spliced peptide IYMDGTADFSF were similarly recognized by specific CTL clones, compared
with the non-modified version of the peptide.”’ Moreover, recent studies suggest that peptide chemical
modifications are involved in regulation of MHClI-specific T cells activation.”®?? In a similar approach, dur-
ing our initial experiments in which we aimed to study the impact of N-glycosylation on the presentation of
YMD peptide [16], we observed the spontaneous oxidation of this epitope using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis.

Here, we address several important features of this oxidation in which we show that the peptide can be
oxidized on both of its Met residues, yielding distinct oxidation intermediates (sulfoxides) and final prod-
ucts (sulfone derivatives). We describe the kinetics of the oxidation, study the HLA-binding properties of
the oxidized forms, and show that the Met oxidation products trigger a better cytotoxic activity of CD8"
T cell clones isolated from peripheral blood mononuclear cells (PBMC) of patients with melanoma. We
also investigate the potential HLA presentation of such oxidized forms by melanoma cells. To our knowl-
edge, this is the first report clearly showing that the oxidized products of an epitope can trigger a better
immune response ex vivo, addressing important questions from a biochemical and immunological point
of view. These findings pave the road for a new window of opportunity in peptide-based vaccination immu-
notherapy of melanoma.

RESULTS
Analysis of the tyrosinase 349.377 epitope oxidation

The immunogenic epitope Tyrsge.377 (YMD peptide) is one of the most abundant epitopes derived from
tyrosinase, estimated in the order of thousands of presented copies on melanoma cells.*® This contains
two methionine residues, which can undergo oxidation?'*" to different forms resulting in multiple chemical
derivatives (Figure 1A). While previous investigations have not described in detail the oxidized forms, the
LC-MS analysis of the standard YMD peptide revealed besides the native form, three additional peaks,
designated as M2soMéso, M250, and Méso (Figure 1B, upper panel), corresponding to a mass shift in-
crease of 32 and respective 16 Da each. Analysis of the CID fragmentation pattern of these precursors
confirmed the presence of oxidized forms of the YMD peptide, pinpointing the location of the oxidation
for each peak (Figures STA-S1D). Thus, the peptide can become spontaneously oxidized to one or both
methionine residues from its sequence by the addition of an oxygen atom. A similar pattern of oxidation
was observed when analyzing the YMD peptide isolated from the surface of a melanoma cell line modified
to express high level of tyrosinase molecules® (Figure 1B, lower panel). However, we did not detect oxida-
tion derivatives with sulfone forms of the peptide in biological samples. These results indicated that YMD
peptide processed from tyrosinase could be oxidized either during the LC-MS analysis, as found for other
peptides,”” or endogenously in a subcellular compartment and presented in complex with HLA-A2 at the
cell surface. We further scrutinized the significance of the YMD oxidation in antigen presentation.

Since peptides containing methionine residues can be oxidized spontaneously during storage and/or

24,33

manipulation, we examined the susceptibility to oxidation of the peptide following incubation with
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hydrogen peroxide. We tested various concentrations of oxidant and separated the oxidized forms of the
peptide using reversed phase high-performance liquid chromatography coupled with UV-visible detec-
tion. Incubation of the peptide with different concentrations of hydrogen peroxide resulted in a concentra-
tion-dependent decrease of retention on a reversed phase C18 column. This was observed by the appear-
ance of three earlier eluting peaks, designated as M2scMéso, M2so, and Méso (Figure 1C, left panel). The
observed shift to more hydrophilic species suggests that each peak represents a different oxidation form of
the peptide. Since no apparent change in 275 nm absorbance for the native and oxidized forms of the pep-
tide was observed, the peaks were quantified by integration of the absorbance, highlighting the transition
from native (N) to partial sulfoxide forms (M2 and Méso) and to complete sulfoxide derivative M2soMéso,
(Figure 1C, right panel). Without peroxide treatment, minor amounts of monosulfoxide derivatives can be
observed in the standard (Méso), reflecting the natural tendency of the peptide to incorporate oxygen
atoms in aqueous solutions. Low amounts of hydrogen peroxide induced the appearance of both mono-
sulfoxide forms M250, Méso. Starting at 24 mM, the complete sulfoxide form was detected. There is a sig-
nificant change at 120 mM hydrogen peroxide, when only roughly 15% is still detected as native (Figure 1C,
right panel). At concentrations of 600 mM or higher, almost complete transformation of the peptide to sulf-
oxide forms was observed after 30 min incubation at 4°C. Thus, the peptide can become oxidized starting
at millimolar hydrogen peroxide concentrations. To obtain higher peptide quantities from each sulfoxide
variant, we selected the concentration of 120 mM hydrogen peroxide. As seen in Figure 1D, right panel af-
ter 60 min incubation of the peptide with 120 mM hydrogen peroxide at 4°C less than 10% was detected as
a native form (Figure 1D, right panel). The oxidation reaction follows a pseudo-first-order kinetics (Fig-
ure 1D, inset from right panel), with similar characteristics of the protein-bound Met residues oxidation.*
Using these conditions, we determined that 50% should oxidize at 120 mM hydrogen peroxide in almost
20 min. It was previously reported that the spliced peptide IYMDGTADFSF from tyrosinase spontaneously
oxidizes to sulfoxide and under strong oxidative conditions, to sulfone, gaining one and two oxygen atoms,
respectively, at its Met side chain.?’ This is an important aspect, since the spliced peptide shares the amino
acids from position 2 to position 6 with the YMD peptide, so one could expect that at least the Met from the
second position of the YMD sequence could be additionally oxidized.

To test this hypothesis, we performed a time-dependent oxidation assay under strong oxidative
conditions. As expected, a high-performance liquid chromatography (HPLC) injection immediately after
the addition of 3 M hydrogen peroxide resulted in complete oxidation of the native peptide to the
M2scMéso form (Figure STE). However, after 24 h, two additional peaks were observed, concomitant
with a drop in the signal for the M2scMbso peak, indicating partial sulfone derivatives: M2s0,Mébso and
M250Mébso,. After 48 h incubation of the peptide in 3 M hydrogen peroxide, an additional, third late eluting
peak was observed (Figure S1E) indicating complete sulfone-oxidized derivative M250,Mbs0,. Thus, under
strong oxidative conditions, the peptide can be completely oxidized to sulfone forms. However, peak
quantification analysis revealed that the kinetics of the reaction is rather slow compared to the oxidation
to sulfoxide forms. After 10 days, almost 66% of the total was found as complete oxidized to sulfone forms
(Figure STE, right panel).

Characterization of the YMD-oxidized HPLC fractions

Thus, after establishing the oxidation kinetics conditions, we upscaled the HPLC method to obtain each
oxidative form of the YMD peptide. The specificity of the oxidation reaction was confirmed by MS/MS anal-
ysis of the HPLC-purified fractions. A targeted-like method was used, in which all masses of the native pep-
tide and peptides corresponding to different oxygen molecules addition +16, +32, +48, and +64 Da were
included for fragmentation along the ~60 min gradient. We focused on the analysis of the double-charged
precursors (Table S1) to capture as many fragment ions as possible (+1 or +2), which would confirm the pep-
tide sequence and its modifications.

To increase the confidence of our result, we devised the method with Orbitrap acquisition for its full-range
CID spectra, thus employing a parallel reaction monitoring-like approach in our data sample acquisition.
Our results confirmed oxidation of the peptide-Met residues as observed in Figures 2 and S2.

More specific, following careful analysis of the CID spectrum obtained for the stdYMD native peptide, we
noticed the presence of bs™, b," and y3*, y4* ions neighboring the Met residue from the sixth position and
b,", y;*, and ygz+ for the second Met residue (Figure 2C, lower panel). Since we aimed to use two pairs of
ions for each of the Met residues and the ion corresponding to b, was detected at a very low abundance, we
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Figure 2. Identification of YMD oxidative modifications from the HPLC fractions and their purity estimation
(A) Theoretical b and y ions detectable following CID fragmentation of the std. YMD peptide. The diagnostic ions,

flanking the two Met residues, used in our analysis are labeled in green.
(B) Schematic reaction of the Met sulfoxide side-chain neutral loss during CID fragmentation. Sulfoxide peptides can lose

methanesulfenic acid following CID fragmentation rendering —64 Da neutral loss species.
(C) MS/MS fragmentation pattern obtained by CID fragmentation of the mass corresponding to the Meté sulfoxide

version (Méso — upper panel) and the native peptide (N - lower panel). Pink lines correspond to the theoretical b and y
ions obtained by in silico fragmentation of Mégo, respective native peptide. Black lines denote the m/z of the ions

detected following fragmentation and blue and red peaks map the b and y ions. Green peaks denote the ions flanking the
two Met residues (Met2 and Met6). The green arrows above the MS/MS spectra also indicate these ions.

(D) Extracted ion chromatograms (EIC) corresponding to the precursor ions (left panel) and product ions flanking the two
Met residues for the Mésg version. For both precursor and product ions, the mass accuracy is indicated and the

corresponding retention time.

(E) Similar as in C, but for the Met2 sulfoxide version (M2s0).
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Figure 2. Continued

(F) Similar as in D, but for the M250.

(G) Similar as in C, but for sulfoxide version of both Met residues (M2soMése).

(H) Similar as in D but for M25cMéso.

