
December 2017 | Volume 8 | Article 18481

Review
published: 19 December 2017

doi: 10.3389/fimmu.2017.01848

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Sebastian Kreiter,  

Translationale Onkologie an der 
Universitätsmedizin der Johannes 

Gutenberg-Universität Mainz, 
Germany

Reviewed by: 
María Marcela Barrio,  

Fundación Cáncer, Argentina  
Per thor Straten,  

Herlev Hospital, Denmark

*Correspondence:
Thomas C. Wirth  

wirth.thomas@mh-hannover.de;  
Florian Kühnel  

kuehnel.florian@mh-hannover.de

Specialty section: 
This article was submitted to Cancer 

Immunity and Immunotherapy,  
a section of the journal  

Frontiers in Immunology

Received: 16 October 2017
Accepted: 06 December 2017
Published: 19 December 2017

Citation: 
Wirth TC and Kühnel F (2017) 

Neoantigen Targeting—Dawn of a 
New Era in Cancer Immunotherapy? 

Front. Immunol. 8:1848.  
doi: 10.3389/fimmu.2017.01848

Neoantigen Targeting—Dawn of a 
New era in Cancer immunotherapy?
Thomas C. Wirth* and Florian Kühnel*

Clinic for Gastroenterology, Hepatology and Endocrinology, Medical School Hannover, Hannover, Germany

During their development and progression tumors acquire numerous mutations that, 
when translated into proteins give rise to neoantigens that can be recognized by T cells. 
Initially, neoantigens were not recognized as preferred targets for cancer immunotherapy 
due to their enormous diversity and the therefore limited options to develop “one fits all” 
pharmacologic solutions. In recent years, the experience obtained in clinical trials demon-
strating a predictive role of neoantigens in checkpoint inhibition has changed our view on 
the clinical potential of neoantigens in cancer immunotherapy. Technological advances 
such as sequencing of whole cancer genomes, the development of reliable algorithms 
for epitope prediction, and an increasing number of immunotherapeutic options now 
facilitate the development of personalized tumor therapies directly targeting a patient’s 
neoantigenic burden. Preclinical studies in mice that support the excellent therapeutic 
potential of neoantigen-directed immunotherapies have provided blueprints on how this 
methodology can be translated into clinical applications in humans. Consistently, very 
recent clinical studies on personalized vaccinations targeting in silico predicted neoepi-
topes shed a first light on the therapeutic potential of personalized, neoantigen-directed 
immunotherapies. In our review, we discuss the various subtypes of tumor antigens with 
a focus on neoantigens and their potential in cancer immunotherapy. We will describe 
the current methods and techniques of detection as well as the structural requirements 
for neoantigens that are needed for their recognition by T cells and for tumor destruction. 
To assess the clinical potential of neoantigens, we will discuss their occurrence and 
functional relevance in spontaneous and hereditary cancers and their prognostic and 
predictive value. We will present in detail the existing immunotherapeutic options that 
exploit the neoantigen burden of tumors encompassing both preclinical efforts that 
provided convincing technological proof-of-concept and the current clinical studies 
confirming the potential of neoantigen-directed immunotherapies.
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iNTRODUCTiON

Designing tumor therapies which effectively destroy tumors but spare healthy tissues is considered 
the Holy Grail in clinical oncology. Conventional chemotherapies target tumors but also dividing 
cells in healthy organs and are therefore frequently associated with significant toxicity. Promising 
antitumor activity without detrimental side effects, the advent of targeted therapies as a novel class 
of more tumor-selective oncology drugs initially raised a lot of enthusiasm. Indeed, such targeted 
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therapies led to remarkable remissions in hematologic malig-
nancies as observed with the introduction of imatinib for the 
treatment of chronic myeloid leukemia (1). In most solid tumors, 
however, targeted therapies have yielded only limited benefit for 
cancer patients. Despite the improvement of progression-free 
survival of cancer patients undergoing palliative treatments, the 
ultimate goal of significantly improved overall survival could not 
be achieved.

For more than a century, immunotherapy has been postulated 
at times as a promising alternative to conventional cancer therapy 
although clinical proof of its therapeutic efficacy in large patient 
cohorts was lacking. The perception of immunotherapy as an 
alternative therapeutic means was mainly driven by case reports 
of immune-mediated tumor control in cancer patients. Upon 
occasional observations of tumor regressions in patients in the 
context of erysipela and high fever, it was William Coley who 
in late nineteenth century inoculated sarcomas with bacteria (2). 
Since this was probably the first documented attempt to engage 
the patient’s immune system in the fight against cancer, William 
Coley has been referred to as the “father of cancer immuno-
therapy” (3). Although he reported remarkable outcomes in 
individual patients, his results were frequently questioned and 
his methods were later abandoned in favor of the upcoming and 
“more modern” chemo- and radiotherapy that promised conveni-
ent handling and better reliability.

