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Abstract Although cancer immunotherapy shows
efficacy with adoptive T cell therapy (ACT) and anti-
body-based immune checkpoint blockade, efficacious
therapeutic vaccination of cancer patients with tumor-
associated antigens (TAAs) remains largely unmet. Cur-
rent cancer vaccines utilize nonmutated shared TAAs
that may have suboptimal immunogenicity. Experimen-
tal evidence underscores the strong immunogenicity of
unique TAAs derived from somatically mutated can-
cer proteins, whose massive characterization has been
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precluded until recently by technical limitations. The
development of cost-effective, high-throughput DNA
sequencing approaches makes now possible the rapid
identification of all the somatic mutations contained in a
cancer cell genome. This method, combined with robust
bioinformatics platforms for T cell epitope prediction
and established reverse immunology approaches, pro-
vides us with an integrated strategy to identify patient-
specific unique TAAs in a relatively short time, com-
patible with their potential use in the clinic. Hence, it
is now for the first time possible to quantitatively define
the patient’s unique tumor antigenome and exploit it for
vaccination, possibly in combination with ACT and/or
immune checkpoint blockade to further increase immu-
notherapy efficacy.
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CAN-genes Candidate cancer genes
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MSS Microsatellite stable
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Introduction

Immunotherapy of cancer is based on the evidence that
neoplastic cells express proteins quantitatively and/or
qualitatively different from normal tissues that can be rec-
ognized as TAAs by the host’s immune system [1]. TAAs
are processed to generate peptides that are displayed on the
surface of cancer cells bound into MHC molecules. Tumor
MHC-peptide complexes are recognized by specific T lym-
phocytes of patients, resulting in antitumor responses that
can be enhanced by vaccination with the appropriate TAA
[1]. The TAAs currently utilized in clinical trials are non-
mutated proteins/peptides shared by different cancer types,
which generate vaccines that can be conveniently admin-
istered to different patients. Nonmutated shared TAAs
belong to three major groups: (1) cancer—germline anti-
gens, not or weakly expressed by normal adult tissues and
re-expressed by cancer cells; (2) overexpressed antigens,
expressed by some normal tissue but up regulated in can-
cer; and (3) differentiation antigens, expressed by both the
normal tissue from which the tumor derives, such as mel-
anocytes and melanoma or prostate epithelium and pros-
tate adenocarcinoma [2, 3]. Immunization of patients with
nonmutated shared TAAs often induces specific immune
responses that can be increased by new molecularly defined
adjuvants [4-6]. However, despite the fact that the first den-
dritic cell-based vaccine for prostate cancer (Provenge®)
[7] was recently approved for the USA and Europe, they
have produced clinical responses in only 5-10 % of the
treated patients [1, 5]. The poor immunogenicity of nonmu-
tated shared TAAs is likely owed to multiple mechanisms.
These TAAs are self-antigens; therefore, to prevent autoim-
munity, high affinity T cells are deleted in the thymus by
mechanisms of central tolerance that shape the repertoire
of specific T lymphocytes, resulting in the export of the
low affinity clones [1, 2, 8, 9]. Moreover, shared nonmu-
tated TAAs trigger a series of peripheral mechanisms of
tolerance that may restrain the antitumor T cell response
induced by immunization, resulting in a poor clinical effect
[8-11]. Efforts are therefore required to identify more
immunogenic TAAs to induce clinically efficacious antitu-
mor immune responses.

The fourth group of TAAs includes those deriving by
DNA somatic mutations or chromosomal aberrations
occurring during neoplastic transformation and tumor pro-
gression. These so-called tumor-unique antigens were the
first to be discovered in animal models and represent truly
tumor-specific, strongly immunogenic antigens eliciting
cancer rejection by the host [1, 2, 12—15]. Their existence
was inferred first in classic experiments in which mice
rejected a first challenge with one tumor and then a second
challenge with the same tumor, but not with independent
tumors of the same histotype [12—14, 16]. The presence of
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tumor-specific unique peptides associated with heat shock
proteins hsp70, hsp90, and gp96 has also been implicated
by studies showing tumor-specific immune responses elic-
ited by tumor-derived HSP-—peptide complex vaccines
extracted form mouse or human tumors [17-22]. Their
identification has proceeded essentially via labor-intensive,
low-throughput cellular approaches based on the use of
small numbers of tumor-specific T cells clones as cellular
probes to screen peptides or cDNA library pools, obtained
from autologous cancer cells [1, 14, 15, 23, 24]. These seri-
ous technical limitations have precluded until recently the
systemic molecular characterization of the unique mutated
TAAs, thus preventing their exploitation in cancer vaccines.