(1) UV-VIS HPLC trace at 275 nm assesed on a Hypersil Gold preparative column cat no 25005-109070, ThermoFisher
Scientifc of the fractions corresponding to the native (N-first panel), Met2 sulfoxide (M2so - second panel), Meté sulfoxide
(Méso — third panel), Met2 and Meté sulfoxide versions (M25oMéso — fourth panel).

looked for alternative ions in the MS/MS spectra. Guan et al. reported the formation of characteristic
neutral loss (NL) ions following CID fragmentation of sulfoxide methionine peptides,” resulting in meth-
anesulfenic acid (CH3SOH, 64 Da) loss (Figure 2B), which is a unique characteristic of sulfoxide peptides,
as the authors suggest using these NL ions to discriminate between isobaric ions. Thus, we also included
the 64 Da NL of the yg?* in our analysis (y*s”*) to investigate two pairs of ions flanking the two Met residues
(ys*, ya© and bs", bg* for M6 and respectively y;*, ys2*, b,", y*s>* for M2, these are mapped in green and
indicated by green arrows above the MS/MS spectra in Figures 2 and S2). The MS/MS spectra of the
Méso confirm the oxidative modification and its position to the sixth Met residue as the ion b," displays
a shift of 16 Da compared with the same ion in the native spectra (Figure 2C). At the same time, y3* shows
the same m/z thus confirming that no amino acid is oxidized in the C terminus of the peptide. Moreover, y,"
shows a similar 16 Da shift while the ion b, " displays no increase of the mass thus confirming the oxidation
and its position on the sixth Met. These observations are also confirmed by the transitions of the Met flank-
ing ions obtained following extraction of their ion current as these confirmed the oxidation and its position
(Figure 2D).

Similarly, for the M2so, we observed a 16 Da increase for the b,* and yg?* ions while no modification for the
y3©, ya*, ory;* ions suggesting the oxidation of the second Met residue (Figure 2E). The y*g?* ion was found
as modified. The extracted ion chromatograms confirmed the modification for both the precursors and

product ions (Figure 2F, left and right panels).

Furthermore, we analyzed the CID MS/MS spectra corresponding to the M2soMéso (Figure 2G). We
observed a net increase of 16 Da for the mass corresponding to the ion b,*, compared with the native (Fig-
ure 2G). At the same time, the ion bs" displays a similar 16 Da higher mass compared with the native while
the ion by* shows a +32 Da mass increase compared with the native strongly suggesting that M6 is also
sulfoxide (Figure 2G). Furthermore, the oxidative modifications were also confirmed by the y ions series
as y3* displayed no mass increase compared with the native, suggesting no oxidation toward C terminus
andy," indeed displayed a mass shift of 16 Da. Moreover, yg>* was found at a 32 Da higher mass compared
with the native, while the y;* displayed only a 16 Da higher mass, thus also confirming the oxidation of the
second Met residue to the sulfoxide variant. These were also evidenced by analysis of the transition for the
M2soMéso (Figure 2H).

Using a similar strategy, we have analyzed the MS/MS CID spectra corresponding to the partial sulfone
M2502Mbso (Figures S2A and S2B), M25cMéso, (Figures S2C and S2D), and sulfone M2s50,Mébso2
(Figures S2E and S2F), described in detail in Data S1.

Thus, we have identified and mapped the oxidative modifications for each peptide variant of each of its Met
residues. We next focused our attention for the purity estimation of our fractions. We thus re-injected frac-
tions corresponding to the baseline-resolved peaks and confirmed that indeed the 275 nm detection chro-
matogram displayed a single eluting peak with different retention times according to the oxidative variants
hydrophobicity (Figure 21). Moreover, we had taken advantage of our dedicated method to also analyze the
purity of the HPLC fractions using nanoLC-MS/MS data discussed in detail in Data S1 and displayed the
results in Figure S2H, confirming our results.

The oxidized peptide binds to HLA-A*02:01 with similar affinity as the native peptide

We next evaluated the relative binding affinities of the native and sulfoxide forms of the peptide. We per-
formed a competition-binding assay based on the ability of YMD antigenic peptide forms (competitor pep-
tides) to compete binding of a fluorescent, Cy5-labeled HBVc, peptide to MHC class | from the surface of T2
cells.** The positive and negative controls (ELAGIGILTV (Melan-Azs.35) and EAAGIGILTI) used displayed
the expected trend, validating our assay (Figure S3A). The results did not reveal any significant differences
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Figure 3. HLA-A*02:01 recognition profile of the YMD peptide-oxidized derivatives

(A and B) Binding affinity of the YMD native (N) and a desalted mix of the oxidized derivative YMD OX (~54% M2soMésco,
~37% partial sulfone, and ~7% complete sulfone, HPLC assessed) in A. and HPLC purified YMD sulfoxide derivatives
(=90% purity HPLC assessed) in B. for HLA-A*02:01, using competition binding assay. Left panel: A representative graph
(n = 2 biological replicates) depicting non-linear regression binding-competitive curves for YMD derivatives, error bars
are SD of n = 2 technical replicates. Right panel: A violin plot of the corresponding IC50 values estimated from one site-Fit
log IC50 equation in Prism software (GraphPad V.9.4.1).

(C) Binding affinity of the native YMD and M2soMéso derivative determined by an alternative in vitro binding assay. Left
panel: representative graph (n = 2 biological replicates) depicting non-linear regression binding-competitive curves for
YMD derivatives, error bars are SD of n = 2 technical replicates. Right panel: A violin plot of the corresponding IC50 values
estimated from one site-Fit log IC50 equation in Prism software (GraphPad V.9.4.1).

(D) The HLA-A*02:01-YMD peptide derivatives stability kinetics across a 72-h time course, error bars are SD of n = 2
technical replicates.
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between the native and the bulk of the oxidized YMD (Figure 3A, left and right panels), although a slightly
increase was observed for IC50 specific for the oxidized form. This suggests a weaker binding potential of
YMD-oxidized derivatives compared to native form for the HLA-A*02:01.

We further tested each sulfoxide form separated by HPLC and did not find any significant differences in the
ability to displace the fluorescent peptide between the native and any sulfoxide derivative (Figure 3B, left
and right panels). As in the case of bulk sulfoxides, each oxidative derivative showed a slightly increase of
IC50, more evident for sulfoxide form, M2s6Méso, suggesting a weaker binding potential for HLA-A*02:01
of all oxidized derivatives. Using the same assay, we also tested the sulfone forms of the peptide and did
not observe significant differences compared with the native peptide (Figure S3B), only the trend of a weak
binding potential of sulfone forms for HLA-A*02:01.

Furthermore, this was strengthened by the results obtained in a direct (in vitro) competition experiment for
the HLA-A*02:01 between the native and M25cMéso variant, our results suggesting that both the native
and the sulfoxide derivative display similar affinity for the same HLA-I (Figure 3C, left and right panels).
We observed an increased IC50 for the M2s5oMbso as in the competition-binding assay, thus these
confirmed our initial observations.

We also assessed the stability of the two complexes in a 72 h time course (Figure 3D) and observed that
although the HLA-A*02:01-M2soMbso complex is more stable at tg, the stability decreases more abruptly
compared with the one of the HLA-A*02:01-N complex along the 72 h tested. During this time, the peptides
derivatives keep their integrity as assessed by mass spectrometry evaluation (Figure S3C). This would sug-
gest that although the formation of the complex with the M256Méso form is favored compared with the
native one (Figure 3D), this does not necessarily translate to a more stable complex in time.

The methionine sulfoxide derivatives of the YMD peptide are more efficiently recognized by
cytotoxic Tyrsgo.377-specific CD8" T cell clones compared with the native antigenic peptide
We next evaluated the potential of the Tyrze.377-restricted CD8" T cells, isolated from PBMC of patients
with melanoma, to recognize the peptide oxidation forms in complex with HLA-A*02:01. We used a stan-
dard 4-h ®"Chromium release assay, where serial dilutions of the native and oxidized peptides are used to
pulse the T2 *'Cr-labeled cells during their co-culture with tyrosinase-specific CD8" T cell clones.

We considered first CD8" YMD-specific T cell activation by the native YMD peptide (YMD N) and the
oxidized bulk, a mix of various sulfoxide and sulfone derivatives, purified by C18 stage-tip desalting (Fig-
ure 4A). Both Tyrage.377-specific CD8" T cell clones revealed an increased lysis when the target cells were
pulsed with the oxidized peptide compared with the native one. The EC50 values indicated that
the oxidized peptide(s) was nearly 100-fold more potent as antigen than the native antigenic peptide
(p < 0.01, Figure 4B).

We further tested each sulfoxide derivative obtained by HPLC, using three distinct CD8" T cell clones. All
the clones revealed an increased sensitivity, particularly for the M6 sulfoxide variants (M2soMéso and
Mbéso), as observed in Figure 4C. M25o displayed a relative similar recognition profile to native across all
the peptide dilutions considered (Figure 4C). The EC50 values across all the clones, for each peptide
variant showed that at least M250Mébso and Méso forms, are characterized by significant lower values of
EC50 (p < 0.05 for Mbso, p < 0.01 for M256Mbso, Figure 4D).

Moreover, when we evaluated the sulfone derivatives of the YMD peptide, obtained by HPLC separation, in
the same recognition assays, we observed that M6 sulfoxide derivatives also display an increased antige-
nicity for three distinct CD8" T cell clones (Figure S4A). However, the complete sulfone variant of the pep-
tide showed variable responses compared with native one, depending on the clone used (Figure S4A).
Furthermore, the estimated EC50 values revealed that Méso derivatives have significant lower values
compared with the native (Figure S4B, p < 0.001).

