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Tumors are mostly characterized by genetic instability, as result of mutations in surveillance mechanisms, such as DNA
damage checkpoint, DNA repair machinery and mitotic checkpoint. Defect in one or more of these mechanisms
causes additive accumulation of mutations. Some of these mutations are drivers of transformation and are positively
selected during the evolution of the cancer, giving a growth advantage on the cancer cells. If such mutations would
result in mutated neoantigens, these could be actionable targets for cancer vaccines and/or adoptive cell therapies.
However, the results of the present analysis show, for the first time, that the most prevalent mutations identified

in human cancers do not express mutated neoantigens. The hypothesis is that this is the result of the selection oper-
ated by the immune system in the very early stages of tumor development. At that stage, the tumor cells charac-
terized by mutations giving rise to highly antigenic non-self-mutated neoantigens would be efficiently targeted

and eliminated. Consequently, the outgrowing tumor cells cannot be controlled by the immune system, with an ulti-
mate growth advantage to form large tumors embedded in an immunosuppressive tumor microenvironment (TME).
The outcome of such a negative selection operated by the immune system is that the development of off-the-shelf
vaccines, based on shared mutated neoantigens, does not seem to be at hand. This finding represents the first
demonstration of the key role of the immune system on shaping the tumor antigen presentation and the implication
in the development of antitumor immunological strategies.
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Introduction

Somatic mutations occur in the genomes of all normal
and neoplastic dividing cells. They are the result of errors
occurring during DNA replication as well as exposure to
exogenous or endogenous mutagens. However, if most of
these mutations are repaired by cellular mechanisms, a
minority remains fixed in the cell genome. Most of such
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fixed mutations are biologically neutral and already pre-
sent in the progenitor cell, before the transformation into
the final clonal cancer cell (“passenger” mutations). The
remaining ones are “driver” mutations that confer growth
advantage on the cell, increasing survival or proliferation,
and are selected. The accumulation of the driver muta-
tions over the lifetime of an individual will induce cell
transformation and cancer development [1-3]. The num-
ber of mutations required to drive a cancer significantly
varies across tumor types [4]. Studies have shown that
carcinogenesis may be driven by a small number of driver
mutations. In particular, one driver mutation per patient
is sufficient in sarcomas, thyroid, and testicular cancers;
and about four driver mutations per patient are needed
in bladder, endometrial, and colorectal cancers [1, 2, 5].
The different mutations in cancer cells show different
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rates. In particular, most cancers carry 1000 to 20,000
somatic point mutations and a few to hundreds of inser-
tions, deletions, and rearrangements [1].

Such mutations in the genomic sequences of can-
cer cells may generate modified protein sequences,
which may give rise to new epitopes unique to can-
cer cells. These mutated epitopes (“neoantigens”) are
tumor-specific non-self-antigens efficiently recognized
by the immune system. Therefore, therapeutic vaccines
based on such neoantigens would elicit a T cell immune
response that can exclusively target the tumor while
sparing healthy tissue [6]. The presence and biological
relevance of the T cell immunity against neoantigens in
cancer patients is demonstrated by the higher clinical
efficacy of Immune checkpoint inhibitors (ICI) in tumors
with high tumor mutational burden (TMB) [7-9] and
with neoantigen-specific CD8+ T cells [10].

However, mutations and neoantigens are strictly indi-
vidual (private) and their identification requires a combi-
nation of high throughput omics bioinformatics pipeline
for each cancer patient, whose reliability has not been
fully proven yet. Indeed, a comprehensive meta-analysis
of the literature showed that only<2.7% of prioritized
predicted neoantigens are recognized by patient-derived
T cells [11]. This has been further confirmed by the
tumor neoantigens selection alliance (TESLA) global
consortium [12]. Neoantigens were predicted with dif-
ferent pipelines by each participating member from the
same tumor sequencing data but only approximately 6%
of such predicted neoantigens were recognized by the T
cells.

In addition to the complexity and reliability of the
approaches, which appear highly difficult to be applied
on a large scale, this strictly personalized strategy may
fail due to the high mutational rate of tumors, which
drives a constant generation of new target mutated neo-
antigens in the same patient. This would require subse-
quent rounds of neoantigens identification and vaccine
production. More than 100 active or completed clinical
trials are listed in clinicaltrials.gov when searching for
the terms ‘vaccine’ and ‘neoantigens;, but a clear clinical
benefit has not been demonstrated [13]. Only recently,
an early phase trial in pancreatic cancer has generated a
clinical benefit in terms of prolonged recurrence free sur-
vival (RFS) [14].

In this framework, it would be of the highest priority
to identify mutated neoantigens, derived from the most
frequent mutations and shared among cancer patients, to
develop off-the-shelf cancer vaccines.

The results of the present study show that, indeed,
such shared mutated neoantigens are not predicted for
the most frequent cancer mutations (substitutions and
insertion/deletion) in association to the most frequent
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HLA alleles. This would strongly suggest that only cancer
cells lacking immunogenic tumor-specific non-self neo-
antigens, “poorly-visible” to the immune system, have a
growth advantage and proliferate to generate clinically
visible tumors. Therefore, off-the-shelf cancer vaccines
based on shared mutated neoantigens have low chance to
be a feasible strategy.

Materials and methods

Selection of cancer mutations from TCGA

The first 100 mutations reported at the TCGA database
were selected for the study. Collectively, they represent
55.8% of all mutations identified in human cancers.

Prediction of mutated neoantigens

Each of the wild-type (wt) proteins were downloaded
from the UniProt database (https://www.uniprot.
org). The amino acid sequences were manually modi-
fied, introducing the described mutation (substitu-
tion or insertion/deletion). The paired wt and mutated
sequences from each protein were analyzed using the
NetMHCpan 4.1 algorithm (https://services.healthtech.
dtu.dk/service.php?NetMHCpan-4.1) to predict the best
nonamers with affinity values0—400 nM to the 12 most
frequent HLA-A and B alleles. Only those with an affinity
value <100 nM (strong binders — SB) were then selected
for subsequent analyses.

Homology search for neoantigens in literature

The mutated neoantigens, identified as SB according to
the NetMHCpan 4.1 prediction tool, were submitted to
the Immune Epitope Database & Tools (www.iedb.org) to
verify whether the predicted epitopes have been already
described and validated in literature. The analysis was
performed setting the parameters to search for epitopes
with exact match in any host.

Statistical analysis

The statistical significance of the observed predicted neo-
antigens derived from either missense or InDel muta-
tions, was calculated based on the observed predicted
neoantigens in all samples at TCGA. The normal distri-
bution was calculated as Z = (X — u)/o, where X is the
experimental result; pt is the mean value; o is the standard
deviation. P value was calculated as left-tailed. The confi-
dence interval was calculated as u £ Z %, where p is the

mean value; Z is the Z-score; o is the standard deviation;
n is the sample population.
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Fig. 1 Top 100 mutations identified in cancers at TCGA database. A Percentage of type of mutations; B percentage of tumors presenting mutations

of the indicated proteins

Results

Most frequent mutations in cancers

The total number of somatic mutations reported in the
TCGA database is 190,632. They have been identified in
14,254 cancer cases. The most frequent 100 mutations
occur in 8074 cases, which represent 56.65% of all cases,
and the top frequent mutation is the BRAFy¢40r/ve00e
found in 619/14,254 cases (4.34%) (Additional file 1:
Table S1).

