
Cell Systems, Volume 14
Supplemental information
Improved predictions of antigen presentation and

TCR recognition with MixMHCpred2.2 and PRIME2.0

reveal potent SARS-CoV-2 CD8+ T-cell epitopes

David Gfeller, Julien Schmidt, Giancarlo Croce, Philippe Guillaume, Sara Bobisse, Raphael
Genolet, Lise Queiroz, Julien Cesbron, Julien Racle, and Alexandre Harari



Supplemental Figures 

 

Mono-allelic Poly-allelic Mono-allelic Poly-allelic Mono-allelic Poly-allelic
A0101 A0201 A0205

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

682 2350 1627 7847 2085 1854
A0206 A0301 A1101

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1751 1402 1011 7289 2004 2299
A2301 A2402 A2501

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1449 852 4211 2895 507 1301
A2601 A2902 A3001

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

712 1462 537 891 720 1433
A3002 A3101 A3201

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

938 407 598 1226 1248 588
A3301 A3303 A3402

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1358 175 1529 69 2038 1453
A6801 A6802 B0702

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

792 4600 937 749 1506 6351
B0801 B1301 B1302

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1585 4068 2225 257 1700 2719
B1402 B1501 B1503

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

913 2015 4300 6426 1851 828
B1801 B2705 B3501

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

850 2016 2801 3478 471 1050

A



 

Mono-allelic Poly-allelic Mono-allelic Poly-allelic Mono-allelic Poly-allelic
B3503 B3701 B3801

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1299 3439 795 491 1457 3350
B4001 B4002 B4402

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1419 2170 2024 333 538 1861
B4403 B4501 B4901

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

363 3268 1041 1259 2414 865
B5001 B5101 B5201

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

403 901 1477 1847 471 176
B5501 B5601 B5701

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

861 506 898 416 3030 3840
B5703 B5801 C0303

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

2533 866 1721 364 2159 1813
C0304 C0401 C0501

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

3195 313 2539 310 2033 366
C0602 C0701 C0702

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

1234 1264 814 171 1021 111
C0704 C1202 C1203

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

439 63 1190 525 2495 317
C1402 C1601

0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9
0

1

2

3

4

1 2 3 4 5 6 7 8 9

2537 586 3865 1365

A (second page)



 
Figure S1: Motif deconvolution reveals motifs consistent between mono- and ploy-allelic 

HLA-I peptidomics data and identifies different types of contaminants, related to Figure 

1. (A) Comparison between motifs identified in mono-allelic and poly-allelic HLA-I 

peptidomics data. All alleles found in both mono-allelic and poly-allelic samples are shown 

(59 in total). Numbers below each motif indicate the number of 9-mer ligands. (B) Examples 

of predicted unspecific contaminants (i.e., flat motif in MixMHCp) for different peptide 
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lengths in the poly-allelic sample ‘donor1’ using five motifs1 and the mono-allelic sample 

‘B3701’ using one motif2. The number of predicted unspecific contaminants is shown for each 

length, together with the corresponding percentage. When only one peptide is found, the 

sequence of the peptide is written instead of the motif. Cases without any peptide are indicated 

with ‘NA’. (C) Examples of predicted allele-specific contaminations in mono-allelic samples 

from Sarkizova et al.2, with secondary motifs identified by MixMHCp showing high similarity 

with those of other alleles. The left box shows the expected motif based on data from other 

studies. The middle box shows the motifs obtained with MixMHCp in each sample (for clarity 

the flat motif is not shown, which is why the percentages do not sum up to one). The right box 

shows the motifs of the HLA-I alleles which the contaminating peptides are predicted to come 

from. (D) Example of erroneous HLA-I typing (sample ‘1180157F’ in 3). The left box shows 

the motifs of the alleles reported in the original study. The middle box shows the motifs 

identified by motif deconvolution with MixMHCp. The right box shows the motifs of alleles 

compatible with those predicted by motif deconvolution. 

 

 



 
Figure S2: Models of HLA-I binding specificities and peptide length distributions 

improve predictions of naturally presented HLA-I ligands, related to Figure 2. (A-B) 

AUC (A) and PPV (B) values for different predictors applied on ten HLA-I peptidomics 

samples from Gfeller et al.4. (C-D) AUC (C) and PPV (D) values for different predictors 

applied on eleven HLA-I peptidomics samples from Pyke et al.3. (E) Predicted peptide length 

distributions at multiple %rank thresholds for each HLA-I ligand predictor. The values were 

computed by averaging over all alleles with mono-allelic HLA-I peptidomics data. Dashed 

lines show the peptide length distributions observed in naturally presented HLA-I ligands 

from mono-allelic samples. 
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Figure S3: Models of TCR recognition propensity improve predictions of neo-

epitopes, related to Figure 3. (A) Benchmarking of PRIME2.0 based on leave-one-allele-out 

cross-validation and leave-one-study-out cross-validation. (B) Same validation as in (A) after 

excluding randomly generated negatives in the test sets. (C) 10-fold cross-validation of 

PRIME2.0 trained with different HLA-I ligand predictors. For clarity, only P-values smaller 
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than 0.05 within the first four yellow bars are indicated. (D) Same validation as in (C) after 

excluding randomly generated negatives in the test sets. (E) Normalized amino acid 

frequencies at positions with minimal impact on predicted affinity to HLA-I for immunogenic 

versus non-immunogenic peptides used to train PRIME2.0 within different ranges of predicted 

HLA-I binding (%rank) computed with different tools (NetMHCpan, MHCflurry and 

HLAthena). Boxplots in panels A-D show the median and lower/upper quartiles. P-values are 

computed with paired Wilcoxon test. 

 

 

 

 

 



 
Figure S4: PRIME2.0 identifies SARS-CoV-2 CD8+ T-cell epitopes, related to Figure 

4. (A) Distribution of the scores of different predictors for the immunogenic peptides 

identified in each sample (best %rank across the alleles of each sample). (B) AUC values 

obtained in each sample with different predictors when re-predicting the immunogenic 

peptides identified in our ELISpot assays (see STAR Methods). No comparison between the 

different methods displayed statistical significance. (C) Frequency of alpha and beta chains 

found for each epitope with more than one alpha and beta chain in Figure 4D. (D) Sorting of 

naïve and effector/memory CD8+ T cells in Leu184. (E) Staining of effector/memory CD8+ T 
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cells from Leu184 donor with the QYIKWPWYIW – HLA-A*24:02 and QYIKWPWYIW – 

HLA-A*23:01 multimers. (F) Comparison between the sequence of the TCRb chain found in 

the monoclonal CD8+ T cell population specific for the QYIKWPWYIW epitope (TCRQYI) 

and the closest TCRb chains found in the two SARS-CoV-2+ HLA-A*24:02+ patients 

analyzed in Minervina et al.5 (both donors had TCRa chains identical to the one in TCRQYI). 

(G) Crystal structure of the 9-mer QYIKWPWYI epitope (yellow) in complex with HLA-

A*24:02 (grey) (PDB: 7EJL)6. The aromatic residues at non-anchor positions (W5, W7 and 

Y8) point outside of the HLA-I binding pocket and towards the TCR binding interface. For 

clarity, the a2 helix of the HLA-I is not shown. 
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