Massive identification of somatic mutations in cancer
cell genes

Random mutagenesis throughout the genome is the hall-
mark of neoplastic transformation and occurs by nucleotide
substitutions, deletions, insertions, or gross chromosomal
events [25-28]. The new massive parallel DNA sequenc-
ing technologies have rapidly evolved to presently pro-
vide a rather cost—effective tool to identify at once all the
mutations contained in the exomes of cancer cells [28-31].
About 95 % of the cancer gene somatic mutations are
single-base substitutions, whereas the remaining are dele-
tions or insertions of one or a few bases. About 90 % of
the base substitutions result in missense changes that alter
the protein sequence [26-28]. Common solid cancers, such
as those arising from colon, breast, brain, or pancreas har-
bor on average 33-66 somatic mutations [26-28]. Other
tumors display either higher mutational rate than average,
typically melanomas, and lung tumors that contain about
200 nonsynonymous mutations per tumor, or less fre-
quent mutations, such as pediatric tumors and leukemia’s
that harbor on average 9.6 point mutations [26-28]. The
number of mutations directly reflects the different involve-
ment of mutagens, such as cigarette smoking in lung can-
cer or UV light in melanoma, in the pathogenesis of each
tumor type [26—28]. Defects in DNA repair impact also in
the accumulation of cancer gene mutations. For example,
microsatellite instable (MSI) colorectal cancers with mis-
match repair defects harbor thousands of mutations, higher
than their microsatellite stable (MSS) counterparts or even
than lung tumors and melanomas [26-28, 32]. The genes
that harbor somatic mutations at a statistically significant
rate or pattern in the same tumor type, compared to the
healthy tissue counterpart, are defined candidate cancer
genes (CAN-genes) [26-28]. The mutations that confer
a selective growth advantage to the tumor cell are called
“driver” mutations, whereas the “passenger” mutations do
not appear to confer selective growth advantage [26-28].
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T cell response against unique versus self-TAAs

Cancer gene somatic mutations generate many tumor-
specific proteins bearing amino acid substitutions, which
frequently differ from tumor to tumor, therefore form-
ing potential neo-antigens for the host’s immune sys-
tem. Unique mutated TAAs characterized each single
mouse tumor [1, 2, 14]; therefore, they represent the only
true tumor-rejection Ags not expressed by normal tissue.
Being mutated in comparison with self, the unique TAAs
are expected to behave like nonself foreign Ag and hence
induce high avidity T cell response rather then tolerance
[2]. Classic studies in mice revealed that these unique
mutated TAAs are indeed immunodominant over shared
nonmutated ones and play a crucial role in tumor rejec-
tion in vivo, underscoring their stronger immunogenicity
for the autologous immune system [33, 34]. Similar studies
in human tumors, particularly in melanoma, suggest that
the T cell response is also dominated by the recognition of
unique rather then nonmutated TAAs [1, 34, 35]. Up to 45
unique somatically mutated Ags (see Cancerlmmunity.org)
have been identified, which are expressed by different
human tumor types and capable of generating mutated
peptides inducing vigorous autologous T cell responses in
vitro and, in melanoma, also in vivo [1, 34, 36]. The molec-
ular characterization of unique TAAs from both mouse
and human tumors revealed that they often correspond to
mutated proteins involved in neoplastic transformation
[2, 14, 36]. This would likely counteract tumor immune
escape, explaining the greater efficacy of mutated TAAs in
eliciting tumor rejection in comparison with shared TAAs,
in animal models, and now also in human melanoma and
cholangiocarcinoma [37-39]. However, it has also been
shown that T cell recognition of strongly immunogenic
unique epitopes derived from mutated proteins, although
not clearly related to oncogenesis, resulted in the selection
of antigen-loss tumor escape variants in a mouse sarcoma
model [40]. Hence, targeting multiple unique strong anti-
gens by T cells may be the way to overcome the problem of
single epitope loss.

As anticipated above, the immunogenicity of TAAs may
also depend on the activation of peripheral mechanisms of
tolerance, such as the induction of CD4TCD25%T regula-
tory cells (Tregs), a subset of T lymphocytes specialized in
the suppression of T effector responses. The suppressive
function of this lymphocyte subset is mediated either by
direct contact or by releasing suppressive cytokines, such
as TGFp or IL-10 [9, 41]. Tregs mediate peripheral toler-
ance to self-Ags recognized by low affinity T cells, such
as those specific for nonmutated TAAs, in turn impairing
their antitumor effects [9]. Conversely, the stronger the
TCR signal the more rapidly and completely the responder
T cells become refractory to CD4+CD25"2" suppression