Among these 100 hot-spot mutations, 62% are mis-
sense mutations identified in 5967 cases (73.9%) and
23% are frameshift mutations identified in 1417 cases
(17.55%). In addition, 13% are stop-gained mutations
identified in 610 cases (7.56%) (Fig. 1A). The TP53 pro-
tein is characterized by the highest number of different
mutations (nr. 20), which cumulatively are identified in
the highest number of cases (1487 of the 8074 cases, 18%)
(Fig. 1B; Additional file 1: Table S2). Among the 100 hot-
spot mutations are included all the hot-spot mutations
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Table 1 Example of overlapping peptides from wt and missense
mutated protein sequences for neo-epitope prediction. Mutated
aminoacid residue is indicated in bold. In each overlapping
peptide, the residue involved in the missense mutation is
indicated in red
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identified in each of the 51 primary cancer sites present
in TCGA. The frequency of such hot-spot mutations
in the different cancer sites is quite variable and broad,
going from 3.10% of TP53y,,5y identified in the retro
peritoneum ca to 61.52% of BRAFy40r/veoor in the thy-

BRAF.« 592 - IGDFGLATVKSRWSGSH - 608 roid ca. In particular, considering cancers with a high
BRAFveooe 592 - IGDFGLATEKSRWSGSH - 608 unmet clinical need (namely,<20% 5 year overall sur-
vival — OS), the IDH1y;35y is found in 37.65% of brain
123456789 ca; the KRAS 5 is found in 32.87% of pancreas ca; the
VKSRWSGS H ACVR2A . is found in 14.13% of stomach ca (Addi-
BRAF WT K437Rf5*5
BRAF WT TVKSRWSGS tional file 1: Table S2).
BRAF WT ATVEKSRWSG
BRAF WT LATVEKSRWS Selection of HLA alleles for epitope prediction from top
100 mutations.
BRAF WT GLATVEKSRTW
BRAF WT FGLATVEKSR In the quest for such shared TSAs, the peptide sequences
BRAF WT DFGCLATYVES including each of the top 62 missense mutations or
derived from each of the 23 InDel mutations were ana-
BRAF WT GDFGLATVEK lyzed for prediction of epitope binding to MHC class I
BRAF WT IGDFGLATV molecules. Such analysis was performed including the
12 most frequent HLA-A and B alleles that, collectively,
1234567829 cover 60% (HLA-A alleles) and 35% (HLA-B alleles) of the
BRAFvo0e EKSRWSGSH world population (Fig. 2A). In particular, HLA-A*02:01 is
BRAFvso0e TEKSRWSGS present in 44% of the European population and in more
BRAFyeo0e ATEEKSRWSG than 10% in all other populations, with exception of
BRAFvs00e LATEEKS SRTWS Southeast Asian, North African and Oceania. The HLA-
BRAFve00c CGLATEEKST RTW A*24:02 is present more than 10% in all populations, with
BRAFys00c FGLATETEKSR exception of North African. Among the HLA-B alleles,
BRAFysoo DFGLATETEKS the B*07:02 and 08:01 alleles show in Europeans a high
BRAF CDFGLATEK prevalence of 21.8% and 20.6%, respectively. Further-
BR AvaE ICDFCLATE more, the B*40:01 allele shows a high prevalence in Aus-
VeooE tralians (16.4%) and Southeast Asians (19.1%). All other
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Fig. 3 Number of predicted neoantigens from missense mutations. The number of predicted neoantigens for each missense mutations are
reported. The predicted affinity of such neoantigens, expressed in nM, is indicated with color-code
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Table 2 Predicted neo-epitopes derived from missense mutations with an affinity value to the HLA alleles<100 nM (green
highlighted).
PROTEIN  PEPTIDE  A*01:01 A*02:01 A*03:01 A*24:02 A*26:02 B*07:02 B*08:02 B*27:05 B*39:01 B*40:01 B*58:01 B*15:01 PASS frequency

AKTlizwt WLHKRGEYI 23091,35  1023,70 26483,53 14709,45 22904,74 10068,68 75,55 1361,61 1139217 24529,23 2271912 4002,82

AKTlermk WLHKRGKYI  30311,99 879975 27066,69 2463588 26877,00 7869,28 39,58 14807,65 20770,70 3064108  31130,31  6700,30 N
CTNNBT37wt SYLDSGIHS 42222,49 31730,85 34347,66 17184,22 4122575 38486,34 39521,47 34683,75 3487491 40663,58 38734,07 3447759

CTNNBIsz7¢ SYLDSGIHF 34152,35 23546,25 30205,58 44,06 2405326 26536,89 27547,07 19749,20 19610,36  27054,38  16511,66  6835,77 Y 0.27%
EGFRasswt KITDFGLAK 2722470 19690,52 31,68 37442,23 34662,73 25403,55 37308,39 14502,27 39272,55 3752254 24009,32 18459,04

EGFRusssr KITDFGRAK 37166,17 28344,68 72,17 41075,70  36202,89 23573,78 36624,86 19028,25 41784,39  39711,38  30819,29  19714,81 N
ERBB310uwt RVVRGTQVY 1032697 30672,60 124,64  27620,50 3764,07 1045412 27289,88 13340,85 28536,38 26377,45 460,74 24,00

ERBB3vioum RMVRGTQVY 898544 17179,77 30554  13934,83 11096,56 14600,20 1916152  4636,22 1775117 1666584 707,33 6,05 N
GNAT209wt FRMVDVGGQ 43235,86 39347,39 4108593 44289,34 37012,06 38910,05 30614,24  2659,46  21669,44 4033275 37297,49 3361637
GNATaz00 FRMVDVGGL 33485,68 14356,45 37259,17 2755514 22164,08 18486,82  5197,23 99,13 92,24 16113,33  28513,24 16842,76 Y 0.26%

PIK3CAssswt ILCATYVNV 25354,95 36,09 12666,91 17502,66 3349618 35158,30 19488,95  29229,17 28996,40 32642,52 17391,47  7209,36
PIK3CAnassk  ILCATYVKV 2566545 80,57 15146,48 17958,45 34968,62 3638511 20524,52 2980143 30593,71 3324631 1917312  9870,21 N
PIK3CAssswt  KILCATYVN 36722,88 2084523 1679273 293909 4196154 3250964 3176451 2928868 3856761 39202,08 539525  18471,02

PIK3CAnsssk  KILCATYVK 3280787 18294,80 39,61 24155,23  38363,28 28598,50 28996,40 1182316  37563,96 37830,32 14049,58 20325,62 Y 0.29%
PIK3CA7z6wt ETQKVQOMKFE  9158,29  38289,06 30151,71 8364,17 374,18 2789923 20483,48 28553,69 327051 3453507 1757,64  10158,52