At the beginning of the twentieth century, Paul Ehrlich came 
up with the suggestion that the immune system is involved 
in carcinogenesis and in the control of tumor growth during 
progression (4). Some decades later, these concepts were further 
corroborated by mechanistic studies in mice. Several groups 
found that after surgical removal of methylcholanthrene-induced 
tumors, mice were immune against a second challenge with the 
same tumor material further supporting the idea of the existence 
of antitumor immunity (5–7). The discovery of dendritic cells as 
the relevant cell population for the expansion of T cells in mixed 
leukocyte reactions (8) and the characterization of the major 
histocompatibility complexes (9, 10) laid the foundation for a 
better understanding of the mechanisms of antigen presentation 
and the mechanisms that govern the induction of cancer-specific 
cellular immune responses. Supported by methodological 
advances regarding in vitro cultivation of antitumoral cytotoxic 
T  lymphocytes, T  cells were suggested as the major effector 
cell population that specifically responds to tumor antigens in 
humans (11, 12). Correspondingly, it had been recognized in 
several clinical studies that the abundance of tumor-infiltrating 
lymphocytes (TILs) correlates with improved survival of cancer 
patients (13, 14) indicating that the cytotoxic activity of lym-
phocytes indeed interferes with tumor growth. The antitumoral 
potential of T-lymphocytes in patients was later confirmed in a 
more direct manner. After isolation of TILs, readministration 
into patients in combination with IL-2 resulted in objective 
responses in metastatic melanoma (15).

More recently, a number of mechanistic studies in mice 
have confirmed that the immune system recognizes and attacks 
tumor cells at all stages of carcinogenesis in a process referred to 
as immune surveillance. Even premalignant senescent cells are 
detected and cleared by a process that involves both macrophages 

and CD4 cells (16). The role of T cells in recognition of tumor 
cells and control of tumor growth was convincingly shown by 
Shankaran et  al. (17). By comparing the immunogenicity of 
carcinogen-induced tumors in wild-type and immunodeficient 
mice, the authors demonstrated that T cell reactivity is the criti-
cal determinant of the immunogenicity of mature tumors. How 
T cells shape the antigenic profile of a tumor in a process referred 
to as immunoediting was later described in detail in two studies 
by the groups of Schreiber and Jacks (18, 19). The fundamental 
influence of the immune system on cancer progression at all stages 
of cancer development and progression has been acknowledged 
and consequently designated a hallmark of cancer (20).

However, despite the extensive knowledge of the mechanisms 
involved in immune-mediated tumor control, successful trans-
lation of immunotherapies into the clinic lagged significantly 
behind these scientific advances. Targeted immunotherapies 
using peptide- or cell-based vaccines were astonishingly ineffec-
tive in clinical trials. Even when the first DC-vaccine targeting 
prostate cancer (Sipuleucel-T) provided evidence of clinical 
efficacy the gain in median survival was, similar to the advances 
achieved with targeted therapies, rather modest without evidence 
for long-term progression-free survival (21).

Surprisingly, it was a generic approach of T cell stimulation 
that finally succeeded and initiated the recent success story of 
cancer immunotherapy. Instead of eliciting a target-antigen-
directed immune response in the context of a cancer vaccine, the 
pharmacologic interference with inhibitory immune checkpoints 
such as CTLA-4 or the PD-1/PD-L1 axis restored cytotoxicity of 
preexisting, exhausted cancer-specific T cells. It has to be pointed 
out that these therapies for the first time in clinical oncology 
resulted in long-term remissions in advanced cancers (22, 23) 
that are regarded as complete cures, so far. However, this excel-
lent outcome is limited to a relatively small number of patients, 
a striking reminiscence of what William Coley observed more 
than 120 years ago. While the scientific proof of the exceptional 
therapeutic efficacy of immunotherapy in cancer treatment has 
been overwhelming, it is also becoming increasingly evident 
that these immunotherapies are not the long sought “magical 
bullet” applicable to all cancers. In some tumor entities such as 
melanoma and Hodgkin lymphoma, over all response rates to 
either single or combined PD-1/CTLA-4 checkpoint inhibition 
are encouragingly high (24–26). However, other important can-
cer entities such as liver cancer and pancreatic cancer are much 
more resistant to this therapy. Despite all progress, the majority 
of patients will not experience complete responses, at least when 
treated with the present options of immunotherapy. Owing to 
these limitations of current immunotherapies, there is a lot of 
space for novel therapies that specifically target tumor antigens 
with well-defined molecular characteristics, thus fulfilling the 
promise of an individualized immunotherapeutic approach.