Thus, these results suggest that at least the M6 sulfoxide peptide derivatives are characterized by a relative
increased activation of Tyrzeg.377-restricted CD8" T cell clones. This observation is further strengthened by
the results obtained in IFNYy secretion assay, an independent functional T cell assay, which revealed that at
least two distinct CTL clones released more IFNy when co-cultured with M2soMéso and Méso pulsed T2
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Figure 4. Activation of cytotoxic CD8" T cells from patients with melanoma by YMD native and oxidized forms
Recognition efficiency of YMD-specific CD8" T cell clones for the native peptide (YMD N) and a mix of oxidized form YMD
OX (~54% M25oMbso, ~37% partial sulfone, and ~7% complete sulfone, HPLC assessed) in A. and the native peptide

(YMD N) and HPLC-purified YMD derivatives (>90% purity HPLC assessed) in C., by a standard 4-h *’Chromium release
assay.

(A) Shown are non-linear dose-response regression curves with points denoting average of specific lysis duplicates of T2
pulsed with YMD N and OX, co-cultured with YMD-specific CD8" T cell clones 3 and 26.

(B) EC50 of YMD OX, for n = 3 YMD-specific CD8" T cells, applied statistics-unpaired two-sample two-tailed t-test.

(C) Shown are non-linear dose-response regression curves with points denoting the mean of specific lysis duplicates of T2
pulsed with YMD derivatives, co-cultured with YMD-specific CD8" T cell clones 3, 5, and 21.

(D) EC50 of YMD derivatives for n = 4 YMD-specific CD8" T cell clones, applied statistics-non-parametric one-way Kruskal-
Wallis test with Dunn’s correction (p < 0.05 for N vs. Méso, p < 0.01 for N vs. M2soMés0).

(E) IFNY secretion assay for the native and sulfoxide derivatives of the YMD peptide. Shown are mean of duplicates for
YMD-specific CD8" T cell clones 58, 5, and 21.
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cells. In addition, these clones showed no significant differences regarding IFNy concentration released in
the presence of N and M2s¢ (Figure 4E).

Together, these results indicate that the sulfoxide M25oMéso and Méso variants of the YMD peptide
trigger an increased activation of Tyrsse_377-restricted CD8" T cell clones. This was also evidenced by the
assay performed using the complete and partial sulfone derivatives, which suggest that at least one of
the Met residues should acquire the sulfoxide form to enhance CTL recognition, compared with the native
one (Figures S4A-S4C), suggesting that the Mé sulfoxide is mainly responsible for the increased peptide's
antigenicity and that any variant with Mé sulfoxide (Méso, M25s6Mbso, and M255,Méso) can induce a stron-
ger activation.

Assessment of HLA-A*02:01-YMD oxidation forms presentation at the cell surface of
melanoma cells

We next evaluated whether the oxidized species could be presented at the surface of melanoma cells. To
assess this, we used a mild acid elution protocol (MAE) as previously reported.” This approach allows the
direct analysis of the HLA-A*02:01/YMD complexes and does not require multiple sample processing steps
as in the standard HLA-I immunoprecipitation, which could favor oxidation during sample handling. To
quantify the extent of the oxidation, we spiked-in, in each sample, a synthetic heavy-labeled version of
the YMD peptide ("*C'>N-Val, +6 Da) at the start of each experiment (Figure 5A). Samples were then
analyzed by a custom LC-MS/MS-targeted method screening for the YMD heavy (H) and light (L) native
and oxidative variants.

We selected four cell lines positive for HLA-A2, as assessed by flow cytometry (Figures 5B and S5A), with
various tyrosinase expression levels: Me319, Me275, Me290, and A375 overexpressing human tyrosinase
(A375+Tyr) (Figures 5C and 5D left panels). Since previous reports showed a positive correlation between
HLA-I cell surface complexes and the ER-retained protein fraction targeted for proteasomal degrada-
tion,>3%°7:%8 we evaluated tyrosinase maturation in the selected cell lines (Figures 5C and 5D right panels).
The results revealed that all the cell lines have a major fraction of misfolded tyrosinase, retained in the ER,
with Me290 and A375+Tyr also containing a considerable fraction of mature tyrosinase.

These cell lines were subjected further to the MAE protocol for the detection of possible YMD peptide
oxidation forms. We first evaluated the transitions for both, native and oxidized forms, regarding the light
and heavy versions of the peptide and these were found to co-elute, as expected (Figures S5B-S5E). We
then extracted the L/H ratios of each YMD-peptide derivative and compared these ratios between the
native and oxidative forms by dividing the aggregated ratios of each Met-sulfoxide derivative to the L/H
ratios of the native form. If the oxidation level would be similar between them, a ratio close to 1 would
be expected. However, if the light version would be more oxidized than the heavy version, then the ratios
would be > 1 and vice versa if ratios <1 are found. We thus obtained aggregated mean oxidative/native
ratios from the L/H ratios extracted from Skyline (Figure S5H). However, we should also consider the oxida-
tion found initially in the heavy peptide and adjust the ratios accordingly (Figure S5G). We thus evaluated
this level of oxidation (Figure S5) and calculated the adjusted ratios (Figure 5E). Moreover, we assessed the
variability of oxidation estimation by injection of different peptide amounts (Figure S5J). Our results did not
reveal any statistically significant differences regarding the oxidation extent between the exogenous and
endogenous forms of the peptide. However, we found slightly higher values of the light peptide oxidation
for the YMD presented at the cell surface of some cell lines, particularly for the oxidation of Meté from its
sequence (Figure 5E). We thus conclude that some melanoma cell lines could present at the cell surface
oxidized YMD-HLA*02:01 complexes, but in lower abundance relative to the total number of YMD-pre-
sented complexes.

Since we used an external standard, spiked-in in known concentrations in our samples, we were able to
compare the melanoma cell lines regarding the number of HLA-A*02:01-YMD complexes, by considering
the native peptide version. As seen in Figure 5F, all melanoma cells presented the HLA-A*02:01-YMD com-
plexes at the cell surface and besides the expression level or the processing of tyrosinase, there are also
other alterations within the melanoma cell influencing the number of presented complexes. Interestingly,
as shown before,*® there is an unexpectedly high number of HLA-A*02:01-YMD complexes in all analyzed
tyrosinase-positive cells, ranging from 1,500 to 50,000 copies per cell, even though tyrosinase has a rela-
tively low expression in melanoma cells.
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Figure 5. Assessment of HLA-A*02:01-YMD sulfoxide complex presentation by melanoma cells

(A) Schematic diagram of the workflow. HLA-A2 and tyrosinase-positive melanoma cells were subjected to the mild acid-
elution (MAE) protocol for the YMD peptide sulfoxide estimation. These were compared to the abundance of the same
sulfoxide variants of a heavy-labeled YMD peptide ("*C'>N-Val +6 Da) to assess their presentation.

(B) Flow cytometry analysis for cell surface HLA-A2 detection of melanoma cell line considered. Error bars are SEM of
biological triplicates.

(C) Western blot detection of total tyrosinase (left panel) and EndoH-sensitive fraction (right panel) for each melanoma
cell line considered.

(D) Results in C were quantified and the relative total tyrosinase expression level (left panel) and the ratio of EndoH
resistant/sensitive (right panel) were calculated. Error bars are SEM of biological triplicates.

(E) Adjusted mean ratios for each Met residue of the YMD peptide.

(F) Estimation of YMD copy numbers for each cell line, using only the native form of the light and heavy versions. Error bars
are SEM of four-five biological replicates.
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Figure 6. Analysis of Met distribution in IEDB database and the immunogenicity of other peptide suggest a YMD-
related structural-based feature responsible for increased recognition

(A) Schematic representation of the hydrogen bonds between the nonameric epitope and the HLA molecule.

(B) Allele-specific analysis of the Met frequency in IEDB epitope database. Only linear human nonameric entries were
considered for analysis. For each allele, the number of unique entries is displayed and the corresponding estimated Met
frequency.

(C) Analysis of Met relative positional frequency for top three most represented alleles from IEDB database for each HLA
class | gene (A - left panel, B — middle panel and C - right panel).

(D) Binding affinity of native MAGE-A10 (MAGE-A10_N) and oxidized form (MAGE-A10_OX) to the HLA-A*02:01 from T2
cells surface, estimated by competition binding assay. Left panel: representative graph (n = 2 biological replicates)
depicting non-linear regression binding-competitive curves for MAGE-A10 derivatives (error bars are SD of n = 2 technical
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Figure 6. Continued

replicates). Right panel: A violin plot of the corresponding IC50 values estimated from one site-Fit log IC50 equation
in Prism (GraphPad V.9.4.1).

(E) CTL assay of native and oxidized form of MAGE-A10 peptide. Shown are non-linear dose-response regression curves
with points denoting the mean of specific lysis duplicates of T2 pulsed with MAGE-A10 derivatives, co-cultured with
MAGE-A10-specific CD8 T cell clones 2 and 16.

(F) EC50 of MAGE-A10, N, and OX, for n = 3 MAGE-A10-specific CD8" T cells.

Overall, we conclude that melanoma cells could present at their surface HLA-A*02:01-oxidized YMD com-
plexes, considering that various oxidative variants are able to form stable complexes with HLA-A*02:01.
These are recognized by tumor-infiltrating Tyrsse.377-specific CD8" T cells and the oxidation levels are
slightly upregulated compared with the ones found for the exogenous standard, particularly
regarding Meté.