PIK3CAer2sk  KTQKVQMKE 12879,61 25829,26  9939,87 953,74  18473,02 15638,41 2513480 13142,42 36210,34 28957,83 15,89 1378,42 Y 0.21%
PIK3CAwswt FMKQMNDAH 25480,9  23347,11 18678,43 39240,68 2256918 1960506 249,72 1941423 2028629 301812 3135238 331,41

PIK3CAmos.  FMKQMNDAL  22962,79 89,17 31815,76 1326170  22130,54  2713,52 40,19 12360,79 285,55  10406,38 20578,56 102,31 Y 0.31%
PIK3CAwswt AHHGGWTTK 3903615 3464136 9840,68 2902998 3718828 3005562 3659554 1021672 1689314 33532,45 33219,72 277088

PIK3CAmos.  ALHGGWTTK 32357,68 15050,91 35,26 32319,89  32272,73 25572,04 30715,77 12768,32 37186,67 34940,63 29501,46  12316,61 Y 0.31%
PIK3CAsswt RRLCDLRLF 3483946 28033,88 29701,64 560069 299647  24519,41 17337,37 19,07 15073,41  21176,21  11340,28 12012,84

PIK3CARrssa RQLCDLRLFE 29147,70  6147,05 1744066 495,74 1964157  23491,80 17878,76 398,81 1372118 3180,60 1660,39 47,05 Y 0.58%
PPP2R1Aimswt TPMVRRAAA 3389174 31684,18 28009,02 3897158 30553,02 10,52 19,12 2139199  4409,60 34481,69 3854926 2772169

PPP2R1Apmsr TRMVRRAAA 37500,21 3501254 3172193 36070,36 3584509 6000,38 94,11 662,45 2045,57 3346431 3979611  26219,51 N

PPP2R1Aigswt MVRRAAASK 3127582 28904,61 44,02 34680,37 17042,02  4317,58 1024517  11747,55 37220,09 35742,07 20709,44 683273
PPP2R1Arissw MVRWAAASK 28957,21 20984,40 30,24 30629,15  11215,45 4154,21  12673,08  11889,49 3340570 32240,96 1750816  4930,68

PPP2R1Aigswt TPMVRRAAA 3389174 3168418 28009,02 3897158 30553,02 10,52 19,12 2139199  4409,60 3448169 38549,26 27721,69

PPP2R1Arissw TPMVRWAAA 27902,55 19244,83 23737,32 32026,09 20292,22 16,76 24,34 16596,56 244986  27977,22 3220157 22924,81 N

TP532:8mt SSCMGGMNR  21319,21  34028,79 3897,27 378893  31477,46 3636503 3724507 2526566 40209 41168,7 23587,8  29458,4

TP53r2usw SSCMGGMNW  13361,21  35375,80 23490,53 11386,50 2467563 30402,97 31584,93 27410,62 3448767 3384519 14,01 6103,58 Y 0.79%
TP53163wt RVRAMAIYK 28640 23964,17 7,61 25419,76  33270,45 120848 216453  3539,52  41726,12  36241,29 16983,49 1246919

TP53vieac RVRAMAICK 313569 2968396 21,08 29777,57 36972,84 13643,31  21100,97  6913,79  41925,67 37229,36 2049567 14990,95 N

The neo-epitopes pass the validation only when the corresponding wt epitope is a poor binder. The frequency of the validated neo-epitopes in the TCGA database is
indicated. Identity to peptides in iedb is indicated

PIK3CA R88Q HLA-B*15:01
TP53 R248W HLA-B*58:01
2
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k]
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0
= GNAT1 Q209L HLA-B*27:05 HLA-B*39:01
PIK3CA H1047L 2 HLA-B*08:02

0 1 2 3
Number of predicted neoepitopes

Fig. 4 High-affinity predicted neoantigens from missense mutations and HLA restriction. The number of predicted neoantigens for each missense
mutations are reported with indication of the HLA restriction
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Fig. 5 Z-score of the observed predicted neoantigens
from the hot-spot missense mutations. The normal distribution
of the percentage of predicted neoantigens from the 8547 samples
present at TCGA. The Z-score of the observed predicted neoantigens
from the hot-spot missense mutations is indicated. The result shows
a statistically significant lower percentage than what expected
(p-value=0.006; 99.37% confidence level)

HLA-A and B alleles show low prevalence (< 10%) across
populations (Fig. 2B,C).

Neoantigen prediction from the missense mutations.

In order to predict neoantigens from proteins with a
single amino acid missense mutation, the amino acid
sequence was downloaded from UniProt for each of the
62 proteins. A 17mer peptide was selected, centered
around the mutated residue (from — 8 to+8), and over-
lapping peptides were designed with the mutated residue
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at each of the 9 positions (Table 1). The wt and mutated
peptides were subjected to the prediction analysis, to
assess the affinity to the 12 HLA-A and B alleles. The
results on the 945 peptides analyzed showed that only
49 mutated peptides (neoantigens) (5.18%) have an affin-
ity <400 nM (Fig. 3; Additional file 1: Table S3).

However, only 20 (2.11%) have an affinity value to the
HLA alleles<100 nM and only 10 (1.06%) can be con-
sidered optimal neoantigens. Indeed, only for these,
the corresponding wt-epitope shows very low affinity
values to the HLA alleles (102—41,900 nM) and are not
antigenic (Table 2). Six of such neoantigens are strong
binders to a single HLA allele; one epitope (GNA11 500,
FRMVDVGGL) is a strong binder to two HLA alleles
(B*27:05 and B*39:01); two epitopes derived from the
same PIK3CAy; 471 mutation and are strong binders to
three HLA alleles (FMKQMNDAL, A*02:01 and B*08:02;
ALHGGWTTK, A*03:01) (Fig. 4).

In order to verify the statistical significance of the
observed low number of predicted neoantigens, we
have considered all the mutations generating predicted
epitopes in the 8547 samples present at TCGA (https://
gdc.cancer.gov/about-data/publications/panimmune).
Overall, 56.86% of all 1,327,063 missense mutations gen-
erate predicted epitopes. On the contrary, the 62 hot spot
missense mutations analyzed in the present study gener-
ate only 10 mutations (16.13%). Therefore, the number