CLASSiFiCATiON OF TUMOR ANTiGeNS

The initial discovery of the interaction between tumor and 
immune cells was followed by intensive research to identify the 
target antigens that were recognized by the adaptive immune 
system. In 1989, a cell surface glycoprotein of the mucin 
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family, MUC1, which is expressed in tumors in an aberrantly 
glycosylated form, was described as a tumor antigen that can 
be recognized by cytotoxic T cells (27). The melanoma antigen 
family A1 (MAGE-A1) was found to be expressed not only in 
melanoma but also in other tumor entities whereas it could not be 
detected in normal tissue except the testis (28). Tumor-specificity 
of MAGE-A1 is due to the fact that germ line cells lack MHC class 
I molecules for presentation of the corresponding peptides on 
their cell surface. MAGE-A1 was therefore a prototypic example 
of tumor antigens termed cancer testis antigens (CTAs). Another 
class of tumor antigens are tumor-associated antigens (TAAs) 
derived from proteins that are overexpressed in cancer but also 
occur in normal cells. These proteins are frequently involved in 
transformation-related mechanisms as exemplified by the human 
epidermal growth factor receptor 2 (Her2/neu) and have also been 
using as immunotherapeutic targets (29). Since TAAs are also 
expressed by normal cells, their role as a target antigen for tumor 
therapy is solely based on their preferential expression in cancers. 
Their basal expression in normal tissues subjects these antigens to 
central and peripheral tolerance mechanisms, leading to selection 
of low-avidity T  cells. However, TAA-directed immunotherapy 
using T cell receptor (TCR)-transgenic, high-avidity T cells may 
cause severe autoimmunity (30). Compared with TAAs, CTAs 
such as MAGE-A1 or New York esophageal squamous cell car-
cinoma-1 (NY-ESO-1) have attracted more attention due to their 
broad abundance in several tumor entities and their restriction 
to tumor tissue. Expression CTAs has been shown to be associ-
ated with intratumoral lymphocyte infiltration and improved 
prognosis of cancer patients though these lymphocytes might be 
functionally impaired (31, 32). It has also been established that 
adoptive transfer of lymphocytes genetically engineered with an 
NY-ESO-1-directed TCR is able to induce tumor regression (33).

A highly promising class of tumor antigens are tumor-specific 
antigens (TSAs). These proteins are not encoded in the normal 
genome and encompass antigens derived from viral oncogenic 
proteins (e.g., SV40 from Epstein Barr Virus, or E6/E7 from 
human papilloma virus) or from proteins that are the result of 
somatic mutations or gene rearrangements. Whereas the presence 
of virus-derived proteins is mostly limited to tumors originating 
from a viral infection process, tumors in general acquire muta-
tions during carcinogenesis and progression, resulting in altered 
proteins that may serve as neoantigens (34). Neoantigens may be 
either directly linked to the transformation process (driver muta-
tions) or may occur as a byproduct of increasing genetic instability 
(passenger mutations) (35). Interestingly, mathematic modeling 
of the accumulation of mutations during tumor progression 
suggests that the number of driver mutations may correlate with 
the total number of mutations in the tumor (36). Neoantigens 
are probably the most interesting targets for immunotherapies 
since neoepitopes are not subject to thymic selection and central 
tolerance. Therefore, the existence of high-avidity T cells is very 
likely. Furthermore, it has been shown that failure of intrathymic 
gene expression can give rise to immunogenicity comparable 
with neoantigens as demonstrated for the melanoma antigen 
MART-1 (37).

Depending on the position of the mutated amino acid in 
the sequence of the MHC-bound peptide the non-synonymous 

mutations differentially impact the quality of the neoantigen. 
While mutations in anchor positions primarily affect peptide 
affinity, mutations outside the anchor positions preferentially 
influence the interaction of the peptide/MHC complex with 
the TCR. As a consequence, mutations in anchor positions 
potentially create high affinity epitopes while mutations in the 
TCR-interacting positions may lead to the recognition of naive 
T cells which specifically recognize the mutated neoepitope.

