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Abstract

Background We have recently described that the most prevalent 100 mutations identified in human cancers,
both single nucleotide variations (SNVs) and InDels, generate a handful number of shared mutated neoantigens (SNV
and InDel-NeoAgs) in association with 5 HLA-A and 7 B haplotypes.

Methods In the present study, we expanded such analysis to 50 haplotypes in the three MHC class | loci (10 HLA-A,
27 HLA-B and 13 HLA-Q), including all the mutated proteins identified in at least 5% of cancer patients.

Results Overall, the extended analysis identified 15 SNV-NeoAgs and 55 InDel-NeoAgs with a significant affin-

ity improvement over the corresponding wt (DAl > 10). These targetable shared NeoAgs are prevalently derived
from PIK3CAj047g (6715 SNV-NeoAgs) and LARPAB ¢3¢ (30755 InDel-NeoAgs). From the HLA perspective, the HLA-
A*33:03 is associated with the largest number of SNV-NeoAgs (4/15 NeoAgs) and the HLA-B*58:01 is associated
with the largest number of InDel-NeoAgs (16/55 NeoAgs).

According to the distribution of each HLA haplotype in at least 10% of the regional populations, therapeutic cancer
vaccines based on mutated shared SNV and InDel-NeoAgs, might be developed for COAD, STAD and UCEC cancers,
with a global coverage, and for PAAD and UVM, with a regional coverage.

Conclusions This represents the first in-depth analysis for the identification of a specific repertoire of shared mutated
NeoAgs, most of which never reported before. Such shared SNV and InDel-NeoAgs are indispensable for the develop-
ment of “off-the-shelf” cancer vaccines targeting a relevant percentage of cancers in a significant percentage of cancer

patients worldwide.
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Introduction

Driver mutations in specific proteins confer a growth
advantage on the cellular survival or proliferation, pos-
sibly leading to transformation and cancer development
[1-5]. Single nucleotide variants (SN'Vs), occurring at the
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first or second position of the codon, may result into a
single amino acid substitution in the protein sequence
(nonsynonymous change or a missense variant). Short
insertions or deletions (InDels), if not a multiple of three
bp, will result in a frameshift and a complete change in
the reading frame of the downstream sequence of the
gene. This will alter the product of translation, potentially
leading to targeted decay of the alternative mRNA [6-8].

The resulting SNV or InDel mutation may fall in a pep-
tide generated by the proteasome and loaded onto major
histocompatibility complex (MHC) class I molecules by
the transporter associated with antigen processing (TAP).
When the peptide carrying the mutation is compatible
with the cellular HLA allele, the stable peptide-MHC
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(pMHC) complex moves to the cell surface and cancer
cells will present tumor-specific mutated antigens (“neo-
antigens”). They are scrutinized by the immune system
and, if identified as non-self, become targets for immune-
mediated destruction [9].

Consequently, tumor-specific mutated neoantigens
represent the most specific and potent non-self immuno-
gens to be used for developing cancer vaccines [10, 11].
Indeed, they would elicit a T cell immune response that
can exclusively target the tumor while sparing healthy tis-
sue [12]. To this aim, the identification of tumor-specific
mutated neoantigens shared among patients with the
same tumor or different type of tumors would represent
the “holy grail” of cancer immunotherapy. Such neoan-
tigens would be valuable tools for off-the-shelf vaccines,
but only if they are shared among a substantial num-
ber of patients and presented by common HLA alleles.
Unfortunately, this does not seem to be the case in the
driver mutations found in all solid tumors at The Cancer
Genome Atlas (TCGA) [13].

A list of about 20 putative shared mutated neoantigens,
out of more than 1 million screened nonsynonymous
missense mutations, have been previously predicted in
at least 5% of patients in one or more cancer types [14,
15]. However, the selection parameters used to define
such shared neoantigens raise few doubts. By definition,
a “neoantigen” is a mutated epitope that, for a given HLA
allele, is a strong binder and the wt nonmutated coun-
terpart is not a binder. Alternatively, the ratio of MHC
binding affinity between the mutant and normal pep-
tide, namely differential agretopicity index (DAI), should
be>ten [16]. Only neoantigens identified according to
such a definition have been shown to correlate with intra-
tumoral T-cell responses and predict patient survival
[14]. Indeed, given the T cell receptor degeneration, if
the efficiency of antigen presentation is very similar (e.g.
DAI<10), the mutated neoantigens would not be seen as
non-self and suffer from the same immunological toler-
ance of the self nonmutated counterpart [17].

Along the same path of searching for shared mutated
neoantigens, our group has recently performed a pre-
diction analysis on the most frequent 100 mutations
reported at the TCGA, which collectively occur in
56.65% of all cancer cases [18]. Moreover, these include
the driver missense and frameshift mutations found in
more than 5% of patients affected by a specific cancer or
shared by more than 5% of cancers. Among others, were
analyzed the BRAFyy; (found in>40% of melanoma
and >60% of thyroid ca), KRASg,p (found in>30% of
pancreas ca), IDH1y, 4,y (found in>35% of brain ca) and
GNA1l e (found in>40% of uveal melanoma). The
neoantigen prediction was performed taking into consid-
eration the most frequent 12 HLA-A (5) and B (7) alleles
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and selecting only the mutated peptides predicted to have
very strong affinity (<100 nM) while the corresponding
non-mutated wt peptide show very low (DAI>10) or no
affinity to the same allele. Based on such stringent param-
eters, the results returned only 10 predicted neoantigens
from 7 missense mutations (SNV-NeoAgs) and 9 pre-
dicted neoantigens from 6 frameshift mutations (InDel-
NeoAgs). Of these, only the GNA11 ;0o FRMVDVGGL
SNV-NeoAg may have a relevant application as off-the-
shelf vaccine in>40% of uveal melanoma (UVM) cases
when positive for the HLA-B*27:05 or 39:01.

The aim of the present study was to expand such a pre-
diction analysis to a much broader number of alleles,
including HLA-A, B and C haplotypes. A total of 50
alleles (10 HLA-A, 27 HLA-B and 13 HLA-C) were con-
sidered to predict neoantigens from the SNV and InDel
mutations found in more than 5% of patients affected by a
specific cancer. The findings show that, based on the dis-
tribution of specific HLA haplotypes present in at least
10% of regional populations, therapeutic cancer vaccines
targeting shared SNV and InDel-derived neoantigens
could be developed with global coverage for colon adeno-
carcinoma (COAD), stomach adenocarcinoma (STAD),
and uterine corpus endometrial carcinoma (UCEC), and
with regional applicability for pancreatic adenocarci-
noma (PAAD) and uveal melanoma (UVM).

Materials and methods

Selection of cancer mutations from TCGA

The TCGA was interrogated for the selection of cancer
mutations. The top 100 most recurrent somatic muta-
tions across all solid tumors in the TCGA database were
selected for the analysis. Collectively, they are identified
and reported in 51.8% of all cancer cases at the TCGA
database. Each mutation was assessed to confirm that
they are identified in more than 5% or shared by more
than 5% of cancer cases.

Prediction of mutated neoantigens (NeoAgs)

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
NetMHCpan4.1 algorithm (https://services.healthtech.
dtu.dk/service.php?NetMHCpan-4.1) to predict the best
epitopes. All the newly derived sequences from the pre-
mature stop codons were included in the analysis, even
if very short. Peptides of 8—12 amino acidic residues with
binding level defined as “SB’, “WB” to the 50 most fre-
quent HLA-A, B and C alleles were selected. For subse-
quent analysis, epitopes with an affinity value<100 nM
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were arbitrarily defined as strong binders (SB); <200 nM
as weak binders (WB) and > 200 nM as poor binders (PB).
Differential agretopicity index (DAI) was used to evalu-
ate the strength of NeoAgs derived from mutations and
only epitopes with DAI>10 (Affinity nonmutated/Affin-
ity mutated) were selected.

Evaluation of novel identified NeoAgs

The mutated NeoAgs identified as SB with a DAI>10
were submitted to the Immune Epitope Database & Tools
(www.iedb.org) and literature search to verify whether
the predicted epitopes have been already described and
validated in literature. The setting parameters were for
exact sequence matching search.

Statistical analysis

The statistical analyses were performed with GraphPad
software (Version 6.01). Comparison between individual
data points were performed with the two-sided Student’s
t-test and ANOVA, as appropriate. Normally distrib-
uted data were represented as mean+S.E.M. Two-way
ANOVA and Bonferroni post-hoc analysis were used to
examine the significance of differences among groups. All
P values were two-tailed and considered significant if less
than 0.05.

Results

Strategy for prediction of mutated antigens from shared
mutations

Cancer mutations from the TCGA were selected if iden-
tified in more than 5% of patients affected by a specific
cancer or shared by more than 5% of cancers. The most
frequently identified 100 mutations have such charac-
teristics. For each protein carrying such mutations, the
corresponding wild-type sequence was manually curated
to introduce either the missense point mutations from
single nucleotide variations (SNV) or the new sequence
from the alternative open reading frame resulting from
InDel mutations.