Table 3 Predicted neo-epitopes with an affinity value to the HLA alleles <100 nM, derived from missense mutations, are listed with

selected information

MISSENSE TOT FREQ TOP FREQ TUMOR
PROTEIN PEPTIDE A*02:01

PIK3CA 1047 FMKQMNDAL 89.17 031% N/A N/A
PROTEIN PEPTIDE A*03:01

PIK3CA 345 KILCATYVK 3961 0.29% N/A N/A

PIK3CA 1047, ALHGGWTTK 35.26 031% N/A N/A
PROTEIN PEPTIDE A*24:02

CTNNB g3 SYLDSGIHE 44.06 027% N/A N/A
PROTEIN PEPTIDE B*08:02

PIK3CA 1047, FMKQMNDAL 40.19 031% N/A N/A
PROTEIN PEPTIDE B*27:05

GNATT 0500 FRMVDVGGL 99.13 0.42% 42.50% Eye & adnexa
PROTEIN PEPTIDE B*39:01

GNATT 00, FRMVDVGGL 92.24 0.42% 42.50% Eye & adnexa
PROTEIN PEPTIDE B*58:01

PIK3CAg 261 KTQKVQMKF 15.89 021% N/A N/A
TP53g508w SSCMGGMNW 14.01 1.05% N/A N/A
PROTEIN PEPTIDE B*15:01

PIK3CAgggq RQLCDLRLF 4705 0.57% N/A N/A

The peptide sequences include the mutated aminoacid residue (bold & underlined). Values in the column of the haplotypes indicate the predicted affinity (nM). TOT
FREQ: frequency in the TCGA database; TOP FREQ: top frequency in specific tumor; TUMOR: tumor type in which the top frequency is reported
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Table 4 Example of overlapping peptides from wt and

frameshift mutated protein sequences for neo-epitope
prediction.
JAKLwt NPDIVSEKKPATEVDPT

JAK1kssons_1 NPDIVSEKNQQLKWTPHILKSAS

123456789
WT KPATEVDPT
WT KKPATEVDP
WT EKKPATEVD
WT SEKKPATEV
WT VSEKKPATE
WT IVSEKKPAT
WT DIVSEZKZKTPA
WT PDIVSEKKTP
WT NPDIVSEZEKTZK
K860Nfs_1 123456789
K860Nfs_1 TPHITLEKSAS
K860Nfs_1 WTPHTILEKSA
K860Nfs_1 KWTPHTITLEKS
K860Nfs_1 LEKWTPHTILEK
K860Nfs_1 QLKWTPHTITL
K860Nfs_1 QQLEKWTPHTI
K860Nfs_1 NQQLKWTPH
K860Nfs_1 KNQQLEKWTP
K860Nfs_1 EKNQQLEKWT
K860Nfs_1 SEKNOQOQLIKTW
K86ONfs 1 V S EKNQ QL K
K860Nfs_1 IVSEKNQOQL
K860Nfs_1 DIVSEEKNOQDOQ
K860Nfs_1 PDIVSEEKNDOQ
K860Nfs_1 NPDIVSEZKN

Mutated aminoacid residue is indicated in bold and the downstream sequence
from the alternative reading frame is indicated in italics. In each overlapping
peptide in the wt and mutated sequence, the mutated residue is indicated in red

of observed mutations is significantly lower than what
expected, with a p-value=0.006 and a 99.37% confidence
level (Fig. 5).

No neoantigens were predicted for HLA-A*01:01,
A*26:02, B*07:02 and B*40:01; one neoantigen was pre-
dicted for HLA-A*02.01, A*24:02, B*08:02, B*27:05,
B*39:01 and B*15:01. Only for HLA-A*03:01 and B*58:01
were predicted more than a single neoantigen, three and
two respectively.

The Immune Epitope Database & Tools (www.iedb.org)
was interrogated in order to verify whether the predicted
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epitopes have been already described and validated in
literature. The search returned only three peptides, the
CTNNBlg,,; SYLDSGIHE peptide (PMID: 8642260;
PMID:35122353), the PIK3CAy; o, ALHGGWTTK
peptide (PMID: 35484264; PMID: 37415627) and the
PIK3CAggsq RQLCDLRLF peptide (PMID: 37415627).
The first two are confirmed to be restricted to HLA-
A*24:02 and HLA-A*03:01, respectively. On the contrary,
a discordance is observed for the PIK3CAggg, peptide,
which has been reported as restricted to HLA-A*24:02
while our analysis predicted a very strong binding to
HLA-B*15:01 (14.01 nM) and a low binding to HLA-
A*24:02 (495.74 nM) (Table 2).

All the predicted neoantigens are identified in muta-
tions identified in a very low percentage of tumor sam-
ples, ranging from 0.21% (PIK3CAp;,6x KTQKVQMKE)
to 0.79% (TP53pyew SSCMGGMNW). Only the
GNA11 ;09 FRMVDVGGL epitope, restricted to HLA-
B*27:05 and B*39:01, is the most frequent mutation in
uveal melanoma (42,50% of all cases reported in TCGA)
(Additional file 2: Fig S1) (Table 3).

Neoantigen prediction from the frameshift mutations.
Similarly, neoantigen predictions from the 23 proteins
with a frameshift mutation were carried out. The amino
acid sequence was downloaded from UniProt for each
of the proteins but, in this case, the selection of peptides
for neoantigen prediction was different for the wt and
mutated sequences. Indeed, as for the missense muta-
tions, the prediction of wt-peptides was based on a 17mer
peptide, centered around the mutated residue (from — 8
to+8), and overlapping peptides were designed with
the mutated residue at each of the 9 positions (Table 4).
On the contrary, the prediction of the mutated-peptides
was based on a sequence starting at position — 8 from
the mutated amino acid residue and including the entire
downstream protein sequence. The number of mutated
peptides ranged from 4 to 62, according to the position
of the newly generated stop codon along the shifted read-
ing frame. The wt and mutated peptides were subjected
to the prediction analysis, to assess the affinity to the 12
HLA-A and B alleles. The results on the 686 peptides
analyzed showed that 103 mutated peptides (neoanti-
gens) (15.01%) have an affinity <400 nM (Fig. 6; Addi-
tional file 1: Table S4).

Of these, 40 have an affinity value to the HLA
alleles<100 nM (5.83%) and only 9 (1.31%) include
the mutated residue from which the frameshift starts
(Table 5). The remaining 31 mutated epitopes cover
the new sequence generated by the alternative open
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Fig.6 Number of predicted neoantigens from frameshift mutations. The number of predicted neoantigens for each frameshift mutations are
reported. The predicted affinity of such neoantigens, expressed in nM, is indicated with color-code

reading frame. All of them can be considered optimal
neoantigens given that the corresponding wt-epitopes
either show very low affinity values to the HLA alleles
(>1000 nM), and are not antigenic, or are a completely
different sequence and cannot be considered a “cor-
responding” epitope (Table 5). Only two of such neo-
antigens are strong binders to more than a single HLA
allele: (REN43¢es0v5:a1 TQLARFEPI) is a strong binder
to three HLA alleles (A*02:01, B*08:02 and B*39:01);
(ARID1Ap gs501s33 WRIGGGTPL) is a strong binder to
two HLA alleles (B*27:05 and B*39:01). All other epitopes
are strong binders to a single HLA allele (Fig. 7A).

However, the “abnormal” mRNAs generated by the
frameshift contain premature termination codons
(PTCs), which are recognized and degraded by non-
sense-mediated mRNA decay (NMD). [15, 16] Moreo-
ver, even when PTC-containing mRNAs escape from
NMD, truncated proteins are not generated due to a
translational repression [17]. Therefore, these epitopes
have very low or no real chance to be presented by
cancer cells, implying that only 9 neoantigens (1.31%)
derived from InDels could be taken into consideration
(Fig. 7B).

Indeed, the 23 hot spot InDel mutations analyzed in
the present study generate a total of 40 predicted neo-
antigens (1.74 per InDel), which falls in the normal dis-
tribution of the expected values derived from the 6610
samples at TCGA with a confidence level of 99.99%
(Fig. 8).