Met is favored in key positions for HLA-A*02:01 but CD8™ T cell avidity is not generally
enhanced for oxidized Met-containing peptides

We next wondered if our observations regarding T cell recognition could be valid for other Met-containing
peptides associated with HLA-I considering peptide amino acid positions involved in interactions with
HLA-I (Figure 6A). For this, we first interrogated the IEDB database (Immune Epitope Database and Anal-
ysis Resource) for epitopes containing Met residues. We observed that roughly over 20% of the presented
epitopes have at least one Met residue in their sequence (Figure 6B), although there was a higher variation
for the understudied alleles. Compared with Met abundance in UniProtKB database (Figure Sé), this is
more abundant, suggesting that peptides containing Met residues are favored for HLA class | presentation.
We also studied the relative frequency of Met positions in nonameric peptides and observed that in gen-
eral most of Met residues are found for P2 and P9 positions, although this is also allele dependent (Fig-
ure 6C). This could explain why M2so sulfoxide does not reveal a similar T cell response as Mégo, as this
position would require contacts with HLA-I.

We next examined another HLA-I-associated peptide containing Met residue, the Melanoma Antigen Fam-
ily A-10 (MAGE-A10) 254-262 peptide (GLYDGMEHL). First, we inspected the binding affinity of oxidized
version compared with native and observed that the differences are not significant (Figure 6D, left and right
panels). As in the case of oxidized YMD derivatives, a slightly increase for IC50 corresponding to oxidized
form was observed, indicating a slight alteration in the potential of oxidized form to bind HLA-A*02:01.

We further tested antigenic capacity of MAGE-A10354.262-0xidized variant, and we did not find an increase
in MAGE-A10-specific CD8" T cells activation (Figures 6E and 6F, right and left panels) as for Tyrsg9.377. Un-
fortunately, these experiments were not very conclusive as the clones were quite sensitive and there was no
titration of the antigenic peptides. Even though, estimated EC50 value for oxidized MAGE-A10 35424 is
slightly increased, suggesting a slow decrease in avidity of CD8" T cells against T2 cells pulsed with
oxidized forms. This finding is in agreement with a previous report which has shown that CD8™" T cells stim-
ulated for two weeks with the native peptide version have a decreased avidity toward the HLA-I-CMV495.503
(NLVPMVATV)-oxidized peptide complexes compared with the native version.”®

However, these results suggest that the increased CTL response of the sulfoxide variants of the YMD pep-
tide could be more related toward some structural aspects of the TCR-HLA-YMD peptide ternary complex,
rather than a more general feature of Met-containing peptides, although this does not rule out the possi-
bility that other Met sulfoxide-containing antigens would show a similar response in CTL assays.

Free energy calculations indicate increased stability of the TCR-HLA-oxidized YMD peptide
compared with the native version

To evaluate computationally the effect of YMD oxidation on antigenicity, we generated four structural
models of the HLA-YMD-TCRc3 ternary complex with the YMD peptide in oxidized (M256Mbsc) and N
forms, and further calculated the absolute free energies binding of YMD peptide to the HLA-TCRc3 assem-
bly by an alchemical transformation between fully coupled and decoupled ligand states. As described un-
der STAR methods, the work involved the following stages: 1) Modeling the HLA-YMD complexes in N and
M250Méso forms, 2) Building the HLA-YMD-TCRc3 models, and 3) Computing the ternary complex abso-
lute binding free energies for YMD-N and M25oMbso for two YMD starting conformations as shown in the
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Figure 7. Molecular modeling of HLA-A*02:01/YMD peptide forms/cognate TCR

(A) The thermodynamic cycle on which the estimation of oxidation effect was based.

(B) 3D Model of the two binary complex, in the two conformations (“Up” - Left half; “Down” — Right Half). HLA-A2,
B-microglobulin, and both chains of the TCR are shown in gray transparent cartoon representation, the YMD peptide is
shown in licorice representation, along with its wireframe surface (1 & 3) and opaque cartoon representation (2 & 4). The
methionine residues are shown in orange and their respective sulfur atoms is represented with a yellow sphere, while the
rest of the peptide is shown in dark gray.

(C) The overall HLA-A*02:01-YMD-TCR ternary complex model. HLA-A*02:01 & B-microglobulin are shown in blue shades;
TCR a- and B-chains are shown in magenta shades; YMD peptide is shown in red with M2 and Mé in yellow-mesh/ribbon.
1-"Up" conformation; 2 — "Down"” conformation.

thermodynamic cycle from Figure 7A. In addition, the fully coupled receptor-ligand simulations were re-
tained for structural analysis.

The YMD native and oxidized forms in the two starting conformations were docked into the HLA-I binding
groove. The selection of YMD templates performed as described under STAR methods yielded YLSPIASPL
and MLIYSMWGK structures as the most appropriate templates for modeling the YMD peptide:
YMDGTMSQV. The first template YL from Toxoplasma gondii found in the pdb structure 5F9J is bound
to the experimental HLA-A*02:01. This adequately matches the hydrophobicity and volumetric profiles
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Table 1. Absolute binding free energies of the HRE simulation (reported in kcal/mole)

AGN 1 AG M25cMbso 1 AGN | AG M256Mbso |
—43.070 + 1.085 —43.277 + 0.595 —17.097 + 0.669 —21.05 £ 0.557
AAG1T AAG|

~0.0 kcal/mol ~ —4.0 kcal/mol

of YMD and similarly, it contains tyrosine in the first position in stacking interaction with HLA-A2. The sec-
ond peptide derived from Vaccinia virus virion membrane protein A14 (vmpA14), found in the pdb structure
4N8V was chosen because the methionine in position 6 even though the HLA-I type, HLA-A*11, is different
from the experimental one. Both these YMD templates have hydrophobic amino acids in positions 2 and 6,
with the side chains pointing toward HLA-I. However, their configuration in the HLA-I groove differs signif-
icantly, with side chain in position 6 pointing directly toward the bottom of the groove in the case of YOL
template and pointing almost parallel to the surface in the case of vmpA14 template—allowing in this
way to assess the effects induced by the starting configuration of the YMD model on free energy estimates
(Figures 7B1 and 7B2).

After docking the TCRc3 models on top of the YMD- HLA-A*02:01 models, the YMD-M, side chain showed
two stable poses one toward HLA-A*02:01 (] ) and the second toward TCR (1) (Figure 7C). The two oxida-
tion states and two poses gave a total of four YMD structures: N|, N1, M2scMbso |, and M2soMéso 1.
These were used as starting structures in absolute binding free energies calculation of native and oxidized
epitopes. For the sake of saving computing power, as the flipping between the poses may be assumed as a
rare event, calculations were run separately for each pose leading to a total of four experiments. The 4 free
energies were then used to compute AAGs between the native and oxidized state in the two poses. Results
are shown in Table 1.

As can be seen, only the difference between free energy variations in the “down” conformation AAG | is
statistically significant, suggesting that the equilibrium toward the oxidized form seen experimentally in
the ternary complex is shifted primarily due to the “down” pose. The fact that the higher affinity for the
oxidized form is basically driven by the "down” pose of YMD seems somehow surprising given that one
might expect that side-chain oxidation, especially in position 6, i.e., Méso, should affect “directly” the inter-
action with TCR. However, care should be taken in this regard as free energy variations are rather a reflec-
tion of complex thermodynamic equilibria implying both enthalpic and entropic terms resulting from a very
large number of local interactions displayed at room temperature by myriad of molecular copies in various
conformations.

To understand the underlying mechanism, we looked more closely at what happens within a 5 A region
around the oxidized methionines in the YMD| “down” conformation during fully coupled N| vs.
M2soMébso | simulations of AG computations (Data S4 and Figure S7). Analysis of the mean residence
time of water molecules in these 5 A M,/M, regions indicates a significant decrease in water dynamics
upon oxidation (Figure S7F). While around 650 water molecules are transiting these regions in the native
form during simulations, less than half were transiting the same region in the oxidized M25oMéso form.
Hence, sulfoxidation reduces the local water mobility in the system. Moreover, during fully coupled ternary
complex simulations, stability-related properties at the ternary complex interface greatly increase upon
oxidation. This is reflected in a lower RMSF of both YMD | peptide and TCRc3-CDR loops in the oxidized
form (Figures S7C and S7D). This result was further confirmed by pairwise RMSD and Cluster Count Analysis
(Figure S7E). At a clustering cutoff of 1.3 A, the number of clusters in the native “down” N | conformation is
significantly higher than in the M25oMéso | form and comes as strong evidence that the oxidized peptide is
also more tightly bound to HLA-A*02:01 in the “down" conformation. An in-depth analysis of all contacts
along the molecular dynamics trajectories indicating further a freezing effect and stronger bonding
induced by oxidation in the YMD |- HLA-A*02:01 complex formation is presented in Datas S2-S4 and
Figure S7.

