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Cancer immunotherapy has recently emerged as a powerful tool for the treatment of
diverse advanced malignancies. In particular, therapeutic application of immune check-
point modulators, such as anti-CTLA4 or anti-PD-1/PD-L1 antibodies, have shown
efficacy in a broad range of malignant diseases. Although pharmacodynamics of these
immune modulators are complex, recent studies strongly support the notion that altered
peptide ligands presented on tumor cells representing necantigens may play an essen-
tial role in tumor rejection by T cells activated by anti-CTLA4 and anti-PD-1 antibodies.
Neoantigens may have diverse sources as viral and mutated proteins. Moreover,
posttranslational modifications and altered antigen processing may also contribute to
the neoantigenic peptide ligand landscape. Different approaches of target identification
are currently applied in combination with subsequent characterization of autologous
and non-self T-cell responses against such neoantigens. Additional efforts are required
to elucidate key characteristics and interdependences of neoantigens, immunodomi-
nance, respective T-cell responses, and the tumor microenvironment in order to define
decisive determinants involved in effective T-cell-mediated tumor rejection. This review
focuses on our current knowledge of identification and characterization of such neoan-
tigens as well as respective T-cell responses. It closes with challenges to be addressed
in future relevant for further improvement of immunotherapeutic strategies in malignant
diseases.
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NEOANTIGENS AS HIGHLY RELEVANT AND ATTRACTIVE
TARGETS OF TUMOR-SPECIFIC IMMUNE RESPONSES

Tumor immunologists have been fascinated on the possibility of tumor rejection by the immune
system and recognition of tumors as “foreign” in comparison to healthy tissues for a long time.
Tumor-associated antigens representing a group of antigens with accentuated but not unique
prevalence in the tumor have been investigated as target antigens in a broad variety of tumor
entities (1). However, therapeutic efficacy of such targeting approaches could be only rarely
demonstrated (2) or has been accomplished outside of the self-educated T-cell receptor (TCR)
repertoire (3). Central tolerance to self-antigens may represent one of the main reasons for the
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limited efficacy of such approaches. In contrast, tumor-specific
antigens (TSA) are characterized by their unique presentation
in tumor cells and, therefore, lack of negative thymic depletion
of respective specific T-cell populations. Virus-associated anti-
gens have traditionally been acknowledged as TSA in tumors
with viral etiology as Merkel cell carcinoma, adult T-cell leu-
kemia, and human papilloma virus (HPV)-associated tumors
(4-6). In fact, HPV-induced tumors can be prevented by vacci-
nations and induced adaptive B-cell responses can be followed
over years (7, 8). Mutations have been also early acknowledged
to be highly interesting and potentially recognized by specific
T cells (9-12), although the significance for a broader patient
population remained elusive. A potentially more general role of
mutations in tumor rejection has been demonstrated for alarger
cohort of cancer patients only after introduction of immune
checkpoint modulating antibodies, such as anti-CTLA4 and
anti-PD-1, and association of the burden of non-synonymous
mutations with response (13-16). Since then, neoantigens have
become a major focus of interest either as potential biomark-
ers or as targets for directed immunotherapies. In fact, novel
immunotherapeutic approaches targeting neoantigens by
defined vaccines or directed T-cell transfer hold great promise
to further improve therapeutic efficacy of immunotherapeutic
approaches (17-21).

LANDSCAPE OF NON-PATHOGEN-
DERIVED NEOANTIGENS

Currently, a diversity of tumor-specific alterations may serve
as suitable sources for non-pathogen-derived neoantigens
(Figure 1). Single nucleotide variants (SNV) resulting in non-
synonymous substitutions have been a major focus of interest
since a correlation of the non-synonymous mutation burden
within the tumor and response to checkpoint modulators has
been established (13, 14, 22). SNVs are typically present in
malignancies induced by ultraviolet light exposition or tobacco
smoke (23-25). Most of the SNV-derived neoantigens gain
their immunogenic foreignness throughout altered amino acids
involved in direct T-cell contact although also anchor positions
may be affected resulting in potential lack of presentation of
the wild-type peptide (26). Recurrent mutations may serve
as public neoantigens enabling the development of targeted
approaches applicable to broader patient cohorts (27-29).
Nonetheless, the majority of immunogenic mutations appear
to derive from patient-specific alterations. In addition to the
potentially singular nature of a mutated peptide ligand, immu-
nogenic neoantigens derived from non-synonymous mutations
have been reported to be enriched for a distinct tetrapeptide
signature homologous to epitopes derived from pathogens as
suggested by data from Snyder and colleagues (13). However,
subsequent studies could not confirm a prevalent role of such a
defined peptide motif (22, 30).

Frame shifts in antigen-coding regions due to insertions or
deletions have been described as additional promising source
of TSA (31, 32). A recent report indicated frameshift-derived
mutations to be enriched especially in cancer entities known

to respond to immune checkpoint modulators and predicted
neoantigens derived from these mutations correlated with
response to immune checkpoint modulation as well as upregu-
lation of immune signatures (33). Due to the high frequency
of nucleotide insertions or deletions in defined genes, resulting
mutated peptides may be also used as shared public neoantigens
possibly of use for a broader patient population (34). Of note,
the fraction of human leukocyte antigen (HLA) class I bound
peptides derived from non-canonical reading frames was found
to comprise 10% of all ligands identified on the surface of an
expanded B-cell line (35) and thereby provides an additional
highly interesting source of TSA as recently summarized (36).

Chromosomal translocations may lead to expression of
novel epitopes spanning the respective breakpoint mutation,
therefore, representing another source of potential neoantigens.
Analyses of immune responses against such neoantigens have
provided encouraging rational for clinical applications (37,
38). However, in case of the Philadelphia chromosome defined
t(9;21) bcr/abl translocation, vaccination studies have shown
variable efficacy (39, 40). One reason might rely in limitations of
natural processing of the expected mutated ligands (41). Thus,
further studies are required to investigate this anticipated group
of highly attractive neoantigens.

Besides the above described sources of altered peptides,
B-cell derived malignancies inherit an exceptional source of
potentially immunogenic tumor-specific peptides spanning
the monoclonal hypervariable recombined immunoglobulin-
coding region (42). It has been recently shown for lymphoma that
such idiotype-derived ligands are actually presented by MHC
class I molecules as detected by mass spectrometry (MS)-based
immunopeptidomics and that these are immunogenic (43).