No neoantigens were predicted for HLA-A*01:01,
A*02:01, A*03:01, A*24:02, A*26:02, B*40:01 and B*15:01.
The HLA alleles with predicted neoantigens were HLA-
B*07:02, B*08:02, B*27:05, B*39:01 and B*58:01.

None of the predicted epitopes derived from the
frameshift mutations were found in the Immune Epitope
Database & Tools (www.iedb.org), indicating that they
have not been already described and validated in lit-
erature. Moreover, all the predicted neoantigens are
identified in a very low percentage of tumor samples,
ranging from 0.22% (ARID1A2py 4150050 WLRGTAWQL,
VPLQCRRAV ~and LATPPSAAW;  BLMys syt
MKALISQEM, SQEMFSQAL, QEMFSQALL and
KALISQEMF); to 1.23% (RFN43gesoviea; TQLAREFPI)
(Table 6) (Additional file 1: Fig S2).

HLA polymorphism and neoantigen prediction in cancers.
The polymorphism of the HLA molecules taken into
consideration in the present study greatly influences the
array of peptides binding the HLA pocket.

Considering the missense mutations, the HLA-
A*03:01 and B*58:01 alleles are predicted to bind and
present 3 and 2 mutated neoantigens, respectively. The
HLA-A*01:01, A*26:02, B*07:02 and B*40:01 alleles do
not bind and present any mutated neoantigens. The
remaining ones bind and present a single mutated neo-
antigen (Fig. 9A). Considering the frameshift muta-
tions, the HLA-B*58:01 binds and presents 3 mutated
neoantigens while the HLA-A*01:01, A*02:01, A*03:01,
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Table 5 Predicted neo-epitopes derived from frameshift mutations with an affinity value to the HLA alleles<100 nM (green
highlighted)

PROTEIN PEPTIDE A*01:01 A*02:01 A*03:01 A*24:02 A*26:02 B*07:02 B*08:02 B*27:05 B*39:01 B*40:01 B*58:01 B*15:01 PASS
RNF 4350wt HPORKRRGG  44963,38 47423,84 43492,50 4630332 45410,26 257048 310632 3326216 38811,26 46667,95 4415012 43589,07

RFN43soviman HPORKRRGV ~ 39833,57 42190,54 39904,33 42817,33 3854844 73,06 160,65 2751163 1935949 41886,24 4201014 4146375 Y
RNF43 59wt GPSEPTPGS  43027,24 4148124 4107438 47136,85 4229886 8346,36 38918,06 4161250 3522914 40540,12 3890838 41718,88

RFN43sovistan VPPSPPLAL 3564052 2755215 34270,81 27048,82 31352,72 84,22 916354 34679,25 273468 2471597 31419,27 27m3.89 Y
RFN43s59visra TOLARFFPI 2092115 3539 1227417 429,33 19908,60 9730,88 48,47 56127 8773 156353 840309 449,87 Y
UBRSeznrszs VONQGHLLM 159417 751065 1607119 8562,97 2423062 1391222 1076775 531529 932,08 225674 786179 37,86 Y
LARP4B1¢3mt VLKKTLEFC  38160,8 550641 2672533 32239,9 4071816 3477506 1361176 35294,38 410553 40380,35 29582,33 153114

LARPABr igaiss7  VLKKHWNSA 300309  5226,21 14160,07 269326 262269 648476 5958 2150361 265171 347604 3403393 309036 Y
LARPA4Brgssss  vrcrovarw  14369,7 31471,33 2553942 327492 2750628 3928403 29543,63 28032,67 410113 39219,88 1222 w062 Y
LARPABresisss  YHRWIVTSM 274866 2132821 2778205 945338 1741671 302932  2397,29 695611 7178 1567585 2396754 3416 Y
LARPA4Brgsisss  TsMCOSORW  13234,7 3635127 2981337 744294 1894096 262769 2159454 2379312 333764 3566172 1043 104671 Y
SPECClysostrs+ss HOAPQVAML 30751 1507,82 27522,35 15258,83 10767,75 9257,82 7887,26 7090 8074 152814 1793961 1819 Y
SPECClnsosistss OMLPTLSTL 335158 69,86 1742161 510085 2189024 739942 442192 1290736 186846 1311089  3917,56 259,59 Y
SPECC1nsosrsts3 TPLRVQSVL, 358676 31516,66 35150,32 33352,25 3172741 2651 13198 2846607 1412,66 2536126 22527,95 272548 Y
SPECClysoatrsts3 LRVOSVLLL ~ 320944 2128809 3205834 1822071 2944375 2381399 10944,53 4692 22395 1599106 1845344 165442 Y
SPECClnzo3ris*s LLLGVPQTA  30989,8 72,97 2295534 3511421 3797838 265961 1433488 2657683 18500,6 3131645 228859 899332 Y
ARID1Ags0mt WRIGGGDTT  42057,5 3811379 44153,45 41690,02 3689771 31857,44 3008101 4367,24 133307 27622,89 39344,85 32946,6

ARID1Abigsotrs*33 WRIGGGTPL 332629 14204,88 3340281 2365221 169161 463447 350753 51,15 6,08 383577 29509,75 5617,81 Y
ARID1Apigsorista CLPGLTHPA  21540,4 94,71 24117,89 19089,29 150161 18130,65 997446 2522525 128157 3147133 3277522 759047 Y
CTCFraounistas NQKEQTALY — 9354,88 33891,36 16460,46 2970516  2770,99 3404278 1919824 1721456 231792 2150408 2840299 5838 Y
CTCFraounist2s ORCRCVCLR 369037 3479763 224241 34456,32 3870433 40297,42 3157092 9417 322473 40397,39 33857,29 382684 Y
CSMD3e3gsoistsn FLHLYLODL 253026 34,8 31449,88 21888,35 23408,06 1659548 21457 346371 215276 535662 2562411 318992 Y
CSMD3e3ss0istsn YLODLDFIF 49719 6121 2408816 28422 1234342 18992,67 575382 10548 802048 395542  94M7T4 222599 Y
CSMD3e3gsoistsn SIQDVOFMK 23370, 21553,47 8924 3146624 2883933 3542598  36299,4 2759869 210731 39249,61 3939553 253177 Y
CSMD3e3ssorssn ITMAKQLLK — 7748,88 2271274 9,19 2334154 2712678 29749,87 205579 2208533 974162 38770,96 386428 675189 Y
CSMD3e3ssoistsn CMTPTQSQW — 23469,2 18926,62 22067,65 342425 228352 2637773 23620,5 228561 218373 3040461 323157 an Y
B2Misut AVLALLSLS 33144 776827 124191 39422,83 2713471 3100458 3147474 2448096 399739 3545743 16723,65 149749