First evidence that neoepitopes resulting from non-syn-
onymous mutations are recognized by the immune system as 
“altered self ” was provided by Wölfel et al. The authors identified 
a p16INK4a-insensitive cyclin-dependent kinase 4 (CDK4)-R24C 
mutation in melanoma patients as a neoantigen that was a target 
of CTL responses (38). This mutation of CDK4 disrupts the cell-
cycle regulation exerted by the tumor suppressor p16INK4a and is 
therefore closely associated with carcinogenesis. Consistent with 
the assumption that neoantigen-directed T  cell responses may 
play a significant role in tumor growth control, it was subsequently 
demonstrated by the Wölfel group that the antitumor response of 
autologous T cells in a melanoma patient was predominantly driven 
by T  cells recognizing mutated neoantigens (39). Additionally, 
neoantigen-directed T cells could be detected in ex vivo expanded 
TILs that had been adoptively transferred in melanoma patients 
who subsequently experienced a complete tumor regression (40). 
Together, these findings shed a first light on the use of neoantigen-
directed immunotherapies and their clinical potential.

iDeNTiFiCATiON OF POTeNTiAL 
NeOANTiGeN TARGeTS FOR 
iMMUNOTHeRAPY

According to the results of high throughput cancer genome 
sequencing it has been firmly established by now that all tumors 
contain a significant number of somatic mutations (34). However, 
since neoantigens are the result of sporadic mutations caused by 
DNA damaging agents and/or random errors of the DNA repair 
machinery, the set of neoantigens of a tumor is believed to be 
highly individual (“private”). This feature discriminates neoan-
tigens from tissue-specific, tumor-associated, or other tumor-
selective antigens which are considered shared “public” antigens 
due to their expression in specific organs, their overexpression 
in cancer or their selective expression in defined tumor entities, 
respectively. As an exception from this rule, some cancers with 
high mutational load including microsatellite-instable tumors 
have been shown to possess a set of shared neoantigens owing 
to the preferential mutation of distinct genetic regions termed 
microsatellites (41).

As a consequence of the mostly private nature of neoantigens, 
potential neoantigen targets can only be identified after analysis 
of a tumor mutanome by means of whole exome and/or next 
generation RNA sequencing (42, 43). Depending on the tumor 
entity and the underlying cause of cancer development these 
analyses have revealed a wide range for the number of neoanti-
gens detected, ranging from only few mutations in some forms of 
astrocytoma to several thousands in some melanomas and lung 
cancers (44).
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Of the vast number of non-synonymous mutations detected in 
tumors only a tiny fraction may be suited for tumor treatment. To 
enhance the chances for successful immunotherapy a number of 
critical features of neoantigens have been described that impact 
on their quality as immunotherapeutic target.

expression of Neoantigens in Tumor Cells
As one of the more simple requirements, the target antigen has 
to be expressed inside the tumor cells. Following transcription 
from genomic DNA into mRNA, the non-synonymous muta-
tions are translated into the corresponding mutated proteins. 
Since most studies targeting tumor neoantigens perform next 
generation mRNA sequencing, mRNA quantity has been used 
most frequently as a surrogate marker for target gene expression 
although direct protein measurement is likely to be more accu-
rate. Nevertheless, studies have supported the notion that higher 
mRNA quantites correlate with both protein quantity and the 
number of peptide/MHC complexes presented on the tumor cell 
surface (45). This correlation, however, is rather weak since post-
translational regulation of protein expression and proteasomal 
processing of the target antigen are neglected.

Formation of Stable Neoepitope/MHC 
Complexes
It is known from reductionist antigen models using adoptive T cell 
transfer that binding affinities between antigenic peptides and 
MHC class I as well as the binding affinity of the peptide/MHC 
complex to the corresponding TCR are critical determinants of 
tumor-directed T cell reactivity and the capability of T cells to 
reject a tumor (46, 47). It is therefore mandatory to thoroughly 
assess the ability of neoantigen-derived peptides to form stable 
peptide/MHC complexes that are able to tightly bind to their 
cognate TCRs. Following synthesis of the mutated protein, a 
fraction of the resulting protein is processed by the proteasome, 
loaded onto MHC class I molecules after transport into the endo-
plasmatic reticulum by the TAP transporter and presented on the 
cancer cell surface. The process of proteasomal degradation can 
be predicted from a number of computational algorithms (e.g., 
NetChop) but the accuracy of prediction remains to be improved. 
The expression of neoantigen epitopes with potential clinical rel-
evance has successfully been demonstrated by mass spectrometry 
(48) but the sensitivity of the method is often limited to epitopes 
with high expression on MHC. It has been recently shown that the 
sensitivity of neoepitope detection by mass spectrometry can be 
significantly increased by monoallelic analysis (49) after retrovi-
ral transduction of tumor cells with a specific HLA allele. Due to 
the limitations of mass spectrometry for less abundant proteins, 
many studies have not quantitated expression of neoepitopes on 
tumor MHC complexes but instead focus on in silico prediction 
of neoepitope affinity for a given MHC molecule (50–52). This is 
justified by the fact that high affinity peptides are more likely to 
form stable complexes with MHC resulting in increased expres-
sion on MHC complexes on the cell surface. Nevertheless, it has to 
be taken into account that despite high affinity some neoepitopes 
may never be generated by the proteasome.