Tumor-specific antigenic peptides may additionally derive
from cellular processes specifically altered in tumor cells
resulting in a modified peptide repertoire presented by MHC
complexes on the tumor surface. Examples comprise peptides
with posttranslational modifications as phosphorylation and
deamidation potentially resulting in TSA (44-46). Moreover,
tumor-specific peptides may derive from alternative splicing in
the proteasome (44, 47, 48). As it has been recently reported that
spliced peptides substantially contribute to the immunopepti-
dome (49), it might be highly attractive to more comprehensively
investigate the cancer-related MHC peptide ligandome for
the presence and immunogenicity of such peptides. However,
peptide ligands derived from altered cellular processes currently
require MS for detection and there are no algorithms for reliable
prediction of such antigens. Moreover, it will be important to
investigate in larger studies if these peptides represent really
unique TSA suitable for therapeutic targeting approaches.

IDENTIFICATION OF TUMOR-SPECIFIC
NEOANTIGENS

Neoantigens have been primarily identified on the base of
defined T-cell responses resulting in a qualitative view on relevant
antigens (10, 11). However, general rules could not be deduced
from these early reports. Large-scale analyses of genomes and
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Sources of potential neoantigens
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immunopeptidomes, advanced computational analyses, and
development of bioinformatics algorithms to predict immu-
nogenicity of tumor-specific peptide ligands greatly enhanced
the field (50, 51). This approach resulted in the successful
identification of neoantigens in a diversity of malignant diseases
although the number of positive hits validated by respective
T-cell responses was highly diverse (15, 52-55). Differences of
tumor entities as well as inter- and intraindividual heterogeneity
of tumors, metastases, and interrogated T-cell repertoires may
play an important role for the diversity in the validation rate

of predicted epitopes. However, additional aspects govern the
quality of such predictions. Technical features as the depth of
sequencing and the quality of tumor material, source material
for sequencing and algorithms used for SNV calling may have a
major impact on the results (56-58). In addition, prediction algo-
rithms for more frequent HLA alleles provide superior results in
comparison to less frequent HLA alleles emphasizing the need of
larger training datasets (59). Besides, different pipelines for HLA
binding prediction have been developed and are currently used in
parallel leading to limited comparability of obtained results (60).
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Moreover, reliable prediction algorithms are currently missing for
many aspects of antigen processing and presentation apart from
peptide binding. However, there are approaches to improve and
harmonize current epitope predictions. A recent implementation
of several steps of analysis into one single tool called MuPeXI was
provided aiming at integration of predictions and data process-
ing into one straightforward pipeline (61). Application of newly
gained knowledge derived fromlarge-scaleanalyses of pre-existing
datasets, such as the pan-cancer analysis of tumor-specific altera-
tions caused by insertions and deletions (33) will further improve
our understanding of tumor-specific changes on the genomic
level, thereby steadily broadening the current view of potential
immunogenic features. Moreover, the bias of epitope prediction
may be circumvented by therapeutic approaches as vaccinations
based on long peptides or RNA fragments encompassing several
point mutations. Two such approaches used in early clinical trials
have recently shown encouraging results (20, 21).

Direct identification of mutated peptide ligands by
immunoprecipitation of peptide-HLA-complexes and sub-
sequent peptide ligand analysis by MS provides a promising
tool for a more straightforward approach with the perspec-
tive to define especially those neoepitopes that are indeed
well presented on the tumor cell. Feasibility of the detection
of naturally presented mutated HLA ligands by this technol-
ogy has been primarily shown for murine tumors (52, 62)
and human cell lines (63). Improved sensitivity as well as opti-
mized bioinformatics algorithms resulted also in the identification
of neoantigens directly eluted from primary human tissues (43,
59). In addition, MS data may help to improve current predic-
tion algorithms (64, 65). Feeding of databases such as IEDB and
the human immunopeptidome project of the human proteome
organization (66) with experimental data is, therefore, of fun-
damental importance. However, technical issues as requirement
for large amounts of tumor material, low yield in peptides after
immunoaffinity purification, limited reproducibility and biases
from fragmentation methods currently represent major limitations
(66). Improvements in this field will likely have a great impact on
neoantigen identification to be used for personalized therapies.

VALIDATION OF T-CELL RESPONSES
AGAINST NEOANTIGENS

As described above, the identification of all putative mutations
within the entire exome (67, 68) paved the way to systematic
screens of T cells for respective responses. Pushing the develop-
ment of technologies for rapid assessment of neoantigen-specific
T-cell responses, groundbreaking studies mainly focused on
diseases with high mutational burden, especially melanoma
and non-small cell lung cancers (50, 54, 69, 70). However, some
malignancies with comparably low amounts of tumor-specific
mutations also elicit mutation-specific immune responses,
including cervical, gastric, and triple-negative breast cancers
(55,71, 72).

As a fairly straightforward approach, the exact expected
epitope or longer peptides to be processed by dendritic
cells (DCs) are synthesized and screened for recognition by
tumor-specific T cells (73). As another possible strategy, T-cell

populations may be identified using MHC multimers containing
the expected epitope of respective mutated antigens (70, 74, 75).
However, MHC multimer analyses may have limitations for fine
characterization of neoantigen-specific T-cell populations and
may differ to in-depth functional T-cell analyses (59). As an alter-
native to long peptides, which have to be processed by profes-
sional antigen-presenting cells, minigenes comprising respective
mutation can be transduced and used for large-scale screening
approaches, again circumventing the need of knowing the exact
epitope (50). Still, the exact epitope has yet to be determined in
additional screenings in case that further characterization of
specific immune responses is desired (72, 73). Patient-derived
tumor cell lines or spheroids can be used for screening of neo-
antigen-specific reactivity, although stable expansion of in vitro
cultures starting with primary human material is often not
successful.

The therapeutic potential of targeting somatic mutations
throughout vaccination approaches has been also investigated
in vivo using different mouse models. Specific immune responses
could be elicited and successful tumor shrinkage has been
observed after application of neoantigen vaccines (67, 68, 76).
However, results obtained with murine models rather serve as
a proof of principle for a defined immunotherapeutic approach.
Another possibility for screening of personalized neoantigen-
specific T-cell responses may be achieved by the establishment of
individual patient-derived xenografts (PDX). It has been shown
that the clonal architecture of patient tumors transplanted in
murine hosts exhibit a clonal architecture comparable to tumors
grown in the patient (77-80). Therefore, PDX mirror escape
mechanisms, which may be translated into the clinical setting.
However, some limitations within this approach including
changes in the tumor microenvironment and the long time it
takes to grow individual xenografts (81) currently prevent larger
applications of PDX models in prompt and patient-resembling
immunogenicity assessments.