B2Musfrstar AVLALLSEW 285321 17037,23 1404183 760584 14377,44 3213197 2781212 23003,58 408355 35299,34 3206 52181 Y
BRD3pasris 24 SPTPASPAA  36619,7 30880,04 3293555 4286184 3370559 82,17 1352558 3507433 5050 325304 33767,64 302481 Y
BRD3psrist2 SPAARPTSC 39338 3897538 3559196 42539,81 3919273 5876 103116 3612856 16404 3838405 3640912 338668
BRD3pasris 2 TSCSTCRMA  19926,3 3688375 3103647 17277,63 3039112 3561892 324134 2892401 394497 40500,66 30,06 141055 Y
ARID1A2 2141t LATPPFSRL  26799,8 1412319 2742752 1642471 16900,26 394171 1272,01 2436286 14295 22055 1750,71  7519,19

ARIDIA2ezusrss9  LATPPSAAN  25302,6 2899326 2979595 1441997 1730944 760214 24297,04 288019 182758 2776973 745 288167 Y
ARID1A2esustsrs9  WPTWLRGTA 30949 3114075 33196,01 38810,41 2826077 40,77 243627 2114394 4030,38 30553235 30280,2 285206 '
ARIDIAZenasis'sy  WLRGTAWOL 25460 6554 18830 997521 16682,62 205,27 226,76 7277,85 318659 13700,26 1682546 12697 Y
ARID1AZeaustsss  vPLOCRRAV 381637 27665,36 32700,84 37369,79 3791514 9,78 1049,08 24823,99 880318 33282,68 3402068 305619 Y
BLMsisut NESSYFPGN  40349,8 4196108 42937,04 42348,31 4084348 43017,95 36150,45 33709,96 360614 2225612 3569492 352067

BLMysiswss MKALISQEM 288565 2354446 3372603 286949 2314163 192517 543891 781523 8503 666754 1645032 161263 '
BLMustsmrstis KALISQEMF 320337 2845191 30910,47  6552,4 3701607 2361538 27026,01 23787,2 339541 26392,01 2369 362761 Y
BLMnsismiss SQEMFSQAL 195559 564815 32409,2 18990 30963,02 1006977 431217 1384675 3543 5022 3279971 66511 Y
BLMnsismists OEMFSQALL 226710 132432 29433,86 17547,22 222412 1622459 1441357 1443526 20754 8,02 1895182 536422 Y
IMYM2x044rist33 YODTSIMMI — 237856 50,68 27599,28  6661,62 3041646 2130422 1262368 855778 19402 127241 134398 403396 Y
ZMYM2ki044r1s33 SLMMIVLTI — 22112,6 20 413436 606139 25902,87 19120,09 838,48 136066 8797,27 2057655 686675 164695 Y

ZMYM21044r1s33 RLYODTSLM  19606,3 230,18 144158 931015 1113817 304196 886579 3857,83  7592,6 12327  1962,68 3262 Y

The neo-epitopes pass the validation only when the corresponding wt epitope is a poor binder
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Fig. 7 High-affinity predicted neoantigens from frameshift mutations and HLA restriction. The number of predicted neoantigens for each
frameshift mutations are reported with indication of the HLA restriction, considering the total number of mutations (A) or only those

not including the product of “abnormal” mRNA (B)

A*24:02, A*26:02, B*15:01 and B*40:01 alleles do
not bind and present any mutated neoantigens. The
remaining ones are predicted to bind 1 or 2 mutated
neoantigens (Fig. 9B). Overall, considering both types
of mutations, the HLA allele predicted to bind and pre-
sent the highest number of mutated neoantigens is the
B*58:01 (5 neoantigens), followed by the A*03:01 and
B*39:01 (3 neoantigens). The HLA-A*01:01, A*26:02,
B*40:01 alleles do not bind and present any mutated
neoantigens. The remaining ones are predicted to bind
1 or 2 mutated neoantigens (Fig. 9C).

Furthermore, the HLA alleles do influence the mutated
proteins for which neoantigens are predicted. Indeed, 50
out of the 62 top missense mutation (80.6%) as well as 12
out of the 23 top frameshift mutations (52.2%) are not
predicted to include neoantigens sequences binding to
the most frequent HLA alleles. Most importantly, none
of the missense and frameshift mutations identified in a
relevant percentage of a specific tumor type, is predicted
to include neoantigens sequences (Table 7). Looking the
other way around, the percentage of tumor cases charac-
terized by missense or frameshift mutations, generating
neoantigens in specific HLA alleles, is extremely variable,
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ranging from 42.5% (eye) to 0.17% (hematopoietic) with
an average of 6.97% and a median of 2.42%. Considering
the so-called big killers, the percentage range from 18.8%
(colon) to 0.4% (prostate). Furthermore, for those with
a high-unmet medical need, the percentage is 2.4% for
pancreatic ca and 1.78 for brain ca (Fig. 10A).

However, the alleles more prevalently associated to the
predicted neoantigens are not from the A locus, which
overall has a 60% frequency in the general population.
Indeed, most of them are predicted to be linked to alleles
of the B locus, in particular HLA-B*58:01, which are
among the less frequent and not equally distributed in
the global population (Fig. 10B).

Discussion

The first 100 most frequent cancer mutations reported
in the TCGA database were selected to predict shared
mutated neoantigens that could be useful for develop-
ing off-the-shelf cancer vaccines and/or T cell therapies.
Such a selection is significantly representative of all can-
cer mutations. Indeed, although the first 100 mutations
represent a large minority of all somatic mutations in the
database (100/193,061 =0.005%), they cover 56.65% of all
identified cancer mutations. Moreover, from the 100th
mutation on, each of them is identified in a number of
cases lower than 29/14,254 cases and, from the 19,000th
mutation, in a single case.

The majority of mutations considered for the study are
missense mutations (62%). The top 100 mutations con-
tain the most prevalent ones in the different cancer types,
including those with a high unmet medical need (e.g.
brain ca, pancreas ca, stomach ca). Indeed, the IDH1 ;3,1
is the most prevalent mutation in brain tumors, the
KRASg,p in pancreatic cancer and the ACVR2A g 57p5
in gastric cancer, which have a 5 year relative survival
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rates of almost 36%, 12% and 33%, respectively. There-
fore, if such mutations would generate shared tumor spe-
cific antigens (TSAs), they would be the optimal antigens
for developing specific “off-the-shelf” immunotherapies
for about one third of patients affected by these difficult-
to treat cancers.

To perform the prediction analyses, the proteins pre-
sent in the top 100 mutations were manually modified,
according to the specific mutations. For the missense
mutations, peptides were selected in order to have the
mutated residue in each the nine positions (P; to Py);
for the frameshift mutations, peptides were selected
also with the sequence downstream of the shifted read-
ing frame. Consequently, while the 945 mutated peptides
derived from the missense mutations diverged from the
corresponding wt peptides only for a single amino acid,
the 686 derived from the InDels included also pep-
tides with a sequence completely different from the wt
peptides.