In order to predict mutated antigens derived from
SNVs, a 23mer peptide was extracted for each protein,
centered on the mutated residue (from —11 to+11), and
overlapping 8-12aa peptides were designed with the
mutated residue at each of the positions.

Alternatively, to predict mutated antigens from the
InDel mutations, a peptide from each protein was based
on a sequence starting at position —11 from the mutated
aminoacid residue and including the entire new down-
stream sequence derived from the alternative open read-
ing frame. The length of the latter mutated peptides
ranged from 4 to 62 aa, according to the position of the
newly generated stop codon along the shifted reading
frame (Suppl. Figure 1).
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For both types of mutations, wt and mutated peptides
from each protein were subjected to the same prediction
analysis, in order to assess the affinity to the selected 50
HLA-A, B and C alleles.

Selection of the HLA alleles

The NetMHCpan 4.1 algorithm was interrogated to pre-
dict antigens in the mutated peptides associated to the
most prevalent MHC-I HLA alleles, with a global cover-
age in all Continents. To such aim, 50 alleles, 10 HLA-A,
27 HLA-B and 13 HLA-C alleles were selected. Among
these, the A*02:01 and 24:02 are the most prevalent
across the Continents; the A*11:01 is highly prevalent
in South and South-East Asia as well as in Oceania; the
A*31:01 is specifically represented only in South Amer-
ica; the A*33:03 is specifically represented only across
Asia; the A*34:01 is specifically represented only in Oce-
ania (Fig. 1A). The most prevalent B alleles across the
Continents were selected, including those represented
only in specific Continents, such as the B*51:01 which
is the most frequent in South Asia and highly frequent
in South-East Asia; the B*54:01 and the B*58:01 which
are highly frequent or the most frequent in South-East
Asia, respectively (Fig. 1B). Similarly, the most prevalent
C alleles across the Continents were selected, including
the C*04:03 which is the most frequent in South America
and highly frequent in Oceania; the C*08:01 which is spe-
cifically frequent in North-East and South-East Asia as
well as in Oceania; and the C*15:02 which is specific to
South-Asia and Oceania (Fig. 1C).

Prediction of mutated antigens associated with HLA-A
haplotypes

Predicted mutated antigens (mut-Ags) associated with
HLA-A haplotypes are identified only in 11 and 7 pro-
teins, characterized by SNVs (missense mutations) and
InDel (frameshift mutations), respectively. Considering
the total number from both SNV and InDel mutations,
78% are scored poor binders (>200 nM affinity—PB),
10.5% are scored weak (100-200 nM—WB) and 11.7%
strong (<100 nM—SB) binders, on average (Suppl.
Table 1A). Moreover, the majority of the strongest binder
antigens (75.8%) are predicted to bind more than a single
haplotype (shared) (Suppl. Table 1).

Regarding the SNVs, the number and the score of the
predicted mut-Ags greatly varied among the 11 proteins.
In particular, the largest number of WB and SB SNV mut-
Ags are predicted in the five SNVs identified in KRAS
(8 WBs and 3 SBs), however the four SNVs identified
in PIK3CA provided the largest number of SBs (nr. 6).
Overall, the individual SNVs generating the largest num-
ber of SBs (nr. 3) are the PIK3CAj;47r and TP53g;cy.
On the contrary, the individual SNVs identified in PTEN,
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Fig. 1 HLA haplotypes'prevalence. The prevalence of the most common HLA-I haplotypes in sub continental regions for HLA-A (A), HLA-B (B)
and HLA-C (C) alleles

IDH1, FGFR3 and the KRAS, 5, do not generate any WB Similar to SNVs, the number and the score of the
nor SB (Fig. 2A and Suppl. Table 1A). predicted mut-Ags derive from the InDels (InDel mut-
Ags) greatly varied among the 7 proteins. In particular,
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Fig. 2 Predicted shared mut-Ags for HLA-A. The diagrams show the number of putative mut-Ags derived from SNV (A) and InDels (B). The antigens
are grouped by the affinity to the HLA molecules (PB poor binders, WB weak binders, SB strong binders)
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the largest number of WB and SB InDel mut-Ags are
predicted in the LARP4B ¢34 47 (4 WBs and 4 SBs),
of which 2 WBs and only 1 SB are shared. In parallel,
the same LARP4B InDel mutation generates also the
largest number of PBs (23 in total). Interestingly, the
RNF43¢e50vss 41 and the JAKI ey 16 generate less WBs
and SBs (6 and 3, respectively) but more shared SBs (2
each).On the contrary, the InDels identified in RPL22,
UBR5 and ACVR2A do not generate any top scoring neo-
antigen (Fig. 2B and Suppl. Table 1B).

HLA-A haplotypes presenting the predicted mutated
neoantigens

The stratification of the predicted mut-Ags based on the
HLA-A haplotypes, showed a significant variability for
both SNVs and InDel mutations.

Considering the SNV mut-Ags, the largest number
are predicted to be associated with the A*34:01 (nr. 27),
the other haplotypes are associated with 14 mut-Ags, on
average, except the A*02:01 which is associated to only
3 neoantigens. However, selecting only those with the
highest predicted affinity (100-200 nM and <100 nM)
(nr. 35), none of these are associated with the A*34:01.
Indeed, these are predicted in association only with
A*01:01 (nr. 2), A*03:01 (nr. 6), A*11:01 (nr. 12), A*31:01
(nr. 7) and A*33:03 (nr. 8). Furthermore, taking into
consideration the top scoring prediction (<100 nM and
SBs) (nr. 15) the associated haplotypes are A*03:01 (nr.
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3), A*11:01 (nr. 3), A*31:01 (nr. 3) and A*33:03 (nr. 6)
(Fig. 3A; Suppl. Figure 2).

Considering the InDel mut-Ags, the largest number are
predicted to be associated with the A*31:01 (nr. 21), the
other haplotypes are associated with 9 mut-Ags, on aver-
age. In this case, even selecting those with the highest
predicted affinity (100-200 nM and <100 nM) (nr. 20),
the A*31:01 remains the haplotype associated with the
largest number of mut-Ags (nr. 9). On the contrary, the
A*01:01, A*02:01, A*26:01 and A*34:01 do not show any
predicted mut-Ags. Furthermore, taking into considera-
tion the top scoring prediction (<100 nM and SBs) (nr. 4)
the associated haplotypes are A*03:01 (nr. 1), A*24:02 (nr.
1) and A*31:01 (nr. 2) (Fig. 3B; Suppl. Figure 3).

Affinity map of individual predicted mutated mut-Ags
to HLA-A haplotypes
The affinity to HLA-A haplotypes of each predicted SNV
mut-Ags and InDel mut-Ags is shown, including those
with single and multiple affinities (Tables 1 and 2).
Considering the SNV mut-Ags, the average affinity to
the individual haplotypes is 3502.3 nM, ranging from
8513.05 nM (A*01:01) to 330.19 nM (A*31:01). In detail,
the average affinity to A*03:01, 11:01, 31:01 and 33:03
is significantly higher than to the remaining haplotypes
(p<0.01) and only mut-Ags associated with these four
haplotypes are SBs. Indeed 4 mut-Ags for each of the
A*03:01, 11:01, 31:01 and 8 for A*33:03 are predicted.
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Fig. 3 Stratification of shared mut-Ags based on HLA-A haplotypes. The plots indicate the number of SNV mut-Ags (A) and InDel mut-Ags (B)
for each of the selected HLA-A haplotypes, grouped by the level of binding (WB; SB)
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Table 1 Affinity map of SNV mut-Ags predicted to bind HLA-A haplotypes

PROTEIN

PEPTIDE

HLA-A

01:01

02:01

03:01 | 11:01

24:02 | 24:07

26:01

31:01| 33:03 | 34:01

BRAF

DFGLATEKSR

FGLATMKSR

KIGDFGLATEK

68

KIGDFGLATMK

o

FGF3R

DVLERCPHR

YTLDVLERC

GNATI

DVGGLRSER

IFRMVDVGGLR

95

VDVGGLRSER

RMVDVGGLR

-

GNAQ

DVGGPRSERR

24

IFRMVDVGGPR

85

VDVGGPRSER

DVGGPRSER

MVDVGGPRSER

RMVDVGGPR

20

IDH1

IIGHHAYGDQY

IIIGHHAY

PIIIGHHAY

WVKPIIIGH

KRAS

EYKLVVVGAR

VVGACGVGK

VVGADGVGK

VVGAGDVGK

VVGARGVGK

VVGAVGVGK

VVVGACGVGK

gl

VVVGADGVGK

VVVGAGDVGK

VVVGARGVGK

NRAS

AGKEEYSAMR

AGREEYSAMR

DTAGKEEYSAM

DTAGREEYSAM

"=

ILDTAGKEEY

ILDTAGKEEYS

ILDTAGREEY

ILDTAGREEYS

KEEYSAMRDQY

LDTAGKEEY

LDTAGREEY
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Table 1 (continued)
HLA-A
PROTEIN PEPTIDE
01:01 | 02:01| 03:01| 11:01 | 24:02 | 24:07 | 26:01 | 31:01| 33:03 | 34:01
REEYSAMRDQY
VVVGAVGVGK | I | 03]