All these data indicate that the main factor that drives the higher affinity of the oxidized YMD | - HLA-

A*02:01 for TCRc3 is the enthalpic contribution indicated by a significant increase in local order of the sys-
tem upon oxidation.
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DISCUSSION

In this work, we show that YMD peptide, one of the immunodominant tyrosinase epitopes used in immu-
notherapy, can become oxidized at both of its methionine residues. The susceptibility of the peptide to
form sulfoxide intermediates, and complete sulfoxide products, is clearly higher than the potential for
transformation to sulfone derivatives. This observation is in agreement with the findings for the tyrosinase
spliced peptide YMDGTADFSF in which the methionine from the third position converts easily to sulfoxide
and only in strong oxidative conditions to sulfone.?” The native and oxidized versions of the YMD peptide
show similar HLA-A2 binding affinity (Figures 3A and 3B), including both, sulfoxide and sulfone versions.
However, unlike previous reports for other epitopes,”?’ our data show that the oxidized derivatives of
the YMD peptide result in increased cytotoxic activity of Tyrsse_377-specific CD8" T cells, compared with
the native sequence (Figure 4). This could have a major impact for peptide-based vaccination of patients
with melanoma and demonstrates that novel altered peptide ligands could be obtained by in vitro modi-
fication. Additionally, we show that such an altered peptide ligand is also generated naturally in melanoma
cells, although it is hard to assess the exact contribution of the spontaneous oxidation in the ion current, or
where in the cell is the peptide oxidized. However, considering its oxidation potential, it is hard to believe
that given different cellular pro-oxidative environments, the peptide would never be oxidized as we
observed oxidation even by incubating the peptide at 37°C.

The finding thata T cell clone isolated from a melanoma patient could be primed by the oxidized YMD pep-
tide could suggest that T cells have previously encountered this oxidized species. Specifically, our results
suggest that melanoma cells are able to present the HLA-A2-oxidized YMD complex versions to T cells
(Figure 5). Several independent observations are in agreement and support this conclusion. First, the ex-
istence of specific enzymes MSRs (methionine sulfoxide reductases), which can recognize stereospecifically
the oxidized Met residues in proteins and peptides® reducing them to the native state. Second, the pro-
oxidative environment of ER"’ where, frequently, misfolded tyrosinase is retained and sent to degrada-
tion®” and where the HLA-I-peptide complexes are assembled. And third, the finding that Met374 from
tyrosinase is oxidized by intracellular hydrogen peroxide found in millimolar concentrations,”’ similar
with the ones used in our experiments. Met374 from tyrosinase corresponds to the sixth residue in the
amino acid sequence of the YMD antigenic peptide, which we found to trigger an increased lysis of the tu-
mor cells by several HLA-A2-restricted, tyrosinase-specific independent CD8" T cell clones.

We also investigated the possibility of obtaining similar results for another Met-containing peptide and
found that although Met residues are found in anchor positions more frequently (Figure 6C), the oxidative
modification does not impose a difference regarding TCR recognition of HLA-I-peptide complexes using a
different model-peptide and its corresponding clones: MAGE-A10254.262 peptides. This did not reveal any
differences in the avidity of CD8" T cell clones between the native and oxidized versions of this peptide,
suggesting that the results obtained for the YMD peptide are rather due to some specific structural restric-
tions between the TCR and HLA-A2-sulfoxide peptide complex. This hypothesis was also confirmed by the
in silico free energy calculations between the native and oxidized state as shown by Table 1. Nevertheless,
these data have to be taken only qualitatively given the many assumptions made in building the model.
First, computations were not performed starting from a crystal structure but rather from homology models
of the interacting molecular objects with a high degree of uncertainty along the alignment concentrated in
the interacting loops of the TCR, which is the very region responsible for the interaction. Moreover, a water
molecule was placed in the model at the interface between YMD and HLA-A2 given that this is present in
80% of the analyzed ternary crystal structures. Moreover, the CD8 co-receptor and other stabilizing factors
that may impose on the real value of the free energy—such as CD3 or membrane lipid rafts—were not
included in the model given the lack of structural information. However, some of the model assumptions
were confirmed by computations.

Interestingly, computational experiments indicate that, at room temperature, the YMD peptide may be
found in stable HLA-A2-YMD-TCRc3 complexes in more than one conformation. In addition, by oxidation,
only some of these YMD conformations generate more stable ternary complexes. Hence, computational
data suggest that the underlying mechanism by which YMD oxidation might increase the TCR recognition
relies on increasing the local order in the system rather than due to a direct involvement of sulfoxides in the
direct interaction with the TCR. This is somehow consistent with the fact that more than two-thirds of the
interface with TCR is contributed by HLA-A2 and only one-third to the peptide, and therefore the direct
contribution of the peptide atoms in ternary complex formation is far lower than that of HLA-A2. A possible
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mechanism for increased efficiency of recognition of the oxidized peptide by specific CD8" T cells relies on
the fact that the local HLA-A2 structure is modified by the oxidized YMD, resulting in an increased avidity of
the TCR for the HLA-A2-YMD oxidative complex.

Overall, the present results clearly show how oxidative stress could modulate the cellular immune
response, in line with some other reports.?>?°?%?? These results demonstrate that oxidation of the side
chain of a residue in the antigenic peptide may generate altered peptide ligands with increased antigenic-
ity, and that this oxidation may occur in vivo, opening the possibility that high-affinity CD8™ T cells might be
naturally primed in the course of melanoma progression, as a result of immunosurveillance.

Limitations of the study

To assess the level of intracellular oxidation of HLA-presented epitopes, we simultaneously measured by
LC-MS the spontaneous oxidation of a control isotope-labeled peptide that could only partially overcome
the variations found in the level of HLA-peptide presented by the range of melanoma cells. The computa-
tional evaluation of the YMD oxidation started from a homology model in the absence of an available crys-
tal structure; therefore, the model has a level of uncertainty at the TCR-interacting loops level.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Tyrosinase T311 Santa Cruz Biotechnology Catitsc-20035; R
RID:AB_628420

Calnexin Abcam Cat#ab-22595; R

FITC Mouse Anti-Human HLA-A2 Clone BB7.2

FITC Mouse Anti-Human CD8 Clone RPA-T8

anti-human MHC Class | (HLA-A, HLA-B,
HLA-C) Wé6/32

Donkey anti-mouse

Donkey anti-rabbit

BD Pharmingen™

BD Pharmingen™

Department of Oncology, UNIL-CHUV,
University of Lausanne, Epalinges,
Switzerland

JacksonlImmunoResearch

JacksonImmunoResearch

RID:AB_2069006

Cat# 551285; R
RID:AB_394130

Cat#561948; R
RID: AB_11154582

N/A

Cat#715-035-150; RRID: AB_2340770
Cat# 711-035-152; RRID: AB_10015282

Chemicals, peptides, and recombinant proteins

Hydrogen peroxide

Methanol

LC-MS water

Formic acid - FA

Acetonitrile — ACN

MgCl,

NaCl

EDTA

Citric acid

NayHPO,

Tris

Triton X-100

Peptide: YM256DGTM655SQV (>98 % purity),
Peptides: YMDGTMSQV (Tyrsge.377) light, heavy,

YM250DGTMbsoSQV (>98 % purity),

Peptide: GLYDGMEHL (MAGE-A10254_2¢2)

Peptides: GILGFVFTL (Influenza matrix58-66) labelled
or unlabelled with biotin,

Peptide: ELAGIGILTV (Melan-Azs.35)

Peptide: EAAGIGILTI

Peptide: Cy5-labeled HBVc

Tetramer: APC-labeled HLA-A2/'YMDGTMSQV

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma Aldrich

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Merck Millipore

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma Aldrich

Gene Script

Gene Script

Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland
Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland
Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland
Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland
Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland

Peptide and Tetramer Core Facility,
UNIL-CHUV, Epalinges, Switzerland

16911
34966
39253
56302
34967
M4880
sc-203274
sc-29092
100241
sc-203277
sc-3715
T-9284
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Tetramer: APC-labeled HLA-A2/GLYDGMEHL Peptide and Tetramer Core Facility, N/A
UNIL-CHUV, Epalinges, Switzerland

E coli purified HLA-A*02:01 Peptide and Tetramer Core Facility, N/A
UNIL-CHUV, Epalinges, Switzerland

Human B2-microglobulin Proteintech Ag27803

IL-2 PeproTech 200-02

Critical commercial assays

IFNYy -ELISA kit MyBiosource MBS161542

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23225

Immobilon Crescendo Western HRP substrate Merck Millipore WBLURO500

Deposited data

Raw and analyzed data This paper PXD039318

Experimental models: Cell lines

Tyrosinasesgs-377¢rmpy and MAGE-A10 Ludwig Institute for Cancer Research, N/A

specific CD8" T cells
Human T2 cells, CEMx721.174.T2

A375
A375-Tyr
Me 290

Me 275

Me 319

Lausanne Branch; Lausanne; Switzerland.
Ludwig Institute for Cancer Research,
Lausanne Branch; Lausanne; Switzerland.
European Collection of Animal Cell Cultures
Chiritoiu G. N. et al. (2016)*

Ludwig Institute for Cancer Research,
Lausanne Branch; Lausanne; Switzerland.
Ludwig Institute for Cancer Research,
Lausanne Branch; Lausanne; Switzerland.

Ludwig Institute for Cancer Research,

Lausanne Branch; Lausanne; Switzerland.

RRID: CVCL_2211

RRID: CVCL_0132
10.1002/elps.201500449
RRID: CVCL_S598

RRID: CVCL_S597

N/A

Software and algorithms

XCalibur v2.2/3.0
LTQ Tune v2.70.112SP2
Skyline software v2.6.0

CellQuest

FlowJo

Cytobank
Generalized Amber Force Field - GAFF2

Antechamber from the AmberTools suite

OpenMM v.7.4.1

Modeller v.9.21
YANK v.0.25.2
PyMBAR package
MDTraj 1.9.3
FreeSASA 2.0.3
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Thermo Fisher Scientific
Thermo Fisher Scientific

MacCoss Lab Software

BD Bioscience

Beckman Coulter

Beckman Coulter

Wang, J. et al. (2004).%?