SOURCES OF NEOANTIGEN-SPECIFIC
T CELLS

For the above described validation of altered target structures,
different TCR repertoires may be interrogated. The application of
checkpoint inhibitors unleashing the patient’s own immune system
emphasized the inherited potential of autologous immune cells
to fight cancer. Numerous studies have confirmed neoantigen-
specific reactivity within the TIL repertoire (51, 53, 55, 59,
73, 82). In addition, immune responses against mutated peptide
ligands can be also detected in the peripheral blood of cancer
patients (59, 83) and responses overlapping between PBMC-
derived lymphocytes and TIL have been additionally reported
(54). Investigation of the TCR beta repertoire of tumor patients
vaccinated with a DC vaccine after treatment with Ipilimumab
suggested a promotion of neoantigen-specific diversity in TCR
beta usage and clonal composition (18). As another important
aspect, analysis of treatment-naive patients in comparison to
patients with previous immunotherapies is expected to help to
decipher clinically relevant immunoreactivity (84, 85).
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For those patients lacking endogenous tumor-specific
immune responses or harboring terminally exhausted T cells,
the investigation of alternative TCR repertoires provides a
meaningful source to empower the patient’s immune system
(86). Neoantigen-specific T cells can be also isolated from HLA-
matched healthy donors (59, 87). The xenogeneic source of murine
TCR (e.g., isolated from HLA-transgenic mice) may provide an
alternative source for neoantigen-specific TCR (88). As such, a
xenogeneic model is generally rather easily accessible, it may be
used to build up a robust workflow for patients lacking specific
immune responses. However, it remains questionable, whether
this approach confers a significant advantage for neoantigens, as
HLA-matched healthy donors should inherit comparable high
chances for detectable antigen-specific T-cell frequencies due
to circumvention of thymic depletion. Moreover, there might
be an enhanced risk for toxicity due to crossreactivity against
human peptide ligands, which are not processed or presented by
the murine immunopeptidome. However, both repertoires may
serve as base for genetic engineering of neoantigen-specific TCR
to be used for the adoptive transfer of redirected T cells. Further
improvements regarding cost efficacy and time restrictions
might enable an automated production of redirected neoantigen-
specific T-cells.

Not only the mere detectability of neoantigen-specific T cells,
but also the quality of respective T-cell responses is currently
under detailed investigation. Various aspects, such as the
frequency, phenotype, functional capacities, dynamic changes
during clinical course, and the contribution of CD4* and CD8*
lymphocytes to tumor rejection (21, 75, 89), are taken into
consideration. These analyses may help to understand qualitative
characteristics of neoantigens representing immunodominant
and suitable rejection antigens inducing an effective T-cell medi-
ated tumor reactivity.

FUTURE CHALLENGES AND CLINICAL
IMPLICATIONS

With respect to neoantigen-targeted therapies but also
biomarker development, one central question relies in the
selection of those neoantigens, which are in fact relevant in
the clinical setting. In this regard, the presence of clonal ver-
sus subclonal neoantigens may be highly relevant and tumor
heterogeneity may represent a major hurdle for an effective
anti-tumor response (70, 90, 91). Driver mutations clearly
represent a highly attractive group of potential neoantigens to
be targeted for neoantigen-specific therapies as targeting such
antigens may limit or decelerate immune evasion due to their

REFERENCES

1. Finn OJ. Human tumor antigens yesterday, today, and tomorrow. Cancer
Immunol Res (2017) 5(5):347-54. doi:10.1158/2326-6066.CIR-17-0112

2. Schwartzentruber DJ, Lawson DH, Richards JM, Conry RM, Miller DM,
Treisman J, et al. gp100 peptide vaccine and interleukin-2 in patients with
advanced melanoma. N Engl ] Med (2011) 364(22):2119-27. doi:10.1056/
NEJMoal012863

3. Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC,
Sherry RM, et al. Cancer regression in patients after transfer of genetically

frequent clonal nature (17, 19, 92). However, other alterations
as genetic changes of tumor cells affecting antigen processing
and presentation may still result in immune evasion (19).
In fact, defects in antigen presentation incorporate a major
risk for immune escape and represent a frequent form of
acquired resistance in a diversity of immunotherapies (93-96).
A multivariate analysis support the notion of multiple deter-
minants being responsible for the therapeutic outcome (97).
A recent study by Riaz and colleagues investigates changes in
the tumor evolution and the tumor microenvironment under
immune checkpoint inhibition and thereby emphasizes the
interdependence of the tumor mutanome and TIL composition
(85). In this regard, the assessment of primary and secondary
resistance to immune-mediated therapies may potentially lead
to improved identification of those patients who may primarily
profit from immunotherapies alone and those who may need
additional therapeutic approaches. Strategies to restore antigen
presentation to be used in combinatorial treatment approaches
may become particularly important including the sequential
or consecutive application of innovative and well-established
therapies as recently reviewed (96, 98). A systematic approach
of TCR repertoire profiling across different tumor regions in
lung adenocarcinoma hints toward a complex interaction
between intratumoral heterogeneity and distribution patterns
of clonal T cells (99). In combination with further functional
dissection of tumor-specific TCR, information of spatial distri-
bution of neoantigen-specific T cells will likely provide impor-
tant insights into the dynamics and interactions of tumors and
respective neoantigen-specific T-cell responses.

Future directions may, therefore, aim at the comprehensive
analysis of immunogenic potential of respective neoantigens by
interrogation of diverse repertoires and building up multi-omics
and large screening libraries. Therefore, combinatorial analyses
of tumor-derived mutations and other molecular characteristics
of the tumor cells, tumor microenvironment, and respective
immune responses are required for a better understanding of
tumor dynamics and selection of suitable structures capable to
induce tumor rejection.

AUTHOR CONTRIBUTIONS

EB and AK wrote and critically revised the manuscript.

FUNDING

This work was
(2015.030.01).

supported by Wilhelm-Sander-Stiftung

engineered lymphocytes. Science (2006) 314(5796):126-9. doi:10.1126/
science.1129003

4. Poiesz BJ, Ruscetti FW, Reitz MS, Kalyanaraman VS, Gallo RC. Isolation of
a new type C retrovirus (HTLV) in primary uncultured cells of a patient
with Sezary T-cell leukaemia. Nature (1981) 294(5838):268-71. doi:10.1038/
29426820

5. Boshart M, Gissmann L, lkenberg H, Kleinheinz A, Scheurlen W,
zur Hausen H. A new type of papillomavirus DNA, its presence in genital
cancer biopsies and in cell lines derived from cervical cancer. EMBO ] (1984)
3(5):1151-7.