DILDTAGKEEY

DILDTAGREEY

DTAGKEEY

DTAGREEY

PIK3CA

AMESEITKI

DARHGGWTTK

EITKITEQEK

EQAMESEITK

ETRQLCDLRLF

YFMKQMNDAR

AISTRDPLSK

EFFDETRQL

ETRQLCDLR

EYFMKQMNDAR

o~
N &

FMKQMNDAR

ISTRDPLSK

ITKITEQEK

KAISTRDPLSK

QAMESEITK

REEFFDETRQL

68

RQLCDLRLF

STRDPLSK

PTEN

GTGVMICAY

i

QTGVMICAY

SF3BI1

DEYVHNTTAR

EYVCNTTAR

62

YVHNTTARA

EYVCNTTARAF

EYVHNTTAR

EYVHNTTARAF

VHNTTARAF

YVHNTTAR

58

YVHNTTARAF

TP53

EVVRHCPHH

EVVRHCPHHER

SCMGGMNGR

SSCMGGMNQR

VVRHCPHHER

HMTEVVRHC

NSSCMGGMNQR
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Table 2 Affinity map of InDel mut-Ags predicted to bind HLA-A haplotypes

HLA-A
PROTEIN | PEPTIDE

01:01 | 02:01| 03:01| 11:01 | 24:02 | 24:07 | 26:01 | 31:01 | 33:03 | 34:01

ACVR2A | EVVVHKKRGLF
VSEKNQQLKW
IVSEKNQQL

IVSEKNQQLK
JAKI | QLKWTPHILK 2| 8
QQLKWTPHI

QQLKWTPHILK
VSEKNQQLK
HWNSAYLGR
KHWNSAYLGR
LVTCILYHR m
RWLTSTTSR 3
SAYLGRTLL | z1s6 |
SQRWLTSTTSR 9
Tvioy |
VTCILYHR 3
VTCILYHRW
L arpug [YEGRTLLY | 251
AYLGRTLL

AYLGRTLLV

EVLKKHWNSAY
HWNSAYLGRTL
LYHRWIVTSM
RTLLVTCILY

SAYLGRTLLV
STTSRSSAL

TIsRssaLM ol
VISMCQSQR | a] 7

ALTSSPRTETR
QQLEALTSSPR
NFKBIE | RTETRWSTW

|72
LTSSPRTETR
TSSPRTETR
ALGPRMAQLC
FPITPPVW
RNF 43 GVPPSPPLA
ITPPVWHI
MQLCTQLAR 44
PITPPVWHI

‘

"
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Table 2 (continued)
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HLA-A
PROTEIN | PEPTIDE

01:01| 02:01 | 03:01| 11:01| 24:02 | 24:07

PVWHILGPQR

26:01| 31:01| 33:03 | 34:01

ARFFPITPPVW

FFPITPPVW

FFPITPPVWHI
ITPPVWHIL

RFFPITPPV -I

RFFPITPPVW 86

RFFPITPPVWH

RMQLCTQLAR

VWHILGPQR

KKLVVKGGKK

KKLVVKGGKKR

RPL22 | KLVVKGGKKR

VVKGGKKRSK

LVVKGGKKR

KLRVQNQGH

KLRVAGNQGHLL

UBR5
RVANQGHLL
VANQGHLLM

Looking at the same results from the protein perspec-
tive, the average affinity of mut-Ags to all haplotypes is
2501.76 nM, ranging from 7166.87 (IDH1) to 233.07
(BRAF) (Table 1 and Fig. 4A and B). None of the pro-
teins showed mut-Ags with an overall average affinity
significantly different from all other proteins. However,
SBs are predicted for all the proteins with the exception
of FGF3R, IDH1, PTEN and NRAS. In particular, 2 mut-
Ag for each of BRAF, GNA11, GNAQ, SF3B1, 3 for KRAS
and TP53 as well as 6 for PIK3CA (Fig. 2 and Suppl.
Table 1A).

Considering the InDel mut-Ags, the average affinity
to the individual haplotypes is 2510.3 nM, ranging from
6573.08 nM (A*01:01) to 541.58 nM (A*31:01). In detail,
also for these antigens the average affinity to A*03:01,
11:01, 31:01 and 33:03 is higher than to the remaining
haplotypes, although it did not reach the statistical sig-
nificance. SBs are predicted only for these haplotypes,
namely 1 each of the A*03:01, 11:01, 24:02 and 6 for
A*31:01. Looking at the same results from the protein
perspective, the average affinity of mut-Ags to all hap-
lotypes is 2676.42 nM, ranging from 4807.62 (UBR5) to
1460.54 (LARP4B) (Table 2 and Fig. 4C and D). None
of the proteins showed mut-Ags with an overall aver-
age affinity significantly different from all other proteins.

However, SBs are predicted only for the proteins JAK1
(nr. 2), LARP4B (nr. 4) and RNF 43 (Nr. 3). None is pre-
dicted for the ACVR2A, NFKBIE, RPL22 and UBR5 pro-
teins (Fig. 2B and Suppl. Table 1B).

Targetable predicted mutated neoantigens linked
to HLA-A haplotypes
In order to verify whether the predicted SNV and InDel
mut-Ags are real neoantigens and may be actual targets
for shared off-the-shelf cancer immunotherapy strate-
gies, the differential agretopicity index (DAI) for each WB
and SB antigens was calculated. In particular, a ratio> 10
of MHC affinity of the mutant peptide:the nonmutated
counterpart is considered as meaningful [16-20].
According to such analysis, only 5 predicted SNV-
NeoAgs and 15 InDel-NeoAgs are targetable because
they show either a DAI>10 or they are de novo protein
sequences which do not have a match in the wt corre-
sponding sequence (Table 3). Regarding the SNV-Neo-
Ags, 4 of the 5 (80%) are SB; 3 are associated with the
HLA-A*33:03 (PIK3CAy;;0,,r YEMKQMNDAR, EYFM-
KQMNDAR and FMKQMNDAR). The PIK3CAps,o¢
AISTRDPLSK peptide binds to both A*03:01 and 11:01
(Table 3).
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Concerning the InDel-NeoAgs, 8 of 15 (53.3%) are SB
and are associated to the HLA-A*03:01, 11:01, 24:02 and
31:01. While the first three are associated with one SB
each, the 31:01 is associated with 6 of them (75%). 50%
of them (4 out of 8) are derived from the LARP4B ¢34
protein and are all associated with the B*31:01 haplotype.
Finally, the majority of the targetable SB InDel-Neo-
Ags are associated with a single haplotype ad only the
JAK1goonts QLKWTPHILK peptide is associated with
two haplotypes (HLA-A* 03:01 and 11:01) (Table 3).

Prediction of mut-Ags associated with HLA-B haplotypes
Predicted mut-Ags associated with HLA-B haplotypes
are identified in the same 11 proteins, characterized by
SNVs, and in 7 proteins characterized by InDel. Consid-
ering the total number of both types of mut-Ags, 86.1%
are scored PB, 4.7% are scored WBs and 9.1% SBs, on
average. Moreover, the majority of WB and SBs (61.9%)
are predicted to bind more than a single haplotype
(Suppl. Table 2A and B).

Also for the HLA-B, The number and the score of the
predicted SNV mut-Ags greatly varied among the 11
proteins. The largest number of WB and SB SNV mut-
Ags are predicted in the 4 SNVs identified in PIK3CA
(9 WBs and 3 SBs); however the two SNVs identified
in SF3B1 provided the largest number of SBs (nr. 5).
Overall, the SNVs generating the largest number of
such mut-Ags (nr. 3) are the SF3Blpgysc, GNALl 001
and FGFR3g,,9c. On the contrary, the SNVs identified
in TP53, NRAS, KRAS, IDH1 did not generate any SB
(Fig. 5A, Suppl. Table 2A).