Case, D.A. et al. (2020).*
Eastman, P. et al. (2017).%*

Webb, B. et al. (2016).°
Wang, K. et al. (2013).%°

Shirts, M.R. et al. (2008)."*’
McGibbon, R. T. et al. (2015).%
Mitternacht, S. (2016).*

https://thermo.flexnetoperations.com
https://thermo.flexnetoperations.com
https://skyline.ms/project/home/software/
Skyline/begin.view
https://www.bdbiosciences.com/content/
dam/bdb/marketing-documents/14_
cellquest_prosoft_acquisit.pdf

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

downloads
https://community.cytobank.org
https://ambermd.org/AmberModels_
organic.php
http://ambermd.org/antechamber/ac.html

https://github.com/openmm/openmm/
releases

https://salilab.org/modeller/9.21/manual/
N/A

https://pypi.org/project/pymbar/
https://mdtraj.org/1.9.3/index.html
https://pypi.org/project/freesasa/2.0.3/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Scipy v. 1.3.2 Virtanen, P. et al. (2020).”° https://pypi.org/project/scipy/1.3.2/
PyMOL v.2.2.3 Schrédinger, L. (2018).°" https://pymol.org/2/

Molprobity server
Rv3.6.3

Davis, |.W. et al. (2007).

R Core Team

http://molprobity.biochem.duke.edu

https://www.r-project.org

Prism software (GraphPad v.6.0). GraphPad https://www.graphpad.com
Prism software (GraphPad v.9.4.1) GraphPad https://www.graphpad.com
Image J Image J https://imagej.nih.gov/ij/download.html
Other

DMEM Gibco 31966047

RPMI Gibco 61870044

FBS Gibco 10270106

Glutamine Gibco 25030081

HEPES Gibco 15630056

Sodium pyruvate Gibco 11360039
Penicillin/Streptomycin Gibco 15140122

Geneticin Invivogen ant-gn-5

Na,>'CrO, (>'Cr) PerkinElmer NEZ030S

EndoH Neb P0702

Protease inhibitors Roche 11697498001

LumaPlate PerkinElmer 6005630

Terasaki multiwell plates Greiner Bio-One 654180

v-bottom 96-well plate Greiner Bio-One 651101

Analytical column (100 mm or 150 mm x 75 pm ID)
packed with 3 pm ReproSil-Pur C18-AQ resin

Reversed-phase (RP) C18, 1.9 um, Hypersil GOLD

column (50 mm x 2.1 ID)

Preparative RP column C18 (100 x 10 mm, 5 pm)

Dionex AFC 3000 fraction collector
Easy nanoLC Il

LTQ-Orbitrap Velos Pro

Nanospray Flex lon Source

HPLC Accela 600

FACS Calibur

Gallios

FACS Verse

TopCount NXT Microplate Scintillation

Dr. Maisch GmbH

Thermo Fisher Scientific
(Cat. No.: 25002-052130

Thermo Fischer Scientific
(Cat. No.: 25005-109070)

Thermo Fisher Scientific
Proxeon Biosystems

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

BD Bioscience

Beckman Coulter

BD Bioscience

PerkinElmer

https://www.thermofisher.com/

https://www.thermofisher.com/

https://www.thermofisher.com/

https://www.thermofisher.com/
https://www.thermofisher.com/
https://www.thermofisher.com/
https://www.thermofisher.com/
https://www.thermofisher.com/
https://www.bdbiosciences.com/en-eu/
products/instruments/flow-cytometers/
clinical-cell-analyzers/calibur-
discontinuation
https://www.beckman.com/resources/
videos/products/gallios-overview
https://www.bdbiosciences.com/
en-eu/products/instruments/flow-
cytometers/research-cell-analyzers/
bd-facsverse
https://resources.perkinelmer.com/
corporate/cmsresources/images/44-

73884spc_topcountnxtmicropltscint.pdf
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact: Stefana M. Petrescu (stefana_petrescu@yahoo.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Data have been deposited at the ProteomeXchange Consortium via the PRIDE™ partner repository with
the dataset identifier PXD039318 and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to re-analyse the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines and TIL cultures

Melanoma cell lines used for assessment of cell surface presentation of HLA-A*02:01-YMD/YMD oxidised
derivatives complexes, were grown as detailed below.

Amelanotic melanoma cell line A375°* (RRID:CVCL_0132), isolated from skin of a 54 years female, from Eu-
ropean Collection of Animal Cell Cultures (Porton Down, UK) and A375 modified to overexpress tyrosinase
(A375-Tyr),*” were grown in DMEM supplemented with 10% FBS, with or without 400pg/mL Geneticin at
37°C with 5% CO,. Metastatic melanoma cell lines: Me290 (RRID: CVCL_S598), Me275 (RRID:CVCL_
S597), Me319 obtained from the adherent fraction of lymph node (LN) surgical resected from patients:
LAU203 (female), LAUS0 (male) respectively LAU257°°7°7 were grown in RPMI supplemented with 10%
FBS, 1% Glutamine, 1% HEPES, 1% sodium pyruvate and 1% Penicillin/Streptomycin at 37°C with 5% CO,.

Human T2, a hybrid cell line, HLA-A2+, deficient in TAP, (CEMx721.174.T2)*° (RRID:CVCL_2211) used as
antigen presenter cells®’ were grown in RPMI supplemented with 10% FBS, 1% Glutamine, 1% HEPES,
1% sodium pyruvate and 1% Penicillin/Streptomycin at 37°C with 5% CO,.

Tyrosinase specific CD8" T cells, were isolated from PBMCs of HLA-A2+ melanoma patients (LAU 1015-
clones 5, 21, 26 and LAU 156-clones 3, 58) after positive selection of CD8 expressing cells by Magnetic Acti-
vated Cell Sorting (MACS) (Miltenyi Biotec Inc., Sunnyvale,CA). Selected cells were stained with specific
conjugated antibodies and multimers: anti-CD8 FITC and allophycocyanin (APC)-labelled HLA-A2/
YMDGTMSQV tetrameric complex, to assess the frequency and sort YMD specific CD8" lymphocytes
with Cell Sorter (FACS Aria, ).”>%?%® Positive cells were cloned by limiting dilutions in Terasaki multiwell
plates. The obtained clones were expanded and cultivated in RPMI supplemented with 8% pooled Human
Serum, 150 IU/ml recombinant human IL-2 1% Glutamine, 1% HEPES, 1% sodium pyruvate and 1%
Penicillin/Streptomycin at 37°C with 5% CO,. CD8" T cells specific for MAG E-A10,54 262°4¢° were isolated
using the same protocol, with specific labelling of CD8" selected T cells with APC-labelled HLA-A2/
GLYDGMEHL tetrameric complex.

Multimers were loaded with the native peptide, and reactivity of growing YMD-specific CD8" T cell clones
and MAGE-A10-specific CD8" T cell clones were tested against native or oxidized peptide forms.

METHOD DETAILS
HLA peptide extraction

To isolate cell surface peptides, melanoma cells grown to semi-confluence were detached with 0.02%
EDTA, counted, and ~15-20x10° cells were pelleted. The cell pellets were resuspended in citrate-phos-
phate buffer, pH 3.3-3.4 (131.5 mM citric acid, 61.5 mM Na,HPO,) and incubated for 2 minutes on ice, fol-
lowed by inactivation with 1M Tris buffer.*®” For the estimation of Met oxidation, a heavy-labelled version
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("3C™N, Val +6Da) of the YMD peptide was spiked-in in the acidic elution buffer (~ 1 ng). The supernatant
was recovered by centrifugation at 1500 RPM for 3 min at 4°C. The samples were filtered through a 10 kDa
ultrafiltration membrane, desalted and eluted with acetonitrile (ACN), vacuum-dried and kept at -20°C until
further analysis.

HPLC oxidation profiling of the YMD peptide using hydrogen peroxide

The synthetic YMD peptide (98 % HPLC assay) was oxidized with varying concentrations of hydrogen
peroxide and kept for 30 min at 4°C. For each concentration, the reaction was performed in 25 ul of solution
(LC-MS water) at a concentration of ~ 155 uM peptide. For the time dependent oxidation assay a similar
concentration of peptide was used at the indicated concentration of hydrogen peroxide, in 150 pl solution
of solvent A (0.1 % formic acid — FA + 2 % acetonitrile — ACN). For each point of the assay 1 pg of peptide
was injected on a reversed-phase (RP) C18, 1.9 um, Hypersil GOLD column (50 mm x 2.1 ID, ThermoFisher
Scientific), equilibrated in 95 % solvent A and 5 % solvent B (0.1 % FA + 50 % ACN). The oxidized peptide
species were separated using a linear gradient from 5 % B to 100 % B in 50 min at a flow rate of 0.5 ml/min
with detection at 275 nm. For offline MS/MS validation of each chemical derivative, fractions were collected
automatically using a Dionex AFC 3000 fraction collector and the resulting fractions were analysed further.
For the kinetic analysis the concentration of hydrogen peroxide was considered constant following the
course of the reaction as the assay was performed with an excess of hydrogen peroxide compared with
the peptide concentration (120 mM vs. 310 uM peptide-bound Met). Large scale peptide purification
and purity assesement was performed using a preparative RP C18 column (100 x 10 mm, 5 um, Thermo-
Fisher Scientific).