The number of mutated peptides (neoantigens) with
affinity <400 nM to one of the 12 HLA alleles considered
in the study is very low, 49 (5.18%) for the ones derived
from the missense mutations and 103 (15.01%) for the
ones derived from the frameshift mutations. However,
the number significantly drops to 20 (2.11%) and 40
(5.83%), respectively, when considering a higher affinity
of <100 nM. Indeed, only peptides with a predicted affin-
ity <100 nM have been previously shown to have a 100%
concordance with ex vivo binding assay [18]. Considering
that a neoantigen can be classified as optimal only if the
corresponding wt peptide is not antigenic, only 10 neo-
antigens (1.05%) are identified from the missense muta-
tions. Likewise, also the number of neoantigens derived
from the frameshift mutations with a real chance to be
presented by cancer cells drops to 9 (1.31%) given that
the “abnormal” mRNAs generated by the frameshift con-
tain premature termination codons (PTCs) are recog-
nized and degraded by nonsense-mediated mRNA decay
(NMD) [15, 16]. Moreover, even when PTC-containing
mRNAs escape from NMD, truncated proteins are not
generated due to a translational repression [17].

Considering both types of mutations, the HLA alleles
associated with the highest number of predicted neoanti-
gens are from the B loci, namely the B*58:01 (5 epitopes),
B*03:01 and B*39:01 (3 epitopes each), B*07:02, B*08:01
and B*27:05 (2 epitopes each). The HLA-A*02:01, A*24:02
and B*15:01 are associated with 1 epitope each. Of inter-
est, three of the HLA alleles (HLA-A*01:01; A*26:02 and
B*40:01) are predicted to present no mutated neoanti-
gens. The HLA-A*02:01 and 24:02 are two of the most
frequent alleles at global scale (about 40%), these findings
imply that the vast majority of cancer patients at global
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Table 6 Predicted neo-epitopes with an affinity value to the HLA alleles <100 nM, derived from missense mutations, are listed with
selected information.

FRAMESHIFT TOT FREQ TOP FREQ TUMOR
PROTEIN PEPTIDE A*02:01

RFN43 G659Vfs*41 TQLARFFPI 3539 1.23% N/A N/A
SPECCT N303Tfs*63 QMLPTLSTL 69.86 0.36% N/A N/A
SPECCT N303Tfs*63 LLLGVPQTA 7297 0.36% N/A N/A
ARIDTA D1850Tfs*33 CLPGLTHPA 94.71 0.34% N/A N/A
CSMD3 F3640Lfs*61 FLHLYLQDL 34.80 0.28% N/A N/A
CSMD3 F3640Lfs*61 YLQDLDFIF 61.21 0.28% N/A N/A
ARID1A2 F21415fs*59 WLRGTAWQL 65.54 0.22% N/A N/A
PROTEIN PEPTIDE A*03:01

CSMD3 F3640Lfs*61 SIQDVQFMK 89.24 0.28% N/A N/A
CSMD3 F3640Lfs*61 ITMAKQLLK 9.19 0.28% N/A N/A
PROTEIN PEPTIDE A*24:02

N/A N/A N/A N/A
PROTEIN PEPTIDE B*07:02

RFN43 G659Vfs*41 HPQRKRRGV 73.06 1.23% N/A N/A
RFN43 G659Vfs*41 VPPSPPLAL 84.22 1.23% N/A N/A
SPECCT N303Tfs*63 TPLRVQSVL 26,51 0.36% N/A N/A
BRD3 P24Rfs*24 SPTPASPAA 82.17 0.24% N/A N/A
BRD3 P24Rfs*24 SPAARPTSC 58.76 0.24% N/A N/A
ARID1A2 F21415fs*59 WPTWLRGTA 40.77 0.22% N/A N/A
ARIDTA2 F21415fs*59 VPLQCRRAV 9.78 0.22% N/A N/A
PROTEIN PEPTIDE B*08:02

RFN43 G659Vfs*41 TQLARFFPI 4847 1.23% N/A N/A
LARP4B T163Hfs*47 VLKKHWNSA 59.58 0.43% N/A N/A
PROTEIN PEPTIDE B*27:05

SPECCT N303Tfs*63 LRVQSVLLL 46.92 0.36% N/A N/A
ARID1A D1850Tfs*33 WRIGGGTPL 51.15 0.34% N/A N/A
CTCF T204Nfs*26 QRCRCVCLR 94.17 0.32% N/A N/A
PROTEIN PEPTIDE B*39:01

RFN43 G659Vfs*41 TQLARFFPI 87.73 1.23% N/A N/A
LARP4B T163Hfs*47 YHRWIVTSM 7178 0.43% N/A N/A
SPECCT N303Tfs*63 HQAPQVAML 80.74 0.36% N/A N/A
ARIDTA D1850Tfs*33 WRIGGGTPL 6.08 0.34% N/A N/A
BLM N515Mfs*16 MKALISQEM 85.03 0.22% N/A N/A
BLM N515Mfs*16 SQEMFSQAL 3543 0.22% N/A N/A
PROTEIN PEPTIDE B*40:01

BLM N515Mfs*16 QEMFSQALL 8.02 0.22% N/A N/A
PROTEIN PEPTIDE B*58:01

LARP4B T163Hfs*47 VTCILYHRW 12.22 0.43% N/A N/A
LARP4B T163Hfs*47 TSMCQSQRW 1043 0.43% N/A N/A
B2M L15Ffs*41 AVLALLSEW 3216 0.25% N/A N/A
BRD3 P24Rfs*24 TSCSTCRMW 30.06 0.24% N/A N/A
ARIDTA2 F21415fs*59 LATPPSAAW 745 0.22% N/A N/A
BLM N515Mfs*16 KALISOEMF 23.69 0.22% N/A N/A
PROTEIN PEPTIDE B*15:01

UBR5 E2121Kfs*28 VONQGHLLM 37.86 0.49% N/A N/A
CTCF T204Nfs*26 NQKEQTALY 58.38 0.32% N/A N/A

CSMD3 F3640Lfs*61 CMTPTQSQW 31.13 0.28% N/A N/A
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Table 6 (continued)

Page 13 of 17

The peptide sequences include the mutated aminoacid residue (bold & underlined) or the newly generated sequence downstream of the frameshift (italics). Values
in the column of the haplotypes indicate the predicted affinity (nM). TOT FREQ: frequency in the TCGA database; TOP FREQ: top frequency in specific tumor; TUMOR:

tumor type in which the top frequency is reported

MISSENSE

A B*07:02;0 _A*01:01;,0 _A*26:02; 0
B*39:01; 1 .| B*40:01;0

B*27:05;1 A*03:01;3

B*15:01; 1

B*08:02;1

B*58:01;2

A*24:02;1

FRAMESHIFT

A*02:01; 0 B*40:
- . B*40:01;0

B A*26:02; 0
A*24:02;
=

/‘

A*03:01,Q

B*27:05;1

B*08:02;1 B*58:01;3

B*39:01,2

B*07:02; 2

TOTAL
c B¥15:01;1_A0101; 0A"26:02
: 0:01;0
A*24:02:1 [ ;

A*02:01;1

B*27:05; 2

B*08:02;2

B*07:02; 2

B*58:01;5

o]
y

A*03:01;3

B*39:01; 3

Fig. 9 Number of predicted neoantigens for each haplotype. The number of predicted neoantigens is indicated for each of the 12 haplotypes
taken into consideration. The numbers are indicated in a top-down listing in a clockwise direction. Neoantigens derived from missense mutations
are listed in panel A; those derived from frameshift mutations are listed in panel B; the total neoantigens are listed in panel C

level (>50%) cannot benefit from tumor-specific shared
mutated neoantigens.