To predict the strength of the peptide/MHC binding, the 
affinity of potential MHC class I epitopes is calculated based 
on the patient’s MHC haplotype. For this purpose, a number of 
software programs (e.g., NetMHC and SYFPEITHI) are available 
that allow accurate prediction of peptide affinity for a neoepitope 
if the binding properties of the MHC allele are sufficiently char-
acterized (18). Although the reliability of these in silico analyses 
has been questioned (53) the in  silico binding prediction still 
represents the first and most important step to identify potential 
neoantigen targets.

Activation of Neoantigen-Specific T Cells 
by Stable Peptide/MHC/TCR interactions
To generate neoantigen-specific adaptive immune responses the 
peptide–MHC complexes must be presented on the surface of 
antigen-presenting cells and interact with neoepitope-specific 
T cells. In endogenous tumor-specific immune responses, tumor 
cells undergoing cell death are taken up by dendritic cells which 
then process endocytosed neoantigens and present the class II 
neoepitopes on their MHC class II molecules. In parallel, MHC 
class I neoepitopes are presented on DCs by cross-presentation, a 
process by which endocytosed proteins after proteasomal cleavage 
gain access to MHC class I molecules inside the endoplasmatic 
reticulum (54). This dual requirement for MHC class II molecule 
presentation and efficient cross-presentation of CD8 epitopes on 
MHC class I molecules is almost exclusively limited to dendritic 
cells and among these most prominent to the BATF3-driven 
lineage (55).

For vaccinations with soluble, short peptides containing MHC 
class I epitopes (typically 8–10 amino acids in length) or MHC class 
II epitopes the exogenously administered peptides have to com-
pete with endogenous MHC class I and class II peptides that are 
already present on antigen-presenting cells. If the neoepitopes are 
of higher affinity than the endogenous MHC class I, they are able to 
replace the endogenous peptides directly on the APC surface. For 
vaccinations in the form of DNA, RNA, or polypeptides/proteins, 
the target antigen must undergo cross-presentation since these 
antigen carriers are usually taken up and endocytosed by antigen-
presenting cells, thus underlying the same restrictions mentioned 
above for the endogenous tumor cell-specific T cells responses.

To elicit robust immune responses, the neopeptide–MHC 
complexes must form an immunological synapse with TCRs on 
either CD4 or CD8 T cells. Since neoantigens represent “de novo” 
antigens it has been postulated that neoantigen-specific T cells are 
not subject to central tolerance. As a consequence, neoantigen-
specific T cells may not only be of higher functional avidity but 
may also be more abundant than T cells recognizing autoantigens.

Currently, the methodology for the detection of naive 
neoantigen-specific T cells in peripheral blood is limited, both in 
preclinical models and in humans. As an alternative, the number 
of potentially neoantigen-responsive T cells has been assessed by 
selective screening of PD-1 expressing, circulating CD8 T cells 
for their potential to recognize neoantigens (56). However, PD-1 
expression on neoantigen-specific T  cells indicates beginning 
exhaustion that could prevent an accurate identification of tumor-
specific T cells if intracellular cytokine stainings are performed 
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for T cell detection. Therefore, researchers have advocated the use 
of tetramers/pentamers to reliably identify neoantigen-specific 
T cells (57). Using peptide–MHC multimers with DNA barcodes 
this technology has recently been adapted to allow the large-scale 
detection of cancer-specific T cells, including T cells specific for 
neoantigens (58).