Mass spectrometry analysis

All the samples were reconstituted in solvent A and analyzed using an Easy nanoLC Il (Proxeon Biosystems)
connected online to an Orbitrap Velos Pro (Thermo Fisher Scientific) using a Nanospray Flex lon Source
(Thermo Fisher Scientific). The peptides were separated by a 60-min or 90-min gradient elution (2-30%
B: 0.1 % formic acid + 98 % ACN) on an analytical column (100 mm or 150 mm x 75 um ID) packed with
3 pm ReproSil-Pur C18-AQ resin. (Dr. Maisch GmbH). Light and heavy versions of the standard YMD pep-
tide were injected before analysis to assess retention time and m/z values. The eluted peptides were
analyzed using a targeted MS method involving a full Orbitrap scan at 60 000 resolution (m/z 400), followed
by a SIM scan (500-600 m/z) at 60 000 resolution and a subsequent scan for peptide MS/MS spectra acqui-
sition. Peptides were selected for CID fragmentation based on a custom inclusion list containing the m/z
values detected for both, the light and heavy version of the standard peptide [16].

Mass spectrometry data analysis

For peptide identification, SIM scans and MS/MS scans were manually processed with XCalibur v2.2
(Thermo Fisher Scientific) using 7 ppm mass accuracy for Orbitrap scans and 0.5 Da for linear ion trap scans.
For peptide quantification Skyline software v2.6.0°>“” was used in which the raw files were imported and
parent and fragment ion chromatograms were extracted and integrated for quantification. The following
settings were used: precursor and b, y as ion types, precursor charges of +2, fragment ion charges +1, +2
and five-eight product ions for each precursor m/z. For MS1 filtering settings isotope peaks included were
setto count, the precursor mass analyser was selected as Orbitrap with resolving power of 60 000 at m/z 400
and for MS2 filtering the acquisition method was set to targeted, product mass analyser as QIT with reso-
lution 0.7 m/z for ion trap data and Orbitrap product mass analyser with 7 500 resolution at 400 m/z for MS/
MS spectra detected in the orbital trap. The retention times filtering was based only on scans within five
minutes of MS/MS IDs. For the analysis of the HPLC collected fractions eight product ions were used
(two b/y ion pairs flanking each Met residue), besides the precursors peaks (M, M+1 and M+2). Moreover,
the MS/MS spectra were compared to the native and the in silico obtained ones to validate the oxidation
position (Figures 2 and S2). For oxidation level estimation of the light and heavy versions of the YMD pep-
tide, all the sulfoxide variants were considered by extracting the Skyline reported heavy/light total area
(Figures S5F and S5H). These are calculated by the software following manual/automatic integration of
the heavy and light peptide versions weighted mean of the transition ratios, where the weight is the
area of the internal standard, or heavy area. For this analysis, the three double charged precursors (M,
M+1 and M+2 peaks) were considered along five product ions from the y ions series covering the two
Met residues. We choose only y ions since the heavy peptide is labelled to the C-terminus Val residue
and thus y ions can discriminate between the light and heavy peptide versions. For heavy peptide initial
oxidation the Skyline reported peak areas were considered for all the selected transitions. These were
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summed and divided by the total ion current signal of the peptide (including the native form) to obtain the
relative oxidation level (ROS) (Figure S5F). These were calculated from injections of the standard heavy
YMD peptide and were estimated separately for each of the two Met residues. These were further used
to adjust the aggregated ratios obtained for each of the two Met residues (Figure S5G). Copy-numbers
were estimated using only the native peptide from the light and heavy, by considering the concentration
of the heavy peptide added in each sample.

Western Blot

The pelleted cells were lysed in TritonX-100 containing buffer (50 mM Hepes, 1.5 mM MgCl,, 50 mM NaCl,
1 mM EDTA, 1% Triton X-100, and pH 7.4), supplemented with protease inhibitors. Endo H digestion was
performed following manufacturer’s instructions. An equal amount of protein from each sample, estimated
by BCA assay, was separated by SDS-PAGE and transferred to nitrocellulose membranes. These were sub-
sequently probed with the indicated primary antibodies, tyrosinase-T311 and calnexin for loading control
and corresponding HRP coupled secondary antibodies, donkey anti-mouse and donkey anti-rabbit, de-
tected with ECL substrate. Bands from three independent experiments were quantified by Image J and
the obtained results were represented as bar plots using Prism software (GraphPad v.6.0).

Flow cytometry analysis of the HLA-A2 level of melanoma cell lines

Cells were detached with EDTA 0.02%, counted and 1x10° cells from each cell line were labelled for 30 min,
at 4°C with anti-human HLA-A2-FITC antibody. The cells were washed three times before acquisition on a
FACS Calibur (BD Bioscience). Samples were analyzed with the CellQuest software and values of Median
Fluorescence Intensity (MFI) of three independent experiments with three technical replicates each
were considered. The MFI values were graphically represented as bar plots Using Prism software
(GraphPad v.6.0).

Competition binding assay

The competition binding assay was performed according to the method of P. Baumgaertner and col-
leagues.*® More specific, T2 cells were incubated for 1 h at 37°C with 1ug/ mL Wé/32 anti-MHC class | anti-
body for MHCI complex stabilization. Subsequent, the cells were washed and incubated for 4 h at 37°C with
6dilutions (10,5,1,0.5,0.1,0.05 uM) of antigenic competitor peptide, native and each HPLC purified form, the
reference HBVc-Cy5 fluorescently labelled peptide in fixed concentration-0.2 uM and 1,5 pg/mL B2-micro-
globulin, all diluted in complete RPMI. The fluorescence intensity of Cy5-labelled HBVcbound to the T2 cells
surface after competing with titrated dose of peptide derivatives was measured at Flow Cytometers (Gallios,
Beckman Coulter and FACS Verse, BD Bioscience). Samples were analyzed with FlowJo and Cytobank
(Beckman Coulter) software’s and Median Fluorescence Intensity (MFI) of technical duplicates were repre-
sented as nonlinear regression, binding-competitive curves using Prism software (GraphPad v.6.0). Each
experiment was replicated twice and a representative graph is shown in the coressponding figure. For
each individual biological replicate the IC50 was interpolated using One Site-Fit loglC50 from Prism Soft-
ware (GraphPad v.9.4.1) and represented as violin plots in Prism software (Graph Pad v.9.4.1).

In vitro binding assay and stability of pMHC

The competition assays were performed following a previously published method.”” More specifically,
1 uM HLA-A*02:01 and 2 uM human B2 microglobulin, purified from Escherichia coli were refolded in a
v-bottom 96-well plate in 150 pl refolding buffer (100 mM Tris HCI pH 8, 400 mM L-arginine HCI, 2 mM
EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 0.5 mM phenylmethylsulfonyl fluoride)
with biotinylated-Influenza matrix sg.¢s peptide (GILGFVFTL) at fixed concentration (2 uM) and candidate
peptide to each well to a final concentration of 0, 0.09, 0.19, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 and
100 uM. As control, unbiotinylated-Influenza matrix sg.¢s peptide (GILGFVFTL) was used at the same con-
centrations as the candidate peptide. The mixture was incubated 72 hours at 4°C. The binding of the biotin
tagged Influenza matrix sg_¢¢ peptide (GILGFVFTL) to HLA-A*02:01 molecule was measured by ELISA. The
obtained values were represented as non-linear regression curves, binding-competitive in Prism software
(GraphPad v6.0) and a representative experiment is shown in the manuscript. The experiments were repli-
cated twice and for each individual replicate the IC50 was interpolated using One Site-Fit 1oglC50 from
Prism Software (GraphPad v.9.4.1) and represented as violin plot.
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For the stability assay refolded HLA-A*02:01 complexes with Influenza matrixss_es peptide (GILGFVFTL),
Tyraes-377 peptide (YMDGTMSQYV) native (N), Tyrag.377 peptide (YM256DGTM6b65oSQV) oxidised version
(M2soMés0) or without peptide as negative control (-) were incubated at 37 °C at different time points
0, 8h, 24h, 48 and 72h. The integrity of each complex was measured by ELISA.

CD8" T cell activation assays

Antigenicity of YMD oxidized derivatives was assessed by a standard 4h >'Chromium-release assay and
IFNYy secretion assay.

Chromium release assay

This method determines the lytic activity of different Tyrage.377 and MAGE-A10,54.262, specific CD8" T cells
activated by native or oxidized peptide derivatives presented by T2 cells. More specific, different clones of
YMD-specific CD8" T cells were incubated together with *'Chromium labelled T2 cells, pulsed with serial
dilutions of peptides in native or oxidized forms, for 4-hours at 37°C. For each condition duplicate samples
were performed. After 4 h incubation, 50 pl of supernatant were transferred in a LumaPlate containing solid
scintillant and let to dry overnight (ON). Radioactive signal from dried plates was counted with a TopCount
NXT Microplate Scintillation (PerkinElmer) and the percentage of specific lysis was calculated using the
standard equation: [(experimental - spontaneous release) / (maximum load - spontaneous release)] x
100. Specific lysis was represented as the nonlinear log [Agonist] vs. response curves for each clone in Prism
software (GraphPad v.6.0) and representative clones were shown. Using the equation describing the
nonlinear [Agonist] vs. response curve, the functional avidity (EC50-peptide concentration giving 50%
maximal killing) for each Tyrsee.377 specific CD8* T cell clone was estimated. Calculated EC50 values
were graphically represented as box plots and the statistical significance was assessed using an unpaired
t test for YMD oxidized mix forms and the non-parametric option of one-way ANOVA with Dunn’s correc-
tion for each YMD derivative. MAGE-A10354.262 peptide variants were processed in the same way.