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1702


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1158/2326-6066.CIR-17-0112
https://doi.org/10.1056/NEJMoa1012863
https://doi.org/10.1056/NEJMoa1012863
https://doi.org/10.1126/science.
1129003
https://doi.org/10.1126/science.
1129003
https://doi.org/10.1038/
294268a0
https://doi.org/10.1038/
294268a0

Bréaunlein and Krackhardt

Immunoreactivity against Neoantigens in Cancers

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a polyomavi-
rus in human Merkel cell carcinoma. Science (2008) 319(5866):1096-100.
doi:10.1126/science.1152586

Paavonen ], Naud P, Salmeron J, Wheeler CM, Chow SN, Apter D, et al.
Efficacy of human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine
against cervical infection and precancer caused by oncogenic HPV types
(PATRICIA): final analysis of a double-blind, randomised study in young
women. Lancet (2009) 374(9686):301-14. doi:10.1016/S0140-6736(09)
61248-4

Schwarz TFE, Galaj A, Spaczynski M, Wysocki J, Kaufmann AM, Poncelet S,
et al. Ten-year immune persistence and safety of the HPV-16/18 AS04-
adjuvanted vaccine in females vaccinated at 15-55 years of age. Cancer Med
(2017) 6(11):2723-31. doi:10.1002/cam4.1155

Monach PA, Meredith SC, Siegel CT, Schreiber H. A unique tumor antigen
produced by a single amino acid substitution. Immunity (1995) 2(1):45-59.
doi:10.1016/1074-7613(95)90078-0

Wolfel T, Hauer M, Schneider J, Serrano M, Wolfel C, Klehmann-Hieb E,
et al. A p16INK4a-insensitive CDK4 mutant targeted by cytolytic T lympho-
cytes in a human melanoma. Science (1995) 269(5228):1281-4. doi:10.1126/
science.7652577

Wang RE, Wang X, Atwood AC, Topalian SL, Rosenberg SA. Cloning genes
encoding MHC class II-restricted antigens: mutated CDC27 as a tumor anti-
gen. Science (1999) 284(5418):1351-4. doi:10.1126/science.284.5418.1351
Lennerz V, Fatho M, Gentilini C, Frye RA, Lifke A, Ferel D, et al. The response
of autologous T cells to a human melanoma is dominated by mutated neo-
antigens. Proc Natl Acad Sci U S A (2005) 102(44):16013-8. doi:10.1073/
pnas.0500090102

Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A,
et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma.
N Engl ] Med (2014) 371(23):2189-99. doi:10.1056/NE]Moa1406498

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel J], et al.
Cancer immunology. Mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science (2015) 348(6230):124-8.
doi:10.1126/science.aaal348

Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 block-
ade. Science (2017) 357(6349):409-13. doi:10.1126/science.aan6733
Overman MJ, McDermott R, Leach JL, Lonardi S, Lenz HJ, Morse MA,
et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient
or microsatellite instability-high colorectal cancer (CheckMate 142): an
open-label, multicentre, phase 2 study. Lancet Oncol (2017) 18(9):1182-91.
doi:10.1016/51470-2045(17)30422-9

Schumacher T, Bunse L, Pusch S, Sahm E Wiestler B, Quandt J, et al.
A vaccine targeting mutant IDH1 induces antitumour immunity. Nature
(2014) 512(7514):324-7. d0i:10.1038/nature13387

Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J,
Petti AA, et al. Cancer immunotherapy. A dendritic cell vaccine increases
the breadth and diversity of melanoma neoantigen-specific T cells. Science
(2015) 348(6236):803-8. doi:10.1126/science.aaa3828

Tran E, Robbins PE, Lu YC, Prickett TD, Gartner JJ, Jia L, et al. T-cell transfer
therapy targeting mutant KRAS in cancer. N Engl ] Med (2016) 375(23):
2255-62. doi:10.1056/NEJM0al1609279

Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic
personal neoantigen vaccine for patients with melanoma. Nature (2017)
547(7662):217-21. doi:10.1038/nature22991

Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Lower M,
et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeu-
tic immunity against cancer. Nature (2017) 547(7662):222-6. doi:10.1038/
nature23003

Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic melanoma.
Science (2015) 350(6257):207-11. doi:10.1126/science.aad0095

Govindan R, Ding L, Griffith M, Subramanian J, Dees ND, Kanchi KL,
et al. Genomic landscape of non-small cell lung cancer in smokers and
never-smokers. Cell (2012) 150(6):1121-34. doi:10.1016/j.cell.2012.08.024
Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, Theurillat JP, et al.
A landscape of driver mutations in melanoma. Cell (2012) 150(2):251-63.
doi:10.1016/j.cell.2012.06.024

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S,
Biankin AV, et al. Signatures of mutational processes in human cancer. Nature
(2013) 500(7463):415-21. doi:10.1038/nature12477

Fritsch EF, Rajasagi M, Ott PA, Brusic V, Hacohen N, Wu CJ. HLA-binding
properties of tumor neoepitopes in humans. Cancer Immunol Res (2014)
2(6):522-9. doi:10.1158/2326-6066.CIR-13-0227

Hunger RE, Brand CU, Streit M, Eriksen JA, Gjertsen MK, Saeterdal I,
et al. Successful induction of immune responses against mutant ras in
melanoma patients using intradermal injection of peptides and GM-CSF as
adjuvant. Exp Dermatol (2001) 10(3):161-7. doi:10.1034/j.1600-0625.2001.
010003161.x

Andersen MH, Fensterle ], Ugurel S, Reker S, Houben R, Guldberg P, et al.
Immunogenicity of constitutively active V599EBRaf. Cancer Res (2004)
64(15):5456-60. doi:10.1158/0008-5472.CAN-04-0937

Holmstrom MO, Hjortso MD, Ahmad SM, Met O, Martinenaite E,
Riley C, et al. The JAK2V617F mutation is a target for specific T cells in
the JAK2V617F-positive myeloproliferative neoplasms. Leukemia (2017)
31(2):495-8. doi:10.1038/1eu.2016.290

Nathanson T, Ahuja A, Rubinsteyn A, Aksoy BA, Hellmann MD, Miao D,
et al. Somatic mutations and neoepitope homology in melanomas treated
with CTLA-4 blockade. Cancer Immunol Res (2017) 5(1):84-91. doi:10.1158/
2326-6066.CIR-16-0019

