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The development of next generation sequencing technologies has revolutionized our understanding of
how specific genetic events contribute to cancer initiation and progression. Dramatic improvements in
instrument design and efficiency, combined with significant cost reductions has permitted a systematic
analysis of the mutational landscape in a variety of cancer types. At the same time, a detailed map of the
cancer mutanome in individual cancers offers a unique opportunity to develop personalized cancer vac-
cine strategies targeting neoantigens. Recent studies in both preclinical models and human cancer
patients demonstrate that neoantigens (1) are important targets following checkpoint inhibition therapy,
(2) have been identified as the target of adoptive T cell therapies, and (3) can be successfully targeted

with personalized vaccines. Taken together, these observations provide strong rationale for the clinical
translation of personalized cancer vaccines.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It has long been known that solid tumors can elicit antitumor
immune responses, often preventing the outgrowth of early lesions
[1-6]. The tumor immunosurveillance concept was dramatically
extended by Schreiber and colleagues to more accurately describe
the dynamic interplay between tumors and the immune system.
Cancer immunoediting is a dynamic process that describes the out-
growth of clinically apparent disease in immunocompetent hosts
in three sequential phases: elimination, equilibrium, and escape
[4]. Of particular note to the field of cancer immunotherapy is
the observation that even in the escape phase tumor cells express
antigens that can elicit antitumor immunity. Thus, great emphasis
has been placed on identification of relevant tumor antigens and
strategies to induce and/or enhance antitumor immunity.

For many years the identity of tumor antigens was only sporad-
ically known. However, in 1991 Boon and colleagues introduced a
molecular strategy to identify tumor antigens recognized by T cells
[7]. Subsequent studies demonstrated that tumor antigens include
both self and nonself antigens. Typically self tumor antigens
(tumor-associated antigens) are derived from normal proteins with
high expression in the tumor but limited expression in normal
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tissues. Nonself tumor antigens include both neoantigens and viral
antigens. While both types of tumor antigens have been implicated
in tumor development and progression, they are distinct from an
immunological perspective. Tumor-specific antigens are expressed
only in the tumor and immune therapies targeting such antigens
are less likely to be associated with autoimmunity, and the reper-
toire of responding T cells is less likely to have been shaped by thy-
mic selection (Fig. 1). This suggests that the affinity of responding T
cells may be higher.

Human neoantigens have been identified in a number of differ-
ent tumor types over the past 20 years (Reviewed in [8]). Recently,
the systematic identification of neoantigens has been dramatically
simplified through next-generation sequencing technologies
whereby entire cancer exomes (and comparative normal exomes)
can be sequenced and compared. The progress in high-
throughput sequencing at deep coverage has revolutionized the
path toward personalized medicine, and provides unique opportu-
nities to pursue the development of personalized cancer vaccines.
At the same time, results from the first clinical studies of check-
point inhibition using antibodies targeting CTLA4, PD-1, and
PDL1 have shown promise and provide proof-of-concept that T
cell-based immunotherapy can offer therapeutic benefit in a vari-
ety of tumors. We discuss here current strategies for the discovery
and validation of neoantigens, and the clinical implications for
vaccine development.
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2. Next generation sequencing and identification of
neoantigens

Massively parallel or next generation sequencing technologies
have transformed nucleic acid sequencing, significantly decreasing
the cost and time required to sequence human genomes [9]. In the
field of cancer genomics, the realization that somatic mutations
present in cancers contribute to cancer initiation and progression
has spurred efforts to sequence cancers. Cancer genome sequenc-
ing rapidly progressed from patients with hematologic malignan-
cies in 2008 [10] to solid malignancies with more complex
mutational landscapes such as breast cancer [11]. Since then, can-
cer sequencing studies have been performed in multiple different
types of cancer, with the largest effort being through The Cancer
Genome Atlas (TCGA), a program launched in 2006 by the NIH
and NHGRI to comprehensively characterize the genomic and
molecular features of various cancer types. In order to define the
somatic mutations present in the tumor, it is necessary to compare
tumor and germline DNA. To confirm that the mutations are
expressed, tumor RNA is required. For whole exome sequencing,
and in particular RNA sequencing, a high quality sample is critical.
Traditionally tissue obtained at surgery has been used. Currently,
adequate DNA/RNA can often be obtained from fresh and/or
paraffin-embedded core biopsy samples. Through TCGA, exome
or whole-genome sequencing has been completed for close to 30
different cancer types [12]. Similar efforts are ongoing in other
countries such as the UK [13]. These efforts also include detailed
analyses of the molecular subtypes of cancers such as breast and
pancreas [14,15]. Of note, the mutational landscape varies consid-
erably among the different histologic types of cancer; analysis of
27 cancer types showed that the median frequency of somatic
mutations in cancers ranged from 0.1/megabase (approximately
one mutation in the entire exome) in pediatric tumors to over
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Tumor Associated Antigen

¢ Expressed in multiple tumors

* Higher risk of self tolerance

¢ Susceptible to immune-selection
* Antigen loss variants common

* Higher risk for autoimmunity

100/megabase in lung cancer and melanoma [12]. To facilitate
analysis of sequencing results, novel bioinformatics programs have
been developed in parallel to analyze and interpret the vast
amount of data obtained. Together, these technologies are now
being used to explore the potential of personalized therapeutics.
The recently announced NCI-MATCH (Molecular Analysis for
Therapy Choice, www.cancer.gov/nci-match) trial will use next
generation sequencing technologies to identify the mutations pre-
sent in individual patient’s cancers, and then use this information
to treat patients with molecularly targeted cancer drugs specifi-
cally designed to target the mutations present [16].

An equally exciting therapeutic opportunity is the design of per-
sonalized vaccines based on the identification of mutations present
in individual patient’s cancers. Of all the genetic changes that have
been observed in the cancer genome, single nucleotide variations
(SNVs) that encode missense mutations have the highest likelihood
of being expressed and recognized by the immune system. In a
recent study of 47 luminal breast cancer genomes, approximately
31 nonsynonymous SNV mutations were present in each breast
cancer genome, similar to the number identified in previous stud-
ies of a basal-like breast cancer [11], and similar to the number
predicted by limited exome sequencing [17], and statistical models
[18]. The question as to whether somatic mutations can be pro-
cessed and presented by the immune system was first addressed
by in silico analysis of the consensus coding sequences of human
breast and colon carcinoma [19]. Using computer algorithms, the
authors analyzed data from limited exome sequencing studies of
breast and colorectal cancer to determine how many mutations
detected by sequencing could be meaningfully presented by HLA-
A2, the most common HLA class I allele. In these studies, Segal
et al. predicted that approximately one new HLA-A2-restricted epi-
tope was generated for every 10 mutations identified by sequenc-
ing [19], and individual breast cancers accumulate approximately
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Neoantigen

¢ Unique to an individual tumor

* Lower risk of self tolerance

* Resistant to immune-selection

* Antigen loss variants less common
* Lower risk for autoimmunity

Fig. 1. Neoantigen presentation. Schematic representation of tumor-associated and neoantigen presentation.
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