Similar to SN'Vs, the number and the score of the pre-
dicted InDel mut-Ags greatly varied among the 7 pro-
teins. In particular, the largest number of WB and SB
InDel mut-Ags are predicted in the LARP4B 1 g31i¢ 47 (4
WBs and 13 SBs). On the contrary, the InDels identified
in RPL22 and ACVR2A did not generate any WB and
SBs (Fig. 5B, Suppl. Table 2B).
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Table 3 WB and SB targetable Neo-Ags binding to HLA-A haplotypes

HLA-A
« | PROTEIN PEPTIDE DAI
28 03:01 11:01 31:01 | 33:03
< YFMKQMNDAR 511 105
2 |PIK3CAmosr | EYFMKQMNDAR 64| 130
- FMKQMNDAR 68 88 170
Z |PIK3CAesix | AISTRDPLSK 53 99 467 281
PIK3CAesisk | QAMESEITK 232
HLA-A
PROTEIN PEPTIDE DAI
02:01|03:01/ 11:01 | 24:02 | 24:07 | 31:01 | 33:03
JAK QLKWTPHILK 31| 89 378.3 n/a| n/a
KBEONfs QQLKWTPHI 206(1717,9 n/al n/a
" HWNSAYLGR | 176 161 n/a
2 AYLGRTLLV [ 156 n/al n/a
o LVTCILYHR 17 n/a| n/a
% LARPZIBTmstS RWLTSTTSR 32 n/a n/a
! RTLLVTCILY | 138 nfal n/a
) SQRWLTSTTSR 98 n/a| n/a
aQ VTSMCQSQR 76 n/a] n/a
= LTSSPRTETR 342| 272
NFKBIEvsists  [r5oprTETR 255| n/a
MQLCTQLAR 43 n/a| n/a
FFPITPPVW n/a| n/a
RNF 43 eesovis  [REEpITPPVW 86 nfa| n/a
RMGQLCTQLAR [ 129] 10 n/al n/a
A B
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Fig. 5 Predicted shared mut-Ags for HLA-B. The diagrams show the number of putative mut-Ags derived from SNV (A) and InDels (B). The antigens
are grouped by the affinity to the HLA molecules (PB=poor binders; WB =weak binders; SB=strong binders)
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HLA-B haplotypes presenting the predicted shared
mut-Ags

The stratification of the predicted mutated mut-Ags
based on the HLA-B haplotypes, showed a significant
variability for both SN'Vs and InDel mutations.

Considering the mutated mut-Ags derived from
SNVs, the largest number are predicted to be associ-
ated with the B*18:01 (nr. 18), the other haplotypes are
associated with 10.3 mut-Ags, on average, except the
B*13:01 and B*51:01 which are associated to only 3 mut-
Ags. However, selecting only WB and SBs (nr. 34), only
2 are associated with the B*18:01 and they are almost
evenly distributed among several B haplotypes. Further-
more, taking into consideration the SBs only (nr. 19), the
B*27:05 haplotype is associated with largest number (nr.
4) (Fig. 6A and Suppl. Figure 4).

Considering the InDel mut-Ags, the largest number
are predicted to be associated with the B*58:01 (nr. 18),
the other haplotypes are associated with 7 mut-Ags, on
average, except the B*15:02, B*35:01 and B*35:05 which
are associated to only 1 neoantigen. In this case, even
selecting the WB and SBs (nr. 32), the B*58:01 remains
the haplotype associated with the largest number of mut-
Ags (nr. 15). Such finding is further confirmed also taking
into consideration the SBs only, indeed 11/23 are associ-
ated with the B*58:01 haplotypes. On the contrary, most
of the B haplotypes (20/27) do not show any predicted SB
(Fig. 6B and Suppl. Figure 5).

WB
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Affinity map of individual predicted mutated mut-Ags
to HLA-B haplotypes
The affinity to HLA-B haplotypes of each predicted mut-
Ags from SNVs and InDels is shown, including those
with single and multiple affinities (Tables 4 and 5).
Considering the SNV mut-Ags, the average affinity to
the individual haplotypes is 4890.5 nM, ranging from
15780.5 nM (B*46:01) to 618.5 nM (B*15:01). In detail,
the average affinity to B*15:01 and 27:05 is significantly
higher than to most of the remaining haplotypes (p <0.01)
and most of the SBs are found associated with these two
haplotypes (4 each out of 16 total) (Table 4). Looking at
the same results from the protein perspective, the aver-
age affinity of mut-Ags to all haplotypes is 4131.3 nM,
ranging from 7088.05 (NRAS) to 935.67 (PTEN) (Table 4
and Fig. 7A and B). None of the proteins showed mut-
Ags with an overall average affinity significantly different
from all other proteins. However, SBs are predicted for all
the proteins with the exception of IDH1, KRAS, NRAS
and TP53. In particular, 1 mut-Ag for GNAQ and FGF3R,
2 for PTEN and GNA11, 3 each for BRAF and, PIK3CA,
4 for SF3B1 (Fig. 5A and Supplementary Table 2A).
Considering the neoantigens from InDels, the average
affinity to the individual haplotypes is 6027.8 nM, rang-
ing from 18,499.7 nM (B*46:01) to 825.9 nM (B*15:01).
In detail, also for the InDel mut-Ags the average affin-
ity to B*15:01 and 58:01 is higher than to the remain-
ing haplotypes, although it did not reach the statistical

SB

20:L0,8

I AcvR2A
. Ak
LARPB
B NFKBIE
B RNFO3
UBRS

il
i
S

Fig. 6 Stratification of shared mut-Ags based on HLA-B haplotypes. The plots indicate the number of SNV mut- Ags (A) and InDel mut-Ags (B)
for each of the selected HLA-B haplotypes, grouped by the level of binding (WB; SB)
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Table 4 Affinity map of SNV mut-Ags predicted to bind HLA-B haplotypes

HLA-B

PROTEIN | PEPTIDE
07:02 | 08:01 | 13:01 | 15:01 | 15:02 | 15:21 | 18:01 | 27:05 | 35:01 | 35:05 | 35:19 | 35:43 | 38:01 | 39:01 | 40:01 | 40:02 | 44:02 | 44:03 | 46:01 |48:03 |51:01 | 51:10 | 54:01 | 55:02 | 56:01 | 57:01 | 58:01

EKSRWSGSHQF
MKSRWSGSHQF 42
FGLATEKSRW 92
FGLATMKSRW 67
GLATEKSRW
GLATMKSRW
LATEKSRW
LATMKSRW
CPHRPILOA

19 41 88
ERCPHRPIL

ERCPHRPILOA
FGFR3 | LERCPHRPIL | 03| 266
RCPHRPILOA
CPHRPILOAG
CPHRPILOAGL
FRMVDVGGL 99 92
GGLRSERRKW
GNAI1 | FRMVDVGGLR 65
GLRSERRKW
VGGLRSERRKW
GPRSERRKW
VGGPRSERRKW
FRMVDVGGPR
GPRSERRKWI
GHHAYGDQY
HHAYGDQY
HIGHHAY
KPIIGHHA
KPIIGHHAY
PIIGHHA
PIIGHHAY
VKPIIGHHA
WVKPIIGHHA
ARGVGKSAL
HHAYGDQYRA

VKPIIGHHAY | 2781

DVGKSALTI

GARGVGKSA

GAVGVGKSA

TEYKLVWVGAV 1
ADGVGKSAL

KRAS AGDVGKSAL
AVGVGKSAL
DGVGKSAL
DGVGKSALTI
GARGVGKSAL
GDVGKSAL
AGKEEYSAM
AGREEYSAM
DILDTAGKEEY
DILDTAGREEY
ILDTAGKEEY
ILDTAGREEY
KEEYSAMRDQY
REEYSAMRDQY
TAGKEEYSAM
DTAGKEEY
DTAGREEY
GREEYSAMR

LDTAGREEY
TAGREEYSAM
ARHGGWTTKM
EEFFDETRQL
EEFFDETRQLC
EFFDETRQAL
FFDETRQL

BRAF

B . K

i
|
il

GNAQ P

IDH1

NN

NRAS

PIK3CA KITEQEKDFLW
KQEKDFLW
KQMNDARHGGW
LSEITKQEKDF
QMNDARHGGW

REEFFDETRQL [Taza]| 14

significance. In particular, 12 out 22 SBs are predicted from 6901.62 (RNF43) to 2833.9 (NFKBIE) (Table 5 and
for the 58:01 haplotype (Tables 5). Looking at the same  Fig. 7C and D). None of the proteins showed mut-Ags
results from the protein perspective, the average affin-  with an overall average affinity significantly different
ity of mut-Ags to all haplotypes is 4776.42 nM, ranging from all other proteins. InDel-NeoAgs SBs are pre-

dicted for all the proteins, except ACVR2A and RPL22,
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Table 4 (continued)
HLA-B
PROTEIN | PEPTIDE
07:02 | 08:01 | 13:01 | 15:01 | 15:02 | 15:21 | 18:01 | 27:05 | 35:01 | 35:05 | 35:19 | 35:43 | 38:01 | 39:01 | 40:01 | 40:02 | 44:02 | 44:03 | 46:01 | 48:03 | 51:01 |51:10 | 54:01 | 55:02 | 56:01 | 57:01 | 58:01
RHGGWTTKM
SEITKQEKDF
SEITKQEKDFL
STRDPLSKI - -:
TKQEKDFLW
RQLCDLRLF - 47
TRDPLSKI
TRQLCDLRL
ARHGGWTTK
DETRQLCDL
DLRLFQPF
DPLSKITEQ -
EEFFDETRQ
EITKQEKDFLW -:
FFDETRQLC
FFDETRQLCDL
ITKQEKDFLW 14
ITKQEKDFLWS
KQEKDFLWSH | o308]
LSKITEQEKDF
MESEITKI
MESEITKIT
MNDARHGGW
NDARHGGW | 8784
NDARHGGWTTK F
RHGGWTTKMDW
RQLCDLRL -
TKQEKDFLWSH
TRDPLSKIT -]
TRQLCDLRLF
AGKGGTGVM
PTEN GQTGVMICAY 22
GQTGVMICAY 22

DEYVHNTTA

EYVHNTTARAF

VCNTTARAF

SF3BIE VHNTTARAF

YVCNTTARAF 23

YVHNTTARA
YVHNTTARAF
DEYVCNTT

DEYVCNTTA

DEYVCNTTAR

DEYVHNTTARA

DEYVHNTT

NQRPILTII
QHMTEVVRH
QRPILTITL

GMNQRPIL

TPS3 NQRPILTI

SQHMTEVVRH

NQRPILTIITL

TEVVRHCPH

1

VRHCPHHER

and the largest number (nr. 13) is predicted for LARP4B
(Fig. 5B and Supplementary Table 2B).