[42]. Chemically induced regressor or progressor murine
sarcomas, most likely expressing unique mutated TAAs,
harbor activated Tregs but the ratio of Tregs to T effector
cells critically determines whether the host will reject the
tumor [43]. Thus, the stronger response induced by unique
mutated TAA may be more successful than that induced by
nonmutated self-TAAs in selecting and expanding effec-
tor rather than regulatory T cells. The tumor-specific T
cells become also negatively regulated by the expression of
receptors involved in immune checkpoints pathways, such
as CTLA-4 or PD-1 [44]. The blockade of these negative
pathways has shown dramatic results in patients with dif-
ferent advanced tumors [45, 46]. Of note, CTLA-4 block-
ade correlates with the expansion of autologous CD8" T
cells specific for unique epitopes, suggesting that this treat-
ment unleashes frequent T cell responses spontaneously
elicited by mutated neo-antigens in patients [38].

An experimental platform for the identification
of somatically mutated TAAs

The integration of advanced DNA sequencing techniques,
bioinformatics prediction of T cell epitopes and reverse
immunology methods provides a platform for the systemic
identification of somatically mutated TAAs. First, DNA
sequence variants that represent a fraction of a complex
sample can be vastly oversampled by massively parallel
sequencing, thus enabling statistically significant quan-
tification of low-abundance species, allowing accurate
mutation detection in cancer specimens in a manner sub-
stantially independent of sample purity (for example, the
extent of contaminating stromal DNA) and genomic DNA
integrity, unlike conventional “Sanger” sequencing of
PCR products [29, 30, 47]. High-throughput whole exome
sequencing can be now performed at affordable costs and
very high performance with the commercially available
instruments [28, 31].

Second, substantial bioinformatics advancements led
in recent years to the development of handy algorithms,
which can be interrogated with the primary sequence of a
given protein to predict the position of possible antigenic
epitopes for either CD8' or CD4" T cells [48-50]. The
algorithms exploit continuously updating databases that
identify protein epitopes containing key consensus residues
for binding specific HLA class I or class II alleles. Once
identified in silico, the antigenicity and immunogenicity of
the predicted epitopes are subsequently validated in vitro
by using the corresponding synthetic peptides and stand-
ard cellular immunology techniques. This whole process,
called “reverse immunology,” has led to the identification
of T cell epitopes derived from somatically mutated genes,
which are recognized by autologous T cells involved in the
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control of the tumor in a mouse melanoma model [51] or
in patients responding to ACT (melanoma and cholangio-
carcinoma) [37, 39], or to the treatment with the immune
checkpoint blockade Ipilimumab (anti-CTLA4 mAb)
(melanoma) [38], or to allogeneic bone marrow trans-
plantation (chronic lymphocytic leukemia) [52]. Whole
exome sequencing has also identified immunodominant
neoepitopes expressed by chemically induced mouse sarco-
mas, which elicit potent T cell responses resulting in tumor
rejection, but also in cancer immunoediting via T cell-
dependent immunoselection of antigen-loss tumor variants
[40]. The likelihood to find at least one HLA-A restricted
mutated epitope in every mutated CAN-gene found in each
patient seems high. Analysis in silico predicts that, for
instance, individual colorectal and breast cancers accu-
mulated an average of 7 and 10 unique HLA-A*02:01-
restricted epitopes, respectively, corresponding to approxi-
mately one new epitope generated for every 10 mutations
[53]. Considering that each individual tumor potentially
expresses six distinct MHC class I molecules (two alleles
each for HLA-A, HLA-B, and HLA-C), the estimated
frequency of novel epitopes may be multiplied up to six-
fold, suggesting the possibility that individual colorectal
and breast cancers can accumulate up to 40 and 60 unique
MHC-I restricted epitopes, respectively [53]. We must also
further consider the possibility to identify putative CD4"
T cell epitopes from mutated CAN-genes by bioinformat-
ics that will further increase the likelihood of the proposed
approach to find tumor-restricted unique antigenic epitopes
[39]. The majority of all spontaneously recognized mutated
neoepitopes display affinities for HLA-binding compara-
ble to that of their cognate native epitopes. This suggests
that somatic mutations preferentially produce neoepitopes
that bind with high affinity endogenous TCRs owing to a
mutated TCR-contact residue, rather than increasing bind-
ing to patients HLA alleles owing to mutated anchor resi-
dues [54]. Because the majority of CDS8 epitopes are gener-
ated by the cytoplasmic cleavage of proteins entering the
proteasome degradation pathway, somatic mutations in
cancer gene products might also modify their proteasome
cleavage, leading to the production of new tumor-restricted
CDS epitopes [1]. While this adds further complexity to the
bioinformatics analysis and reverse immunology approach,
it does also increase the likelihood that a cancer-related
mutation in a given proteins indeed generates new tumor-
restricted neo-antigenic epitope.