Linnebacher M, Gebert ], Rudy W, Woerner S, Yuan YP, Bork P, et al.
Frameshift peptide-derived T-cell epitopes: a source of novel tumor-specific
antigens. Int ] Cancer (2001) 93(1):6-11. doi:10.1002/ijc.1298

Speetjens FM, Lauwen MM, Franken KL, Janssen-van Rhijn CM,
van Duikeren S, Bres SA, et al. Prediction of the immunogenic potential of
frameshift-mutated antigens in microsatellite instable cancer. Int J Cancer
(2008) 123(4):838-45. doi:10.1002/ijc.23570

Turajlic S, Litchfield K, Xu H, Rosenthal R, McGranahan N, Reading JL,
et al. Insertion-and-deletion-derived tumour-specific neoantigens and
the immunogenic phenotype: a pan-cancer analysis. Lancet Oncol (2017)
18(8):1009-21. doi:10.1016/S1470-2045(17)30516-8

Inderberg EM, Walchli S, Myhre MR, Trachsel S, Almasbak H, Kvalheim G,
et al. T cell therapy targeting a public neoantigen in microsatellite instable
colon cancer reduces in vivo tumor growth. Oncoimmunology (2017)
6(4):€1302631. doi:10.1080/2162402X.2017.1302631

Laumont CM, Daouda T, Laverdure JP, Bonneil E, Caron-Lizotte O, Hardy MP,
et al. Global proteogenomic analysis of human MHC class I-associated
peptides derived from non-canonical reading frames. Nat Commun (2016)
7:10238. doi:10.1038/ncomms10238

Laumont CM, Perreault C. Exploiting non-canonical translation to identify
new targets for T cell-based cancer immunotherapy. Cell Mol Life Sci (2017).
d0i:10.1007/s00018-017-2628-4

Yotnda P, Garcia F, Peuchmaur M, Grandchamp B, Duval M, Lemonnier F,
et al. Cytotoxic T cell response against the chimeric ETV6-AMLI protein in
childhood acute lymphoblastic leukemia. J Clin Invest (1998) 102(2):455-62.
doi:10.1172/JCI3126

Worley BS, van den Broeke LT, Goletz T], Pendleton CD, Daschbach EM,
Thomas EK, et al. Antigenicity of fusion proteins from sarcoma-associated
chromosomal translocations. Cancer Res (2001) 61(18):6868-75.

Maslak PG, Dao T, Gomez M, Chanel S, Packin J, Korontsvit T, et al.
A pilot vaccination trial of synthetic analog peptides derived from the BCR-
ABL breakpoints in CML patients with minimal disease. Leukemia (2008)
22(8):1613-6. d0i:10.1038/1eu.2008.7

Jain N, Reuben JM, Kantarjian H, Li C, Gao H, Lee BN, et al. Synthetic
tumor-specific breakpoint peptide vaccine in patients with chronic myeloid
leukemia and minimal residual disease: a phase 2 trial. Cancer (2009)
115(17):3924-34. doi:10.1002/cncr.24468

Popovic J, Li LP, Kloetzel PM, Leisegang M, Uckert W, Blankenstein T. The
only proposed T-cell epitope derived from the TEL-AMLI translocation
is not naturally processed. Blood (2011) 118(4):946-54. doi:10.1182/
blood-2010-12-325035

Bendandi M. Idiotype vaccines for lymphoma: proof-of-principles and
clinical trial failures. Nat Rev Cancer (2009) 9(9):675-81. d0i:10.1038/
nrc2717

Khodadoust MS, Olsson N, Wagar LE, Haabeth OA, Chen B, Swaminathan K,
et al. Antigen presentation profiling reveals recognition of lymphoma

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1702


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1126/science.1152586
https://doi.org/10.1016/S0140-6736(09)
61248-4
https://doi.org/10.1016/S0140-6736(09)
61248-4
https://doi.org/10.1002/cam4.1155
https://doi.org/10.1016/1074-7613(95)90078-0
https://doi.org/10.1126/science.7652577
https://doi.org/10.1126/science.7652577
https://doi.org/10.1126/science.284.5418.1351
https://doi.org/10.1073/pnas.0500090102
https://doi.org/10.1073/pnas.0500090102
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1038/nature13387
https://doi.org/10.1126/science.aaa3828
https://doi.org/10.1056/NEJMoa1609279
https://doi.org/10.1038/nature22991
https://doi.org/10.1038/nature23003
https://doi.org/10.1038/nature23003
https://doi.org/10.1126/science.aad0095
https://doi.org/10.1016/j.cell.2012.08.024
https://doi.org/10.1016/j.cell.2012.06.024
https://doi.org/10.1038/nature12477
https://doi.org/10.1158/2326-6066.CIR-13-0227
https://doi.org/10.1034/j.1600-0625.2001.
010003161.x
https://doi.org/10.1034/j.1600-0625.2001.
010003161.x
https://doi.org/10.1158/0008-5472.CAN-04-0937
https://doi.org/10.1038/leu.2016.290
https://doi.org/10.1158/
2326-6066.CIR-16-0019
https://doi.org/10.1158/
2326-6066.CIR-16-0019
https://doi.org/10.1002/ijc.1298
https://doi.org/10.1002/ijc.23570
https://doi.org/10.1016/S1470-2045(17)30516-8
https://doi.org/10.1080/2162402X.2017.1302631
https://doi.org/10.1038/ncomms10238
https://doi.org/10.1007/s00018-017-2628-4
https://doi.org/10.1172/JCI3126
https://doi.org/10.1038/leu.2008.7
https://doi.org/10.1002/cncr.24468
https://doi.org/10.1182/blood-2010-12-325035
https://doi.org/10.1182/blood-2010-12-325035
https://doi.org/10.1038/
nrc2717
https://doi.org/10.1038/
nrc2717

Bréunlein and Krackhardt

Immunoreactivity against Neoantigens in Cancers

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

immunoglobulin neoantigens. Nature (2017) 543(7647):723-7. doi:10.1038/
nature21433

Dalet A, Robbins PE, Stroobant V, Vigneron N, Li YE El-Gamil M, et al.
An antigenic peptide produced by reverse splicing and double asparagine
deamidation. Proc Natl Acad Sci U S A (2011) 108(29):E323-31. doi:10.1073/
pnas.1101892108

Cobbold M, De La Pena H, Norris A, Polefrone JM, Qian J, English AM,
et al. MHC class I-associated phosphopeptides are the targets of memory-like
immunity in leukemia. Sci Transl Med (2013) 5(203):203ral25. doi:10.1126/
scitranslmed.3006061