Targetable predicted mutated neoantigens in HLA-B
haplotype

The differential agretopicity index (DAI) was calculated
also for each WB and SB mut-Ags linked to B haplo-
types. According to such analysis, 7 predicted SNV
mut-Ags and 30 InDel mut-Ags can be considered as
NeoAgs and are targetable because they show either a
DAI> 10 or they are de novo protein sequences which
do not have a match in the wt corresponding sequence
(Table 6). Concerning the SNV-NeoAgs, 4 of the 7
are SB (57.1%) and are associated with HLA-B*15:01
(PIK3CAgggq RQLCDLRLF and PTENg;3q GQTG-
VMICAY), 15:02 (SF3Blyesc YVCNTTARAF), 27:05

and 39:01 (GNA1llg,,; FRMVDVGGL) haplotypes.
Therefore, only the latter is associated with>1 hapo-
type (Table 6).

Regarding the InDel-NeoAgs, 22 of the 30 (73.3%)
are SBs and are associated to 9 of 27 HLA-B haplotypes
analyzed in the study. Most of such haplotypes are
associated with one or two SB InDel-NeoAgs, while the
58:01 is associated with 12 of them (54.5%). Interest-
ingly, most of the SB InDel-NeoAgs (13 out of 27) are
derived from the LARP4B;4ay protein and 8 of them
are associated with the B*58:01 haplotype. Finally, the
majority of the targetable SB InDel-NeoAgs are asso-
ciated with a single haplotype ad only the JAK1ygeonss
SEKNQQLKW and VSEKNQQLKW, NFKBIEyys,c
LTSSPRTETRW, RTETRWSTW, TSSPRTETRW pep-
tides are associated with two haplotypes (Table 6).
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Table 5 Affinity map of InDel mut-Ags predicted to bind HLA-B haplotypes

PROTEIN

PEPTIDE

HLA-B

07:02 | 08:01

13:01

35:05

35:19

35:43

38:01

39:01‘40:01 |40:02 44:02 | 44:03 | 46:01 | 48:03 | 51:01 |51:10 |54:01 | 55:02 | 56:01 | 57:01 | 58:01

ACVR2A

QEVVVHKKR

15:01 | 15:02 | 15:21 | 18:01 | 27:05 | 35:01

QEVVVHKKRGL

VVHKKRGLF

VVHKKRGL

VVVHKKRGL

JAKL

EKNQQLKW
IVSEKNQQL
IVSEKNQQLKW

QLKWTPHIL

SEKNQQLKW

SEKNQQLKWT

SEKNQQLKWTP

TPHILKSA

=

TPHILKSAS

VSEKNQQLKW

VSEKNQALKWT

DIVSEKNQQL

NQQLKWTPHIL

LARPB4

DPREVLKKH

HRWIVTSM

KHWNSAYL

KKHWNSAYL

61
e

LKKHWNSAY

QEDPREVLKKH

REVLKKHW

SAYLGRTLL

VLKKHWNSAY

YHRWIVTSM

——

EDPREVLKKHW

= -

EVLKKHWNSAY

|

GRTLLVTCI

GRTLLVTCIL

GRTLLVTCILY

HRWIVTSMC

ILYHRWIVTSM

IVTSMCQSQRW

LLVTCILYHRW

LVTCILYHRW

30

QRWLTSTTS

QRWLTSTTSR

QRWLTSTTSRS

REVLKKHWNSA

RTLLVTCIL

RTLLVTCILY

SAYLGRTL

SMCQSQRW

SRSSALMW

STTSRSSAL

iR

STTSRSSALMW

TCILYHRW

TSMCQSQRW

10

TSRSSALMW

16

TTSRSSALM

TTSRSSALMW

TTSRSSALMWT

VLKKHWNSA

60

VLKKHWNSAYL

VTCILYHRW

12

VTSMCQSQRW

NKKBIE

LTSSPRTETRW.

RTETRWSTW

SPQQLEALTS

SPQQLEALTSS

SPRTETRWS

SPRTETRWST

SPRTETRWSTW

SSPRTETRW

TETRWSTW

TSSPRTETRW

TSSPRTETRWS

PRTETRWSTW

SPQQLEAL

11
52 25
32 24
58 17

SPRTETRW

RNF43

HPQRKRRGV
RGVPPSPPL

Prediction of mutated mut-Ags associated with HLA-C

haplotypes
Predicted mut-Ags associated with HLA-C haplotypes
are identified in the same 11 mutated proteins charac-
terized by SN'Vs and in 5 mutated proteins characterized

| —

by InDels. Indeed, no mut-Ags are predicted in the
RPL225p¢s and NFKBIEy 4615 pProteins (Fig. 8A, B).
Considering the total number of both types of mut-Ags,
91.9% are scored PB, 2.2% are scored WBs and 5.8% SB
binders, on average. Moreover, the majority of WB+SB
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Table 5 (continued)

HLA-B

RGVPPSPPLAL
RRGVPPSPPL
VPPSPPLA
VPPSPPLAL 84 [7388|18225| |
GVPPSPPLAL
KRRGVPPSP
KRRGVPPSPPL
PPSPPLAL
RHPQRKRRGV
RRGVPPSPPLA
VPPSPPLALG
GHLLMILL
LRVQNQGHL
LRVQNQGHLL
NQGHLLMIL
RVONQGHLL
RVONQGHLLM
VANQGHLL
VQNQGHLLM
VONQGHLLMIL
KLRVONQGHL

LRVONQGHLLM
VAQNQGHLLMI

PROTEIN | PEPTIDE
07:02 | 08:01 | 13:01 | 15:01 | 15:02 | 15:21 | 18:01 |Z7:05‘35:01 35:05 | 35:19 | 35:43 | 38:01 |39:01‘40:01 40:02 | 44:02 | 44:03 | 46:01 ‘48:03 ‘51:01 51:10 | 54:01 | 55:02 | 56:01 | 57:01 | 58:01
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Fig. 7 Affinity of shared SNV and InDel mut-Ags to HLA-B haplotypes. The affinity to HLA-B haplotypes of all predicted mut-Ags (PB, WB and SB)
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Table 6 \WB and SB targetable Neo-Ags binding to HLA-B haplotypes

HLA-B
PROTEIN PEPTIDE 07:02(13:01 [15:01 [15:02 |27:05 |39:01 DAl
. GNATaz090 FRMVDVGGL 99.1 92.2 26.8 234.9
S [KRASGzn GARGVGKSAL [i6SI8| 53.9
2 ARHGGWTTKM 67.0
T | PIK3CA047r
5 ARHGGWTTK . 320.3
& | PIK3CAsssa | ROLCDLRLF 11040 47.0 79| 694
PTENRri30a GQTGVMICAY 22.4 74.6
SF3B1rezsc YVCNTTARAF 66.7 18.6
L1
HLA-B
PROTEIN PEPTIDE DAI
07:02 |08:01 |15:01 |27:05 |39:01 4402 | 44:03 | 57:01 | 58:01
IVSEKNQQLKW h 159.6
JAKIkssonts SEKNQQLKW 35.0 | 60.88 432| 489
VSEKNQOLKW 67.4 | 438 2246 | 3862
HRWIVTSM F n/a
VLKKHWNSAY 32.2 684.0
YHRWIVTSM 77 n/a
GRTLLVTCI n/a
GRTLLVTCIL 69.9 n/a
IVTSMCQSQRW 26| n/a
LVTCILYHRW 298| n/a
QRWLTSTTSR 73.0 n/a
n | LARP4BTis3ns | RTLLVTCIL n/a
g RTLLVTCILY . n/a
E STTSRSSALMW 360| n/a
D TSMCQSQRW 04| n/a
3 TSRSSALMW 55| n/a
= TTSRSSALMW n7| n/a
VLKKHWNSA 595 228.4
VTCILYHRW 122| n/a
VTSMCQSQRW 05| n/a
LTSSPRTETRW 517| 253 137.7| 1591
RTETRWSTW 320| 242| n/a| n/a
NFKBIEwsisis | SPRIETRWST [0SR n/a
TSSPRTETRW 57.8 | 17.4| 6212|1559.8
SSPRTETRW - 101.8
HPQRKRRGV 73.0 1807 193
RNF436659vis
VPPSPPLAL 84.2 99.1
LRVQANQGHLL n/a
UBRS5e2121kss RVQNQGHLLM 72.7 n/a
VQNQGHLLM 378 n/a

n/a=not applicable because they are de novo protein sequences which do not have a match in the wt corresponding sequence

antigens (92%) are predicted to bind more than a single
haplotype (Suppl. Table 3A and B).