IFN~y secretion assay

Tyrosinase specific CD8" T cells were incubated at 1/1 ratio with the T2 cells pulsed with serial dilutions of
native YMD peptide or oxidized forms, each condition in duplicate, for IFNy quantification by ELISA after
24 h of co-culture. The concentration of IFNy secreted in each condition was determined by integration in
an exponential IFNy standard curve equation. Dilutions of standard IFNy were processed simultaneously
with the samples according to ELISA manufacturer indications. The obtained IFNy concentration were
graphically represented in Prism software (GraphPad v.6.0), as shown in the figure.

Analysis of Met relative frequency and position in IEDB database

The full IEDB database was downloaded from https://www.iedb.org (4537458 entries as of 08/2022) and the
corresponding data was further analysed. Only human sequences from linear peptide epitopes of non-
amers were further kept. To reduce redundancy only unique sequences were considered for the next steps
of the analysis. The relative Met frequency was calculated by dividing the entries containing at least one
Met residue to all entries available in the database. These were calculated for each allele from IEDB. For
Met abundance in the corresponding proteome, the human version of the UniProtKB database was
retrieved from the UniProtKB web-site https://www.uniprot.org/ (79740 entries as of 09/2022). Only unique
sequences of at least 100 amino acids long were further kept for analysis. For Met frequency positional anal-
ysis the top three most represented alleles from IEDB for each major HLA class | genes were selected and
the relative positional Met frequency was assessed by calculating the number of entries with Met residues
for each of the available nine possibilities.

Modeling work and binding free energy computation

The computational work involved the following three main stages:

1. Modeling the HLA-A*02:01 - YMD binary complex in native (N) and oxidized form (M2scMés0);
2. Building the HLA-A*02:01 - YMD TCR ternary complex for the N and M2soMéso form; and

3. Computing the ternary complex absolute binding free energies for YMD-N and M2soMéso using
alchemical transition from the unbound to the bound state and estimating the difference between
them using a thermodynamic cycle.
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Modeling of HLA-A*02:01 - YMD binary complex

To select the best possible templates for homology modelling HLA-YMD complex, all available HLA-
peptide (HP) and HLA-peptide-TCR (HPT) structures were retrieved from the Protein Data Bank’' using
BLAST with HLA-A*02:01 sequence as query. In this way a structural database was compiled, HP/HTP-
DB containing 319 HP binary complexes and 105 HPT ternary complexes in which HLA structures include
the B-microglobulin besides the HLA-a chain. Identification and elimination of redundant low resolution
and disordered structures and selection of the best representative reduced the set to 237 HP and
28 HPT structures. The nonredundant antigenic peptides were subjected to structural and statistical anal-
ysis with in-house tools aiming to select the closest YMD templates (Data S2).

Given that in the HPLC experiments M2soMéso was found to be dominant amongst the 8 possible oxidized
YMD forms - the two peptide templates were used to build only 4 starting YMD-HLA-A*02:01 binary com-
plex models corresponding to the Native and M2soMébsg states in each of the two conformations. In build-
ing the oxidized form models the missing force field parameters for Methionine sulfoxide were taken from
the Generalized Amber Force Field - GAFF2.%? For the new residue, partial charges were calculated using
the Antechamber from the AmberTools suite.*

Modeling the ternary complex HLA-A*02:01 -TCR

Models of the ternary HLA-A*02:01 -TCR complex were built in two steps: (1) the TCR build-up step of
models with patient specific, clone 3 CDR loops, TCRc3, by joint fragment homology modelling, and (2)
docking step of the TCR-c3 model to the four HP binary complexes generated in stage 1.

In order to generate the TCR-c3 model, the HP/HTP-DB database mentioned above was scanned for
closest candidates for clone 3 CDR regions. Sequence analysis revealed that each CDR loop and each con-
stant region had different best candidates in terms of sequence similarity. Thus, a joint fragment homology
modelling procedure’’® was used starting from four reference structures (PDB codes: SHHM, 3PWP, 2PYE
and 2BNQ). The 5HHM and 3PWP structures were used to build the a- and B-chains conserved scaffolds
respectively, while 2PYE and 2BNQ CDR templates were used to build the CDR-TCRc3 loops, as shown
in Data S3 multiple sequence alignment.

Instep 2, the ternary complexes were built by docking the TCRc3 on top of the previously built HLA-A*02:01
-YMD binary complex using 2PYE ternary complex crystal structure as an overall scaffold. In addition,
a water molecule was placed by coordinate transfer at the HLA-A*02:01 -YMD interface near position
Mé6 as 3 out of the 4 templates present this water in the mentioned location.

Conformation of these models were further iteratively optimized by repeated rounds of simulated anneal-
ing and minimization using the L-BFGS algorithm, with a tolerance of 10 kJ/mole, with OpenMM v.7.4.1.%*
The stability of all ternary complex models was assessed by 100 ns molecular dynamics (MD) simulations
each, performed with OpenMM (v.7.4.1) using explicit solvent, at 300K temperature and 1 bar constant
pressure. Trajectory integration was rendered by Langevin integrator at 2 fs integration timestep and
1ps-1 friction coefficient.

As during these ternary complex simulations, the Mé side-chain of the first starting conformation remained
firmly oriented toward HLA, while in the second starting conformation Mé side-chain drifted slowly toward
TCR (Figures 7B3 and 7B4), we called these two alternative peptide conformations - ‘down’ (}) and ‘up’ (1)
respectively. All HLA-A*02:01 and TCR-c3 models built in steps 1 and 2 were raised with Modeller v.9.21.%°
Briefly, variable stretches connecting the sequence-conserved regions SCR were generated iteratively
using the Modeller loop optimization protocol relying on the distance-dependent statistical potential of
mean force, developed by Melo and Feytmans.”* The sequence variable regions were optimized by
repeated alternative rounds of simulated annealing and energy minimization. Models were validated using
the Molprobity server® resulting in 0.59 and 1.00 scores for HLA-A*02:01 and TCR respectively.

Free energy estimation

In stage 3, the Absolute Binding Free Energy estimates were calculated using Hamiltonian Replica
Exchange (HRE) with thermodynamic states scaled between a coupled and a decoupled ligand state.
Briefly, this entails gradual reduction of the interactions exerted by HLA-A*02:01 and TCR onto the YMD
till extinction endpoint. The two HLA-A*02:01 -YMD- TCR ternary complex models - with YMD in native
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form and with methionine residues M2 & Mé sulfoxide forms (M2scMbésc) - were subjected to a total of
472.5 ns simulation time across 135 replicas. Calculations were performed with YANK v.0.25.2° which
uses Hamiltonian Replica Exchange (HRE) as sampling method and Multistate Bennett Acceptance Ratio
implemented in the PyMBAR package,”’ a method widely used for AG estimation in general’® that has
recently proven useful in investigating protein-RNA interactions’® and evaluating the impact of point
mutations in the barnase:barstar system.”” The number of replicas and their corresponding coupling
parameters were set using automated replica detection protocol with default settings. In order to ensure
that enough replicas were used replica mixing was computed using YANK's automatic scripts. The ligand
was kept within the binding site using harmonic restraints. The HREs were ran for 3.5 ns *135 replicas with a
replica swap being attempted every 10-3 ns. The fully coupled trajectories were further used for differential
structural analysis including stability, cluster count and solvent accessibility analysis. To this end, RMSD and
RMSF were calculated using MDTraj 1.9.3.* Solvent Accessible Surface Area was computed using
FreeSASA 2.0.3.7 Cluster count analysis was performed with Scipy v. 1.3.2,°° using RMSD as distance.
PyMOL v.2.2.3 was used to generate all figures containing 3D structures of proteins.”'

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental design and statistical analysis

For Chromium release assay, distinct CD8" T cell clones were used for experiments in duplicates. To assess
the relevance of the YMD derivative immunogenicity’s, we calculated the concentration giving 50%
maximal killing (EC50) for all YMD specific CD8" T cell clones tested, illustrated in box plot graphics. Finally,
the statistical significance of differences in the efficiency of oxidative variants of YMD recognition by
Tyraee-377 restricted CD8" T cells was assessed by unpaired two-sample two-tailed t-test or by non-para-

metric one-way ANOVA with Dunn’s correction for each YMD derivative using Prism software
(GraphPad v.6.0).

Experiments using IFNy secretion readouts were performed in duplicates for each YMD-specific CD8"
T cell clone used.

For the competition binding assay, the experiments were performed in biological duplicates and one
representative experiment was shown as nonlinear regression curves in the figure. For each experiment

the IC50 was calculated and represented as box plot using Prism software (GraphPad v.9.4.1).

For HLA-A2 detection by flow cytometry, experiments were performed in biological triplicates and mean of
triplicates were represented as bar plots with SEM as error bars, using Prism software (Graph Pad v.6.0).

Western Blot experiments were performed in three biological replicates and values obtained from bands
quantification using ImageJ were represented as bar plots of mean values with error bars denoting SEM.

The experiments for endogenous oxidation were performed in three or four biological replicates.

For all figures we show mean with error bars denoting SEM, if not otherwise denoted.
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