Kumai T, Ishibashi K, Oikawa K, Matsuda Y, Aoki N, Kimura S, et al.
Induction of tumor-reactive T helper responses by a posttranslational mod-
ified epitope from tumor protein p53. Cancer Immunol Immunother (2014)
63(5):469-78. d0i:10.1007/s00262-014-1533-z

Vigneron N, Stroobant V, Chapiro J, Ooms A, Degiovanni G, Morel S,
et al. An antigenic peptide produced by peptide splicing in the proteasome.
Science (2004) 304(5670):587-90. doi:10.1126/science.1095522

Warren EH, Vigneron NJ, Gavin MA, Coulie PG, Stroobant V, Dalet A, et al.
An antigen produced by splicing of noncontiguous peptides in the reverse
order. Science (2006) 313(5792):1444-7. doi:10.1126/science.1130660

Liepe J, Marino E Sidney J, Jeko A, Bunting DE, Sette A, et al. A large fraction
of HLA class I ligands are proteasome-generated spliced peptides. Science
(2016) 354(6310):354-8. doi:10.1126/science.aaf4384

Robbins PE Lu YC, El-Gamil M, Li YE Gross C, Gartner J, et al.
Mining exomic sequencing data to identify mutated antigens recognized by
adoptively transferred tumor-reactive T cells. Nat Med (2013) 19(6):747-52.
do0i:10.1038/nm.3161

van Rooij N, van Buuren MM, Philips D, Velds A, Toebes M, Heemskerk B,
et al. Tumor exome analysis reveals neoantigen-specific T-cell reactivity in
an ipilimumab-responsive melanoma. J Clin Oncol (2013) 31(32):e439-42.
doi:10.1200/JC0O.2012.47.7521

Gubin MM, Zhang X, Schuster H, Caron E, Ward JP, Noguchi T, et al
Checkpoint blockade cancer immunotherapy targets tumour-specific mutant
antigens. Nature (2014) 515(7528):577-81. doi:10.1038/nature13988

Lu YC, Yao X, Crystal JS, Li YE El-Gamil M, Gross C, et al. Efficient identi-
fication of mutated cancer antigens recognized by T cells associated with dura-
ble tumor regressions. Clin Cancer Res (2014) 20(13):3401-10. doi:10.1158/
1078-0432.CCR-14-0433

Cohen CJ, Gartner JJ, Horovitz-Fried M, Shamalov K, Trebska-McGowan K,
Bliskovsky V'V, et al. Isolation of neoantigen-specific T cells from tumor and
peripheral lymphocytes. J Clin Invest (2015) 125(10):3981-91. doi:10.1172/
JCI82416

Tran E, Ahmadzadeh M, Lu YC, Gros A, Turcotte S, Robbins PE et al.
Immunogenicity of somatic mutations in human gastrointestinal cancers.
Science (2015) 350(6266):1387-90. doi:10.1126/science.aad1253

Roberts ND, Kortschak RD, Parker W', Schreiber AW, Branford S, Scott HS,
et al. A comparative analysis of algorithms for somatic SNV detection in
cancer. Bioinformatics (2013) 29(18):2223-30. doi:10.1093/bioinformatics/
btt375

Horak P, Frohling S, Glimm H. Integrating next-generation sequencing
into clinical oncology: strategies, promises and pitfalls. ESMO Open (2016)
1(5):€000094. doi:10.1136/esmoopen-2016-000094

Karasaki T, Nagayama K, Kuwano H, Nitadori JI, Sato M, Anraku M, et al.
Prediction and prioritization of neoantigens: integration of RNA sequenc-
ing data with whole-exome sequencing. Cancer Sci (2017) 108(2):170-7.
doi:10.1111/cas.13131

Bassani-Sternberg M, Braunlein E, Klar R, Engleitner T, Sinitcyn P,
Audehm §, et al. Direct identification of clinically relevant neoepitopes pre-
sented on native human melanoma tissue by mass spectrometry. Nat Commun
(2016) 7:13404. doi:10.1038/ncomms13404

Backert L, Kohlbacher O. Immunoinformatics and epitope prediction in
the age of genomic medicine. Genome Med (2015) 7:119. doi:10.1186/
$13073-015-0245-0

Bjerregaard AM, Nielsen M, Hadrup SR, Szallasi Z, Eklund AC. MuPeXI:
prediction of neo-epitopes from tumor sequencing data. Cancer Immunol
Immunother (2017) 66:1123. doi:10.1007/s00262-017-2001-3

Yadav M, Jhunjhunwala S, Phung QT, Lupardus P, Tanguay ], Bumbaca S,
et al. Predicting immunogenic tumour mutations by combining mass

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

spectrometry and exome sequencing. Nature (2014) 515(7528):572-6.
doi:10.1038/nature14001

Kalaora S, Barnea E, Merhavi-Shoham E, Qutob N, Teer JK, Shimony N, et al.
Use of HLA peptidomics and whole exome sequencing to identify human
immunogenic neo-antigens. Oncotarget (2016) 7(5):5110-7. doi:10.18632/
oncotarget.6960

Bassani-Sternberg M, Gfeller D. Unsupervised HLA peptidome deconvo-
lution improves ligand prediction accuracy and predicts cooperative effects
in peptide-HLA interactions. ] Immunol (2016) 197(6):2492-9. doi:10.4049/
jimmunol.1600808

Abelin JG, Keskin DB, Sarkizova S, Hartigan CR, Zhang W, Sidney J, et al.
Mass spectrometry profiling of HLA-associated peptidomes in mono-allelic
cells enables more accurate epitope prediction. Immunity (2017) 46(2):315-26.
doi:10.1016/j.immuni.2017.02.007

Caron E, Aebersold R, Banaei-Esfahani A, Chong C, Bassani-Sternberg M.
A case for a human immuno-peptidome project consortium. Immunity (2017)
47(2):203-8. doi:10.1016/j.immuni.2017.07.010

Castle JC, Kreiter S, Diekmann J, Lower M, van de Roemer N, de Graaf J,
et al. Exploiting the mutanome for tumor vaccination. Cancer Res (2012)
72(5):1081-91. doi:10.1158/0008-5472.CAN-11-3722

Matsushita H, Vesely MD, Koboldt DC, Rickert CG, Uppaluri R, Magrini VJ,
et al. Cancer exome analysis reveals a T-cell-dependent mechanism of
cancer immunoediting. Nature (2012) 482(7385):400-4. doi:10.1038/
naturel0755