Regarding the SN'Vs, the number and the score of the
predicted mut-Ags greatly varied among the 11 pro-
teins. However, WB and SB SNV mut-Ags are only 2 in
SF3B1 (1 from the R625H and 1 from the R625C muta-
tions) and 1 in BRAFyyy. 2 of them are predicted to

bind more than a single haplotype. All other SNVs did
not generate WB and SB (Fig. 8A and Suppl. Table 3A).

Similar to SN'Vs, the number and the score of the pre-
dicted mut-Ags derived from the InDels greatly varied
among the 5 mutated proteins. In particular, consider-
ing the WB and SB InDel-NeoAgs, the largest number
of mut-Ags are predicted in the LARP4B  ¢app 47 (4
WBs and 10 SBs). On the contrary, InDels identified
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Fig. 8 Predicted shared mut-Ags for HLA-C. The diagrams show the number of putative mut-Ags derived from SNV (A) and InDels (B). The antigens
are grouped by the affinity to the HLA molecules (PB poor binders, WB weak binders, SB strong binders)

in JAKLggeongsr16 and ACVR2A37p45 did not generate
any top scoring mut-Ags (Fig. 8B and Suppl. Table 3B).

HLA-C haplotypes presenting the predicted mut-Ags
The stratification of the predicted mut-Ags based on the
HLA-C haplotypes, showed a significant variability for
both SNVs and InDel mutations.

Considering the mutated SNV mut-Ags, the largest
number are predicted to be associated with the C*06:02

(nr. 18), the other haplotypes are associated with 10 mut-
Ags, on average, except the C*08:01 and C*15:02 which
are associated only with 5 and 4 mut-Ags. Restrict-
ing the analysis, no WB and only 2 SB with the selected
haplotypes are identified, specifically 1 for the HLA-
C*03:02 and one for the HLA-C*05:01 (Fig. 9A and Suppl.
Figure 6).

Considering the mut-Ags derived from InDels, the
largest number are predicted to be associated with the
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Fig. 9 Stratification of shared mut-Ags based on HLA-C haplotypes. The plots indicate the number of SNV mut-Ags (A) and InDel mut-Ags (B)
for each of the selected HLA-C haplotypes, grouped by the level of binding (WB; SB)
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C*01:02 (nr. 24), the other haplotypes are associated
with 13 mut-Ags, on average. The evaluation of WB and
SB shows that 7 WB are associated with HLA-C*03:02,
03:03, 03:04, 03:05, 15:02 haplotypes. Focusing on the
15 SB, these are associated with HLA-C*01:02 (nr.1),
C*03:02 (nr.2), C*03:03 (nr.4), C*03:04 (nr. 4), C*03:05
(nr.2), C* 07:02 (nr.1) and C*15:02 (nr.1) (Fig. 9B and
Suppl. Figure 7).

Affinity map of individual predicted mutated mut-Ags

to HLA-C haplotypes

The affinity to HLA-C haplotypes of each predicted mut-
Ags from SNVs and InDels is shown, including those
with single and multiple affinities (Tables 7 and 8).

The evaluation of the SNV mut-Ags showed that the
average affinity to the individual haplotypes is 5165.8 nM,
ranging from 11,951.2 nM (C*04:01) to 1562.5 nM
(C*08:01). In detail, the average affinity to C*03:02 is
higher than to the other remaining haplotypes but does
not reach the statistical significance, except for C*01:02,
04:01 and 08:01 which show an average affinity signifi-
cantly lower. SB SNV mut-Ags are identified only in asso-
ciation with HLA- C*03:02 (Nr. 2) and C*05:01 (Nr. 1)
haplotypes (Table 7 and Fig. 10A). Looking at the same
results from the protein perspective, the average affin-
ity of mut-Ags to all haplotypes is 3909,6 nM, ranging
from 6447.7 nM (KRAS) to 1580,06 nM (IDH1) (Table 7
Fig. 10B). None of the proteins showed mut-Ags with
an overall average affinity significantly different from all
other proteins. However, SB are predicted only for BRAF
(Nr. 1) and SF3B1 (Nr. 2) (Fig. 8A and Suppl Table 3A).

Considering the mut-Ags from InDels, the average
affinity to the individual haplotypes is 5158.7 nM, rang-
ing from 13,262,8 nM (C*04:01) to 1299.1 nM (C*03:02)
(Table 8 and Fig. 10C). In detail, the average affinity to
HLA-C*03:02 is higher than to the remaining haplotypes
but does not reach the statistical significance, except for
C*04:01, 04:03 and 08:01 which show an average affinity
significantly lower (Fig. 8B and Suppl. Table 3B). SB InDel
mut-Ags are predicted for 01:02, 03:02, 03:03, 03:04,
03:05, 07:02 and 15:02 haplotypes, specifically 1 each of
the C*01:02, 07:02 and 15:02; 2 for the C*03:02, 03:05;
4 for the C*03:03, 03:04. No SB InDel mut-Ags are pre-
dicted for the remaining HLA-C haplotypes.

From the protein perspective, the average affinity of
mut-Ags to all haplotypes is 4698.5 nM, ranging from
72431 nM (JAK1) to 779.4 nM (LARP4B). LARP4B
protein showed a number of predicted mut-Ags with an
overall average affinity significantly higher from all other
proteins. In detail, SB InDel mut-Ags are predicted for
this protein (nr. 5) and RNF43 (nr. 2). None are predicted
for the ACVR2A, JAK1 and UBR5 proteins (Table 8 and
Fig. 10D).
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Targetable predicted mutated neoantigens linked

to HLA-C haplotypes

In order to verify whether the predicted WB and SB mut-
Ags derived from both SNVs and InDels may be effective
targets for shared off-the-shelf cancer immunotherapy
strategies, the differential agretopicity index (DAI) was
calculated. According to such analysis, none of the SNV
mut-Ags shows a DAI>10. On the contrary, the 10
InDel mut-Ags identified in LARP4B 431 (6 NeoAgs),
RNF43450vs (3 NeoAgs) and UBR5gy 9;kss (1 NeoAg) are
potentially targetable because they show either a DAI> 10
(RNF43450vs RGVPPSPPL) or they are de novo protein
sequences which do not have a match in the wt corre-
sponding sequence (Table 9). Of these, 3 are WB and 7
SB. The latter are predicted in LARP4Br ¢34 (5 Neo-
Ags) and in RNF43 450y (2 NeoAgs). Moreover, while
LARP4Br a1 YHRWIVTSM and SAYLGRTLLV and
RNF43 450y, ITPPVWHIL are predicted to bind a single
HLA-C haplotype, all others are promiscuous binding to
more than one haplotype (Table 9).

Total targetable predicted mutated shared neoantigens

A recapitulation of the targetable mutated shared neoan-
tigens derived from the SNV and InDel mutations most
frequently identified in cancer and associated to the hap-
lotypes of the three major HLA alleles is performed.

Considering the SNVs, PIK3CAyy,,r may generate 5
NeoAgs associated to three different haplotypes, namely
HLA-A*31:01 and 33:03 as well as HLA-B*27:05. All
other SNVs may generate 1 NeoAg associated to a sin-
gle haplotype, except for GNA1lyy, FRMVDVGGL,
PIK3CAgs,,x AISTRDPLSK and SF3B1pgsc YVCNTTA-
RAF which are predicted to bind two haplotypes. From
the HLA perspective, the HLA-B*27:05 is associated with
the highest number of SNV-NeoAgs (2 PIK3CAy;our
and 1 GNAlly,g). All others are associated to 1 or
maximum 2 SNV-NeoAgs, and in the latter case, these
are derived from different mutations (Fig. 11; Table 10).

Considering the InDels, the number of targetable Neo-
Ags is much larger. Indeed LARP4B ;44 may generate
30 NeoAgs, RNF434s0vs 95 NFKBIEy 5,6 7, JAKLigeonts
5 and UBR5gy;9;kss 4- In particular, the 30 InDel-NeoAgs
derived from LARP4Br 3 are associated with 14 dif-
ferent haplotypes, of which, 10 with the HLA-B*58:01,
4 with HLA-A*31:01 and 3 with each HLA-B*27:05,
C*03:03, C*03:04, respectively.