Unique TAAs for the immunotherapy
beyond melanoma: the colorectal cancer model

Most of the information on the mutation-specific T cell
response and its role in tumor control were obtained in
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melanoma. This raises the question as to whether this
occurs also in epithelial cancers that comprise over 80 %
of all human malignancies. To this respect, it has been
recently shown that CD4™" T cells specific for a mutated
antigen (erbb2 interacting protein—ERBB2IP) are indeed
expanded in TILs and can be harnessed in ACT to medi-
ate regression of a metastatic cholangiocarcinoma [39].
Furthermore, CD8' T cell response, specific for mutated
antigens, was associated with long-term remission fol-
lowing allogeneic hematopoietic stem cell transplantation
in chronic lymphocytic leukemia [52]. Colorectal can-
cer represents a relevant model for investigation, given its
frequency, clinical impact, extended molecular charac-
terization, and relevance of the tumor-infiltrating immune
response in its prognosis [55, 56]. The availability of
sophisticated computational methods in combination with
accessible databases and powerful computational infra-
structure enables for the first time comprehensive analyses
and will pave the way for disentangling tumor and immune
heterogeneity [57]. A concept for exploiting these data
resources was recently introduced and was used to recon-
struct intratumoral immune landscape in colorectal can-
cer [55]. Using expression profiles from purified immune
cells, we could identify cell-type-related gene expression
signatures and applied them to microarray data gener-
ated from heterogeneous samples from colorectal cancer
tumors. The analyses showed highly dynamic intratumoral
immune landscapes during tumor progression [55]. This
concept can be extended also utilizing data from the Can-
cer Genome Atlas (TCGA) study (http://cancergenome.nih.
gov) [10]. The intratumoral immune landscape, the tumor
immunogenicity, and the antigenome in colorectal cancer
can be comprehensively characterized using exome-Seq,
RNA-Seq, SNP-array, and clinical data. RNA-seq data can
be used to assess the type of tumor-infiltrating immune
cells and to derive the HLA haplotypes. The binding affin-
ity of the mutated peptides to the corresponding HLA class
I allele can be estimated followed by filtering high affinity
and expressed neo-antigens. The ploidy and the clonality of
mutations can be calculated using SNP-array data, and the
molecular phenotypes can be then analyzed with respect
to clinical parameters. The results show highly complex
immune landscapes and antigenomes of the human colo-
rectal cancer (Trajanoski Z, manuscript submitted). In
different experiments, immunogenic somatically mutated
epitopes recognized by CD8" or CD4™ T cells have been
identified by re-sequencing the cDNAs encoding the 20
most frequently mutated CAN-genes in different colorec-
tal cancer cell lines and in their cancer stem/initiating cell
cultures (Mennonna D and Maccalli C. 2014 in prepara-
tion) [58]. The increased frequency of CD8™ T cell precur-
sors specific for a mutated epitopes from Smad4 protein,
detected in one patient compared to HLA-matched healthy
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donors, suggests that the priming of T cell responses spe-
cific for the mutated tumor antigens may spontaneously
occur in colon cancer patients. These results underscore the
efficacy of the approach and highlight the immunogenicity
of unique TAAs also in colorectal cancer and their potential
for clinical vaccination strategies that can target the most
aggressive stem cell component.

Concluding remarks

The characterization of the cancer antigenome is not only
important for understanding the mechanisms of tumor—
immune cell interaction, but also for developing effective
immunotherapies. This information can be used, for exam-
ple, to stratify patients who would benefit from cancer
immunotherapy. Only about 25 % of the patients treated
with anti-CTLA-4 antibody respond to therapy [45], and it
is of utmost importance to identify patients who bear more
immunogenic mutations. Additionally, the identification of
the most immunogenic tumor epitopes is a prerequisite for
developing personalized cancer vaccines. Tailored vaccine
concepts based on the genome-wide discovery of cancer-
specific mutations and individualized therapy seem today
technically feasible. In this context, the analytical pipelines
will be a valuable component for the identification of vac-
cination targets. However, the number of mutation epitopes
that can be included in a vaccine is currently limited to
10-20 due to manufacturing constraints. It is thus critical to
pick among the large set of potential epitopes the ones with
the highest likelihood of success, i.e., to find an optimal
design for the epitope-based vaccine. For this, the develop-
ment of a framework for selecting the optimal epitope sets
based on the available information of a patient is needed.
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