Linnemann C, Heemskerk B, Kvistborg P, Kluin R]J, Bolotin DA, Chen X,
et al. High-throughput identification of antigen-specific TCRs by TCR gene
capture. Nat Med (2013) 19(11):1534-41. doi:10.1038/nm.3359

McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R, Saini SK,
et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to
immune checkpoint blockade. Science (2016) 351(6280):1463-9. doi:10.1126/
science.aaf1490

Harao M, Forget MA, Roszik ], Gao H, Babiera GV, Krishnamurthy S,
et al. 4-1BB-enhanced expansion of CD8+ TIL from triple-negative breast
cancer unveils mutation-specific CD8+ T cells. Cancer Immunol Res (2017)
5(6):439-45. doi:10.1158/2326-6066.CIR-16-0364

Stevanovic S, Pasetto A, Helman SR, Gartner JJ, Prickett TD, Howie B,
et al. Landscape of immunogenic tumor antigens in successful immuno-
therapy of virally induced epithelial cancer. Science (2017) 356(6334):200-5.
doi:10.1126/science.aak9510

Linnemann C, van Buuren MM, Bies L, Verdegaal EM, Schotte R, Calis JJ,
et al. High-throughput epitope discovery reveals frequent recognition of
neo-antigens by CD4+ T cells in human melanoma. Nat Med (2015) 21(1):
81-5. doi:10.1038/nm.3773

Bentzen AK, Marquard AM, Lyngaa R, Saini SK, Ramskov S, Donia M,
et al. Large-scale detection of antigen-specific T cells using peptide-MHC-I
multimers labeled with DNA barcodes. Nat Biotechnol (2016) 34(10):1037-45.
doi:10.1038/nbt.3662

Verdegaal EM, de Miranda NF, Visser M, Harryvan T, van Buuren MM,
Andersen RS, et al. Neoantigen landscape dynamics during human
melanoma-T cellinteractions. Nature (2016) 536(7614):91-5.d0i:10.1038/
naturel8945

Kreiter S, Vormehr M, van de Roemer N, Diken M, Lower M, Diekmann J,
et al. Mutant MHC class II epitopes drive therapeutic immune responses to
cancer. Nature (2015) 520(7549):692-6. doi:10.1038/nature14426

Eirew P, Steif A, Khattra ], Ha G, Yap D, Farahani H, et al. Dynamics of
genomic clones in breast cancer patient xenografts at single-cell resolution.
Nature (2015) 518(7539):422-6. d0i:10.1038/nature13952

Bruna A, Rueda OM, Greenwood W, Batra AS, Callari M, Batra RN, et al.
A biobank of breast cancer explants with preserved intra-tumor heterogeneity
to screen anticancer compounds. Cell (2016) 167(1):260-74.€22. doi:10.1016/j.
cell.2016.08.041

Davies NJ, Kwok M, Gould C, Oldreive CE, Mao J, Parry H, et al. Dynamic
changes in clonal cytogenetic architecture during progression of chronic
lymphocytic leukemia in patients and patient-derived murine xenografts.
Oncotarget (2017) 8(27):44749-60. doi:10.18632/oncotarget.17432

Knudsen ES, Balaji U, Mannakee B, Vail P, Eslinger C, Moxom C, et al.
Pancreatic cancer cell lines as patient-derived avatars: genetic characterisation
and functional utility. Gut (2017). doi:10.1136/gutjnl-2016-313133

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1702


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature21433
https://doi.org/10.1038/nature21433
https://doi.org/10.1073/pnas.1101892108
https://doi.org/10.1073/pnas.1101892108
https://doi.org/10.1126/scitranslmed.3006061
https://doi.org/10.1126/scitranslmed.3006061
https://doi.org/10.1007/s00262-014-1533-z
https://doi.org/10.1126/science.1095522
https://doi.org/10.1126/science.1130660
https://doi.org/10.1126/science.aaf4384
https://doi.org/10.1038/nm.3161
https://doi.org/10.1200/JCO.2012.47.7521
https://doi.org/10.1038/nature13988
https://doi.org/10.1158/
1078-0432.CCR-14-0433
https://doi.org/10.1158/
1078-0432.CCR-14-0433
https://doi.org/10.1172/JCI82416
https://doi.org/10.1172/JCI82416
https://doi.org/10.1126/science.aad1253
https://doi.org/10.1093/bioinformatics/
btt375
https://doi.org/10.1093/bioinformatics/
btt375
https://doi.org/10.1136/esmoopen-2016-000094
https://doi.org/10.1111/cas.13131
https://doi.org/10.1038/ncomms13404
https://doi.org/10.1186/s13073-015-0245-0
https://doi.org/10.1186/s13073-015-0245-0
https://doi.org/10.1007/s00262-017-2001-3
https://doi.org/10.1038/nature14001
https://doi.org/10.18632/oncotarget.6960
https://doi.org/10.18632/oncotarget.6960
https://doi.org/10.4049/jimmunol.1600808
https://doi.org/10.4049/jimmunol.1600808
https://doi.org/10.1016/j.immuni.2017.02.007
https://doi.org/10.1016/j.immuni.2017.07.010
https://doi.org/10.1158/0008-5472.CAN-11-3722
https://doi.org/10.1038/
nature10755
https://doi.org/10.1038/
nature10755
https://doi.org/10.1038/nm.3359
https://doi.org/10.1126/science.aaf1490
https://doi.org/10.1126/science.aaf1490
https://doi.org/10.1158/2326-6066.CIR-16-0364
https://doi.org/10.1126/science.aak9510
https://doi.org/10.1038/nm.3773
https://doi.org/10.1038/nbt.3662
https://doi.org/10.1038/nature18945
https://doi.org/10.1038/nature18945
https://doi.org/10.1038/nature14426
https://doi.org/10.1038/nature13952
https://doi.org/10.1016/j.cell.2016.08.041
https://doi.org/10.1016/j.cell.2016.08.041
https://doi.org/10.18632/oncotarget.17432
https://doi.org/10.1136/gutjnl-2016-313133

Bréaunlein and Krackhardt

Immunoreactivity against Neoantigens in Cancers

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Byrne AT, Alferez DG, Amant F, Annibali D, Arribas J, Biankin AV, et al.
Interrogating open issues in cancer precision medicine with patient-
derived xenografts. Nat Rev Cancer (2017) 17(4):254-68. doi:10.1038/nrc.
2016.140

Gros A, Robbins PF, Yao X, Li YE Turcotte S, Tran E, et al. PD-1 identifies the
patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors.
J Clin Invest (2014) 124(5):2246-59. doi:10.1172/JCI73639