Remarkably, the HLA-B*58:01 is associated with 16
InDel-NeoAgs (10 LARP4Bp a5y 4 NFKBIEy,s4
and 2 JAKlggeong) Second in the ranking is the
HLA-A*31:01 associated with 8 InDel-NeoAgs (5
LARP4B a5 2 RNF43es9vp, and 1 NFKBIEygs4).
All others are associated with 1 or maximum 6
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Table 7 Affinity map of SNV mut-Ags predicted to bind HLA-C haplotypes

HLA-C

PROTEIN PEPTIDE
01:02 | 03:02 | 03:03 | 03:04 | 03:05

04:01 04:03 05:01 | 06:02 | 07:01 | 07:02 | 08:01 15:02

EKSRWSGSHQF

KIGDFGLATM
IGDFGLATM
MKSRWSGSHQF

BRAF

97.0

RCPHRPIL

FGFR3

ERCPHRPIL

IDH1 IIGCHAY
AGDVGKSAL
ARGVGKSAL

AVGVGKSAL
GADGVGKSAL
GAGDVGKSAL

KRAS

GAGDVGKSAL
GAVGVGKSAL
GADGVGKSA

GARGVGKSAL
AGKEEYSAM
AGREEYSAM
ILDTAGKEEY

NRAS

ILDTAGREEY

ARHGGWTTKM

EFFDETRQL
FFDETRQL
FFDETRQLC

FFDETRQLCDL

PIK3CA | RHGGWTTKM | |
STRDPLSKI
TRDPLSKI

TRQLCDLRL

ARHGGWTTK

ITKREKDFL

KAGKGGTGV

PTEN
KAGKGQTGV

NMDEYVHNT
VCNTTARAF
SF3B1 VHNTTARAF
YVHNTTARAF 25
YVCNTTARAF 75

MNQRPILTI

NQRPILTII

TPS3 QRPILTII

QRPILTIITL

InDels-NeoAgs, and in the latter case, these are derived
from different mutations (Fig. 12; Table 11).

In order to verify whether the targetable shared Neo-
Ags described in the present study are novel, a search
in different databases was conducted Considering

the 12 targetable SNV-NeoAgs, 10 have been already
reported in literature or covered by a patent [21-24]. The
remaining 2 NeoAgs are novel, namely PIK3CAE545K
QAMESEITK (HLA-A*11:01) and SF3BIER625C YVC-
NTTARAF (HLA-B*15:02) (Table 10).
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Table 8 Affinity map of InDel mut-Ags predicted to bind HLA-C haplotypes

HLA-C

PROTEIN PEPTIDE

01:02 03:03 | 03:04 | 03:05 | 04:01 | 0403 | 05:01

06:02 07:01

07:02 | 08:01 15:02

VVHKKRGLF

ACVR2A
VVVHKKRGL

IVSEKNQQL
VSEKNQQL

JAKI

QAQLKWTPHI
HRWIVTSM
NSAYLGRTL

SAYLGRTL

SAYLGRTLL

LARP4B
STTSRSSAL

YHRWIVTSM
AYLGRTLLV

SAYLGRTLLV
FFPITPPVW
FPITPPVWHIL

70

GVPPSPPLAL

ITPPVWHI
ITPPVWHIL
LALGPRMQL
PRMQLCTQL
RFFPITPPV
RGVPPSPPL
RGVPPSPPLAL
VPPSPPLAL
FFPITPPV

RNF43

GVPPSPPL

GVPPSPPLA

KRRGVPPSPPL

PITPPVWHIL

PPSPPLAL

RFFPITPPVW

TPPVWHIL

WHILGPQRH

LRVAGNQGHLL

LRVAGNQGHL
RVANQGHLL
VAQNQGHLLM

UBR5 NSPCCQKKL

QNQGHLLMI

RVGNQGHLLM

VQNQGHLL

Considering the 53 targetable InDel-NeoAgs, 13 anti-
gens, 4 derived from JAKlygeong and 9 RNF43cesoys,
are already covered by a patent [24, 25]. The remain-
ing 40 NeoAgs are novel, namely all those derived
from LARP4By g5 NFKBIEygssc, UBR5gy 1y ks and
1 derived from the JAKlygeons Mmutation, covering a
broad range of haplotypes in the HLA-A, B and C alleles
(Table 11).

Potential clinical application of mutated shared NeoAgs
The subsequent step was to verify whether the targeta-
ble SNV and InDel-NeoAgs may have a potential clinical

application in cancers. The mutated proteins from which
such NeoAgs derive, are identified in a number of
tumor types at a frequency>5%. This ranges from 7% in
Bladder&Prostate (BLCA) cancers to 50% in Uveal mela-
noma (UVM). Notably, tumor types with a 5-year overall
survival < 10%, namely pancreatic (PAAD) and stomach
(STAD) cancers, are characterized by mutated proteins
generating targetable shared NeoAgs, which can be use-
ful in 30 and 24% of patients, respectively (Fig. 13).
Considering that the targetable shared SNV and InDel-
NeoAgs are associated with haplotypes showing a une-
ven prevalence in different populations, vaccines based
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Table 9 WB and SB targetable Neo-Ags binding to HLA-C haplotypes

PROTEIN PEPTIDE HLA-C DAl

01:02

NSAYLGRTL
SAYLGRTL

SAYLGRTLL
STTSRSSAL
YHRWIVTSM

LARP4Brigsnis

SAYLGRTLLV
ITPPVWHIL

InDel-NeoAgs

LALGPRMQL
RGVPPSPPL

RN F43665?st

396

UBR5e2izikss VANQGHLLM n/a
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Fig. 11 Targetable shared SNV-NeoAgs. The shared NeoAgs with DAI> 10 (targetable SNV-NeoAgs) derived from each protein characterized by SNV
mutation are plotted according to the associated HLA-A, B or C haplotypes. Indicated are the numbers of NeoAgs from each of the mutations

on such NeoAgs may have a global or a regional appli-
cation. As example, an off-the-shelf cancer vaccine for
colorectal (COAD), stomach (STAD) and uterus endo-
metrial (UCEC) cancers may have a global coverage.
Indeed, the SNV and InDel-NeoAgs derived from their
tumor-specific mutated proteins are associated with hap-
lotypes, including HLA-A*02:01, 03:01 and 11:01, which
collectively cover >10% of populations all over the globe.
On the contrary, off-the-shelf cancer vaccines for pancre-
atic (PAAD) cancer or uveal melanoma (UVM) may be

developed only for a strict regional coverage. Indeed, the
SNV and InDel-NeoAgs derived from their tumor-spe-
cific mutated proteins are associated with HLA-A*03:01,
which covers>10% of populations only in Europe (LUAD
and PAAD) or with HLA-A*33:03 and B*15:02, which
covers>10% of populations only in Oceania and South-
East Asia (UVM) (Fig. 14).
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Table 10 Novelty of targetable SNV-NeoAgs
Mutation [Sequence Haplotype Novel |Reference
GNA11g209.  |FRMVDVGGL B*27:05/39:01 N (24)
KRASGg1r GARGVGKSAL |B*07:02 N (. (22)
PIK3CAesix |AISTRDPLSK  |A*03:01/11:01 N @2.23)
PIK3CAesisk (QRAMESEITK A*11:01 Y
YFMKQMNDAR |A*33:03 N (22)
EYFMKQMNDAR |A*33:03 N @
PIK3CAuisr FMKQMNDAR  [A*31:01 N @)
ARHGGWTTKM  [B*27:05 N (24)
ARHGGWTTK B*27:05 N (24)
PIK3CAgrssa |RQLCDLRLF B*13:01/15:01 N @)
PTENrizoa  [GQTGVMICAY B*15:01 N (24)
SF3Blrszsc  [YVCNTTARAF  [B*15:02 Y
Discussion

The SNV and InDel mutations reported in the TCGA
database as those identified in at least 5% of cancer
patients are selected for predicting shared mutated neo-
antigens (SNV and InDel-NeoAgs). 50 haplotypes in
the three MHC class I loci (10 HLA-A, 27 HLA-B and
13 HLA-C) were selected to cover>80% of the global
population.

Out of the 100+ mutated proteins falling in the selec-
tion parameter, only 18 proteins were identified to gen-
erate mutated antigens (mut-Ags) in association with
one or more of the selected haplotypes. In particular, 11
proteins are characterized by single nucleotide variations
(SNV), leading to a single aminoacid point mutation
and 7 proteins are characterized by insertion/deletions
(InDel), leading to a frameshift with an alternative de
novo codon translation. Overall, 568 SNV and 502 InDel
mut-Ags are predicted from all the 18 mutated proteins
in association with the 50 haplotypes; however, only 72
(12.7%) SNV and 79 (15.7%) InDel show high affinity to
the selected haplotypes (WB and SB). Furthermore, tak-
ing into consideration only the predicted mut-Ags with
the highest affinity to the haplotypes (<100 nM =SBs),
only 42 SNV (7.4%) and 51 InDel (10.1%) are identified.
Interestingly, SNVs in NRAS, IDH1 and PTEN as well as
InDels in NFKBIE, RPL22, UBR5 and ACVR2 proteins
do not generate SBs in any of the three HLA alleles. The
biological explanation for this observation requires fur-
ther experimental assessments. In the quest of targeta-
ble shared neoantigens (NeoAgs) from the WB and SBs,
only 12/72 (16.7%) mut-Ags derived from SNV mutations
and 55/79 (69.6%) mut-Ags derived from InDel muta-
tions can be defined as neoantigens. Indeed, they either
show an affinity to the same MHC>tenfold compared

to the corresponding nonmutated counterpart (differen-
tial agretopicity index (DAI) > 10) or derive from de novo
protein sequences which do not have a match in the wt
corresponding sequence. In particular, the latter derive
from “abnormal” mRNAs generated by the frameshift,
contain premature termination codons (PTCs) which
may be recognized and degraded by nonsense-mediated
mRNA decay (NMD) or undergo a translational repres-
sion [26-29]. Nevertheless, InDel-NeoAgs have been
identified by MS/MS on a set of tumor cells and their
immunogenicity has been proven by ex vivo stimula-
tion of PBMCs from both healthy donors (HD) as well as
tumor patients [30]. Therefore, both SNV-NeoAgs and
InDel-NeoAgs are presented by tumor cells and recog-
nized by the immune system as “non-self” antigens rep-
resenting potent immunogenic targets.