Overall, the percentage of tumor cases characterized by
missense or frameshift mutations generating neoantigens
in specific HLA alleles is low, variable and associated to
low-frequent HLA alleles. Indeed, the average of tumor
cases is 6.97% and a median of 2.42% with a wide range
going from 42.5% (eye) to 0.17% (hematopoietic). 22 out
of 31 tumors (71%) show a percentage of cases charac-
terized by mutations generating neoantigens lower than
5% and most of the big killers (e.g. breast, lung, prostate,
liver ca) as well as those with a high unmet medical need
(e.g. pancreas and brain ca) are in the lower part of the
list (<5%). The number of observed predicted neoan-
tigens from the hot-spot missense mutations is signifi-
cantly lower than the expected ones. On the contrary,
the number of observed predicted neoantigens from the
hot-spot InDel mutations is perfectly comparable to the

expected ones. This supports the hypothesis that, the first
ones are selected by the immunological pressure, while
the latter are not because they are not translated and not
presented to the immune system.

However, also the few cancers with a relevant percent-
age of cases (>10%) with mutations generating neoanti-
gens, these are associated to low prevalent HLA alleles.
The GNA11 g, missense mutation, giving rise to the
FRMVDVGGL epitope, is the most frequent mutation
in uveal melanoma (UM) (42,50% of all cases reported
in TCGA). Unfortunately, the clinical impact of this neo-
antigen appears to be very limited because UM is a rare
tumor, with an average incidence rate of 5 per million
globally [19] and the binding B*27:05 and B*39:01 HLA
alleles are among the least frequent in the World. The
two big killers colon and stomach cancers show 18.8%
and 23.9% of cases which are characterized by mutations
giving rise to shared neoantigens and could benefit from
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Table 7 Missense and frameshift mutations for which neo-
epitopes have not been predicted in any of the 12 haplotypes
considered in the study

MISSENSE TOP FREQ FRAMESHIFT TOP FREQ

BCORy 14505 ACVR2Ay 13771515 Stomach

Colon, Skin, Thyroid APCr556n53

BCORL1 P1681Qfs*20

BRA F\/640E/V6OOE
BRA FV640M

ERBB2¢3;0r
FBXW7 passc
FBXW7pags
FBXW 7347090
FBXW7gs05c
FBXW7gs056
FGFR25500
FGFR3s)40¢
GNAQq09p
HRASoe1m
IDHTg135¢
IDH1gy301 Brain
KRASA1467

KRASG1oA

KRASGc Lung
KRASG 120
KRASG 25
KRASG 55
KRASG v
KRASG13p
KRAS o614
NRASG 0
NRASG 30
NRASG 3q
NRASqg1¢
NRAS o611
NRAS o611
PIK3CAC40r
PIK3CAgs45¢
PIK3CAgs45¢
PIK3CA 10477
POLEpyger
PTENR306
PTENR1300
TP53G4s5
TP53H179R
TP53H193R
TP53)1957
TP53RW 75H
TP53pa480
TP53R248W
TP53gy73c
TP53R273H
TP53R273L
TP53gs80w
TI353\/1 57F
TP53y00c

GLn G274Afs*6

JAK1 K860Nfs*16
JAK1 P430Rfs*2
NPM“\NSWC@*WZ

PTENias7risto

PTEN+ 3¢
RPL22sgters
SALLAyo0sfsse14
ZMYMZ(1040p55733

Corpus Uteri
Bladder

Adrenal gland

Pancreas, Rectum

Hematopoietic

Cervix uteri, Larynx
Breast

Uterus

Ovary, Esophagus

Bones
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Table 7 (continued)

For those, which are reported as top frequent in a specific tumor, the tumor
types are listed (TOP FREQ.)

cancer vaccines based on TSAs. Considering that they
show and age-standardized rate (ASR) of 6.2 and 6.1,
respectively, this would be a huge advancement in cancer
therapy. Unfortunately, such neoantigens are mostly asso-
ciated to the B loci of the HLA, that show a prevalence
much lower than 10%, and even lower than 1%, in world
populations. This drastically reduce the potential applica-
tion of such therapy. The only exception is represented
by the predicted neoantigens derived from PIK3CA ;o471
(FMKQMNDAL) and LARP4BT163Hfs*47 (VLKKH-
WNSA), linked to HLA-B*08:01, as well as the one
derived from RFN43G659Vfs*41 (HPQRKRRGYV), linked
to HLA-B*07:02. Indeed, these two alleles cover 21.8%
and 20.5% of the European population and, therefore,
could represent a great opportunity for providing an
additional therapeutic opportunity to European patients
affected by such deadly cancers.

In conclusions, the search for shared mutated tumor-
specific neoantigens for developing off-the-shelf highly
specific immunotherapies results in an unfortunate fail-
ure. The most frequent mutations, either missense or
InDel, do not give rise to any predicted neoantigen with
high affinity to the most frequent HLA-A and B alleles.
Such evidence is likely to be the result of a very strong
selection by the immune system in the very early stages
of tumor development, which eliminates cancer cells
expressing mutated immunogenic neoantigens. At that
stage, the tumor cells characterized by mutations giv-
ing rise to highly antigenic non-self-mutated neoanti-
gens would be efficiently targeted and eliminated. The
result is the selection of cancer cells expressing only wild
type self-antigens and, consequently, able to escape the
immune control. Finally, they will form tumor lesions
embedded in a very immune-suppressive microenviron-
ment, which is difficult to be accessed by T cells (Fig. 11).

Therefore, cancer vaccines may only rely upon per-
sonalized mutated neoantigens, with all the caveats and
limitations, or upon wild type over-expressed tumor-
associated antigens (TAAs), which may suffer from
immunological tolerance. In order to overcome the lat-
ter drawback, non-self-antigens mimicking the TAAs
(molecular mimicry), and able to elicit cross-reactive T
cells, should be actively searched (i.e. antigens derived
from microorganisms). This will provide the essential
tool for developing off-the-shelf vaccines with the opti-
mal immunogenicity to elicit an efficient anti-tumor T
cell immune response [20-23].
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Fig. 10 Predicted neoantigens in each tumor and haplotype. The percentage of cases with mutations predicting for neoantigens are indicated

for each cancer (A); the percentage of neoantigens associated to each haplotype are indicated for each cancer (B)
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Tumor cell w/o mutations
presenting self-antigens

CD8°T cell

Tumor embedded
in the TME

Tumor cell w mutations
presenting neoantigens

Page 16 of 17

Fig. 11 Prospected evolution of tumor lesions. Cells with mutations presenting shared neoantigens are eliminated in the very early stages of tumor
lesions, when a full TME is not present. Cells not expressing shared neoantigens can outgrow without immunological control to form a tumor lesion

embedded in the TME, difficult to be attacked by T cells
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