Gros A, Parkhurst MR, Tran E, Pasetto A, Robbins PE Ilyas S, et al.
Prospective identification of neoantigen-specific lymphocytes in the periph-
eral blood of melanoma patients. Nat Med (2016) 22(4):433-8. doi:10.1038/
nm.4051

Ward JP, Gubin MM, Schreiber RD. The role of neoantigens in naturally occur-
ring and therapeutically induced immune responses to cancer. Adv Immunol
(2016) 130:25-74. doi:10.1016/bs.ai.2016.01.001

Riaz N, Havel JJ, Makarov V, Desrichard A, Urba W], Sims JS, et al. Tumor
and microenvironment evolution during immunotherapy with nivolumab.
Cell (2017) 171(4):934-49.e15. doi:10.1016/j.cell.2017.09.028

Visseren MJ, van Elsas A, van der Voort EI, Ressing ME, Kast WM, Schrier PI,
et al. CTL specific for the tyrosinase autoantigen can be induced from healthy
donor blood to lyse melanoma cells. J Immunol (1995) 154(8):3991-8.
Stronen E, Toebes M, Kelderman S, van Buuren MM, Yang W, van Rooij N,
et al. Targeting of cancer neoantigens with donor-derived T cell receptor
repertoires.  Science  (2016)  352(6291):1337-41.  doi:10.1126/science.
aaf2288

Wang QJ, Yu Z, Griffith K, Hanada K, Restifo NP, Yang JC. Identification of
T-cell receptors targeting KRAS-mutated human tumors. Cancer Immunol Res
(2016) 4(3):204-14. doi:10.1158/2326-6066.CIR-15-0188

Pasetto A, Gros A, Robbins PE, Deniger DC, Prickett TD, Matus-Nicodemos R,
et al. Tumor- and neoantigen-reactive T-cell receptors can be identified based
on their frequency in fresh tumor. Cancer Immunol Res (2016) 4(9):734-43.
doi:10.1158/2326-6066.CIR-16-0001

Anagnostou V, Smith KN, Forde PM, Niknafs N, Bhattacharya R, White J,
et al. Evolution of neoantigen landscape during immune checkpoint blockade
in non-small cell lung cancer. Cancer Discov (2017) 7(3):264-76. doi:10.1158/
2159-8290.CD-16-0828

Jamal-Hanjani M, Wilson GA, McGranahan N, Birkbak NJ, Watkins TBK,
Veeriah S, et al. Tracking the evolution of non-small-cell lung cancer. N Engl
J Med (2017) 376(22):2109-21. doi:10.1056/NEJMoal616288

McGranahan N, Favero E de Bruin EC, Birkbak NJ, Szallasi Z, Swanton C.
Clonal status of actionable driver events and the timing of mutational processes

93.

94.

95.

96.

97.

98.

99.

in cancer evolution. Sci Transl Med (2015) 7(283):283ra254. doi:10.1126/
scitranslmed.aaa1408

Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W,
Hu-Lieskovan S, et al. Mutations associated with acquired resistance to PD-1
blockade in melanoma. N Engl ] Med (2016) 375(9):819-29. doi:10.1056/
NEJMoal604958

Donia M, Harbst K, van Buuren M, Kvistborg P, Lindberg ME, Andersen R,
et al. Acquired immune resistance follows complete tumor regression
without loss of target antigens or IFNgamma signaling. Cancer Res (2017)
77(17):4562-6. d0i:10.1158/0008-5472.CAN-16-3172

Patel SJ], Sanjana NE, Kishton RJ, Eidizadeh A, Vodnala SK, Cam M, et al.
Identification of essential genes for cancer immunotherapy. Nature (2017)
548(7669):537-42. doi:10.1038/nature23477

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and
acquired resistance to cancer immunotherapy. Cell (2017) 168(4):707-23.
doi:10.1016/j.cell.2017.01.017

Budczies J, Bockmayr M, Klauschen E Endris V, Frohling S, Schirmacher P,
et al. Mutation patterns in genes encoding interferon signaling and antigen
presentation: a pan-cancer survey with implications for the use of immune
checkpoint inhibitors. Genes Chromosomes Cancer (2017) 56(8):651-9.
doi:10.1002/gcc.22468

Gotwals P, Cameron S, Cipolletta D, Cremasco V, Crystal A, Hewes B,
et al. Prospects for combining targeted and conventional cancer therapy
with immunotherapy. Nat Rev Cancer (2017) 17(5):286-301. doi:10.1038/
nrc.2017.17

Reuben A, Gittelman RM, Gao ], Zhang J, Yusko E, Wu CJ, et al. TCR repertoire
intratumor heterogeneity in localized lung adenocarcinomas: an association
with predicted neoantigen heterogeneity and postsurgical recurrence. Cancer
Discov (2017) 7(10):1088-97. doi:10.1158/2159-8290.CD-17-0256

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Briunlein and Krackhardt. This is an open-access article distrib-
uted under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1702


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrc.
2016.140
https://doi.org/10.1038/nrc.
2016.140
https://doi.org/10.1172/JCI73639
https://doi.org/10.1038/
nm.4051
https://doi.org/10.1038/
nm.4051
https://doi.org/10.1016/bs.ai.2016.01.001
https://doi.org/10.1016/j.cell.2017.09.028
https://doi.org/10.1126/science.
aaf2288
https://doi.org/10.1126/science.
aaf2288
https://doi.org/10.1158/2326-6066.CIR-15-0188
https://doi.org/10.1158/2326-6066.CIR-16-0001
https://doi.org/10.1158/2159-8290.CD-16-0828
https://doi.org/10.1158/2159-8290.CD-16-0828
https://doi.org/10.1056/NEJMoa1616288
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1158/0008-5472.CAN-16-3172
https://doi.org/10.1038/nature23477
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1002/gcc.22468
https://doi.org/10.1038/nrc.2017.17
https://doi.org/10.1038/nrc.2017.17
https://doi.org/10.1158/2159-8290.CD-17-0256
http://creativecommons.org/licenses/by/4.0/

	Identification and Characterization of Neoantigens As Well As Respective Immune Responses in Cancer Patients
	Neoantigens as Highly Relevant and Attractive Targets of Tumor-Specific Immune Responses
	Landscape of Non-Pathogen-Derived Neoantigens
	Identification of Tumor-Specific Neoantigens
	Validation of T-Cell Responses Against Neoantigens
	Sources of Neoantigen-Specific T Cells
	Future Challenges and Clinical Implications
	Author Contributions
	Funding
	References