The PIK3CAy 047, SNV mutation encodes the larg-
est number of SNV-NeoAgs (nr. 5) providing a set of
potential shared mutated neoantigens for developing oft-
the-shelf cancer vaccines targeting 12% of breast cancer
(BRCA), 7% of uterine carcinosarcoma (UCS) as well as
5% of Uterine Corpus Endometrial Carcinoma (UCEC)
patients.

Such SNV-NeoAgs are associated with three HLA hap-
lotypes, namely HLA-A*31:01, 33:03, present in>10%
of the population in South America, North-East and
South-East Asia, and HLA-B*27:05, present in<5% only
in Europe. All the other 7 SNV mutations encode a single
NeoAg each.

The LARP4B; ¢34 InDel mutation encodes for the
largest number of InDel-NeoAgs (nr. 29) providing a set
of potential shared mutated neoantigens for developing
off-the-shelf cancer vaccines targeting 5.3% of stomach
cancer (STAD) patients.
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Such SNV-NeoAgs are associated with several HLA
haplotypes, covering most of the Continents. The other 4
InDel mutations encode 3 to 9 NeoAgs each.

The HLA haplotypes more frequently associated with
both SNV and InDel-NeoAgs are the A*31:01 (South
America, North-East and South-East Asia), B*58:01
(South-East Asia) and C*03:03/03:04 (North-East and
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Fig. 12 Targetable shared InDel-NeoAgs. The shared NeoAgs with DAI> 10 or de novo (targetable InDel-NeoAgs) derived from each protein
characterized by InDel mutation are plotted according to the associated HLA-A, B or C haplotypes. Indicated are the numbers of NeoAgs, starting

from 2, from each of the mutations

South-East Asia), considering the distribution in>10% of
the population.

The length of all predicted NeoAgs spans from 8 to 11
aa, with a predominance of 9mer (36/67) which is the
most frequently identified in the peptides naturally pre-
sented by MHC class I molecules [30]. Of these, seven
9mer are among the SNV-NeoAgs and 29 are among the
InDel-NeoAgs and they should be considered as the ones
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Table 11 Novelty of targetable InDel-NeoAgs
Mutation Sequence Haplotype Novel Reference

QLKWTPHILK A*03:01/11:01 N 25)
QAQLKWTPHI A*02:01 N

JAKlkgsons  LIVSEKNQQLKW | B*08:01 Y
SEKNQQLKW B*44:02/44:03 N (@4)
VSEKNQQLKW B*57:01/58:01 N (24)
HWNSAYLGR A*31:01 Y
AYLGRTLLV A*24:02 Y
LVTCILYHR A*31:01 Y
RWLTSTTSR A*31:01 Y
RTLLVTCILY A*11:01/B*58:01 Y
SQRWLTSTTSR A*31:01 Y
VISMCQSQR A*31:01 Y
HRWIVTSM B*27:05 Y
VLKKHWNSA B*08:01 Y
VLKKHWNSAY B*15:01 Y
YHRWIVTSM B*39:01 Y
GRTLLVTCI B*27:05 Y
GRTLLVTCIL B*27:05 Y
IVTSMCQSQRW B*58:01 Y

LARP4Bri3hts | LVTCILYHRW B*58:01 Y
QRWLTSTTSR B*27:05 Y
RTLLVTCIL B*58:01 Y
STTSRSSALMW | B*58:01 Y
TSMCQSQRW B*58:01 Y
TSRSSALMW B*58:01 Y
TTSRSSALMW B*58:01 Y
VTCILYHRW B*58:01 Y
VISMCQSQRW B*58:01 Y
NSAYLGRTL C*03:03/03:04 Y
SAYLGRTL C*03:03/03:04/03:05 Y
SAYLGRTLL C*03:03/03:04/03:05/15:02 Y
STTSRSSAL C*03:03/03:04 Y
SAYLGRTLLV C*15:02 Y
YHRWIVTSM B*39:01/C*07:02 Y
LTSSPRTETR A*31:01 Y
TSSPRTETR A*33:03 Y
LTSSPRTETRW B*57:01/58:01 Y

NFKBIEy2s4sts | RTETRWSTW B*57:01/58:01 Y
SPRTETRWST B*07:02 Y
TSSPRTETRW B*57:01/58:01 Y
SSPRTETRW B*58:01 Y
MQLCTQLAR A*33:03 N @4)
FFPITPPVW A*24:02 N @4

RNF 43 g¢s9vis | RFFPITPPVW A*24:02/27:02 N @4
RMQLCTQLAR A*03:01/31:01 N (24)
HPQRKRRGV B*07:02/08:01 N @4
VPPSPPLAL B*07:02 N @4
ITPPVWHIL C*01:01 N @4
LALGPRMQL C*03:02/03:03/03:04/03:05 N @4)
RGVPPSPPL C*03:03/03:04 N @4
LRVANQGHLL B*27.05 Y

UBR5ez121kss RVAGNQGHLLM B*15:01 Y
VANQGHLLM B*15:01/C*03:02 Y
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Fig. 13 Frequency of targetable shared NeoAgs in cancers. The distribution and percentage in cancers of the mutated proteins generating

targetable shared SNVs and InDel-NeoAgs is shown. The percentage (blue) indicates the sum of the percentages for each mutated protein

with the highest probability to be expressed by cancer
cells. Only the shared NeoAg derived from PIK3CAgz,91
(AISTRDPLSK) have been previously experimentally
validated [22-24]. For the remaining predicted NeoAgs,
although the highly stringent affinity values applied in
the present study strongly suggest the natural presenta-
tion by cancer cells, a definitive experimental validation
is required.

Overall, considering the mutations encoding the
SNV and InDel-NeoAgs as well as the associated HLA
alleles, our findings provide the most comprehensive set
of immunologically relevant shared mutated neoanti-
gens for development of cancer vaccines. In particular,
they may have a global reach or be more appropriate for
regional applications, depending on the frequency of the
relevant haplotypes in different populations.

Specifically, colorectal cancer (COAD), stomach can-
cer (STAD), and uterine endometrial cancer (UCECQC),
are characterized by mutations encoding NeoAgs asso-
ciated with a broad range of different haplotypes. Con-
sequently, a universal "off-the-shelf" vaccine for these
tumors can be developed. On the contrary, pancreatic
cancer (PAAD), and uveal melanoma (UVM) are charac-
terized by mutations encoding NeoAgs associated with

haplotypes prevalent in certain ethnic or regional groups
only. Therefore, a "regional" vaccine approach may be
considered.

In the present study, the analysis has been focused only
on MHC-class I neoantigens, which are the final effec-
tive target of CD8" T cells cytotoxic effect. Nevertheless,
both the SNV and InDel mutations might likely gener-
ate MHC-class II neoantigens which could elicit muta-
tion-specific CD4" T helper cells to potentiate the CD8*
CTLs. However, such analysis requires a subsequent fol-
low up with integrated approaches, considering that pre-
diction tools for MHC-class II epitopes are not as robust
as those for the MHC-class I epitopes.

The identification and validation of shared mutated
neoantigens, represent a key finding for the development
of "off-the-shelf" cancer vaccines, which could com-
pletely change cancer treatment worldwide. The next step
will be to develop a validation platform to experimentally
prove that the predicted shared mutated neoantigens are
identified in the ligandome of tumor cells and are truly
immunogenic. Indeed, SNV-NeoAgs could be poorly
immunogenic if the corresponding wt is tolerogenic and
InDel-NeoAgs could be poorly represented in the cancer
ligandome.
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Fig. 14 Coverage of off-the-shelf cancer vaccines based on targetable shared NeoAgs. The geographic applicability of off-the-shelf cancer vaccines
based on targetable shared NeoAgs is shown according the HLA haplotypes frequency in distinct world populations. The size of the connecting
ribbons correlates with the percentage of the specific SNV or InDel mutation in each tumor type (left). The height of the bar indicates the total
percentage of cancer types targetable in each Continent, based on the HLA haplotype prevalence (right)

In conclusion if confirmed, such vaccines would
provide a fast, cost-effective solution to the challenge
of immunotherapy, enabling treatment to be quickly
employed across various patient populations. This would
help to address the global cancer burden by provid-
ing new options for patients who may not have access
to personalized therapies or for cancers with low tumor
mutational burden (TMB) and a low number of unique
neoantigens.
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