However, these methods have a number of caveats to consider. 
First, detectable neoantigen-specific T cells in patients are likely 
to be antigen-experienced and more terminally differentiated 
(59). It is unknown how the quality of these cells compares to 
truely naive T  cells which are endowed with potent replicative 
capacities. In fact, the number of naive T cells may be reduced 
in patients with detectable immune responses due to the prior 
stimulation of the naive T cell pool. Second, systemic immune 
responses have shown only limited correlation with intratumoral 
immune responses. Systemic neoantigen-specific T cells may be 
present due to the lack of trafficking of the neoantigen-specific 
T  cells to the tumor site or because their cognate antigen is 
not expressed on the tumor cells. Third, neoantigen-specific 
immune responses detected in the circulation of cancer patients 
have undoubtedly failed to clear the tumor and their cognate 
antigen might therefore not represent a favorable target antigen. 
More studies are needed to assess whether this failure to reject 
a tumor is primarily due to tumor-derived immunosuppressive 
mechanisms which could be restored with checkpoint inhibitors 
or whether this is a T cell intrinsic failure.

Once the neopeptide is sufficiently expressed on MHC and the 
MHC/peptide/TCR synapse is formed (providing the so-called 
signal I) the robustness of the ensuing immune response is depend-
ent on additional costimulation (signal II) and secretion of immu-
nostimulatory cytokines such as IFNα and IL-12 (signal III) (60). 
Since these signals are provided primarily by dendritic cells, efficient 
T  cell priming usually requires signaling through costimulatory 
molecules and toll-like receptors to induce optimal DC maturation. 
How this is best achieved in tumor vaccinations remains a matter of 
debate and much effort is currently devoted to developing strategies 
that selectively target and activate dendritic cells in vivo.

The final step of the neoantigen-directed therapy requires the 
trafficking of the activated T cell into the tumor tissue and the 
recognition of the peptide–MHC complex on the surface of the 
cancer cell by the TCR (61). The T  cell must interact with the 
peptide/MHC complex on the cancer cell and the net result of the 
TCR/peptide–MHC complex interaction and the activation state 
of the T cell must result in the production of cytolytic granules. 
The exact requirements for efficient tumor cell killing currently 
remain elusive but the affinity of the peptide again seems to play a 
major role. Interestingly, visualization of the interaction of T cells 
and tumor cells suggest that the process of tumor cell killing in vivo 
may take much longer than the same process in vitro, possibly 
requiring multiple consecutive hits from cytotoxic T cells (62).

ROLe AND FReQUeNCieS OF 
NeOANTiGeNS iN SPONTANeOUS 
CANCeRS

For the most part neoantigens have been considered random, 
spontaneous mutations with little overlap between individual 

patients. Of a wide spectrum of tumors analyzed for their total 
mutational burden, only few have demonstrated a mutation 
frequency above 10/megabase DNA. In these tumors, the few 
neoantigens are randomly distributed throughout the genome 
which has led to a view of neoantigens as entirely “private” 
antigens. At second sight, however, different classes of mutagens 
have been shown to induce non-random changes in genomic 
DNA sequences. As an example, UV light induces C to T transi-
tions in dipyrimidine contexts whereas tobacco smoke preferably 
induces G to T transitions. For tumors with low mutational load 
this bias in DNA alterations is not sufficient to result in recurrent 
non-synonymous mutations. In tumors with a high mutational 
load like melanoma, however, a C to T transition in the gene 
RQCD1 has been shown to result in a recurrent P131L mutation 
with a prevalence of 4% in a population of 715 melanomas (63). 
Similarly, large scale whole-exome sequencing in 619 colorectal 
cancer patients revealed preferential mutations in BCL9L, 
RBM10, CTCF, and KLF5 (64). Of interest, some of these genes 
are known driver genes in other tumor entities pointing toward 
a preferential selection of genetic alterations that promote tumor 
growth. These results suggest that although most neoantigens in 
sporadic tumors are indeed “private,” both the type of mutagen 
and a selection for driver mutations can result in recurrent neo-
antigens whose frequencies are currently underestimated. These 
results warrant further large-scale whole exome analyses in other 
tumor entities to corroborate the findings from melanoma and 
colorectal cancer patients.

ROLe OF NeOANTiGeNS iN HeReDiTARY 
CANCeRS wiTH DNA RePAiR 
DeFiCieNCieS

Cancers with hereditary defects in genes involved in DNA 
repair are characterized by high frequencies of non-synonymous 
mutations. As an example, patients with Lynch syndrome harbor 
mutations in DNA mismatch repair genes resulting in thousands 
of neoantigens per tumor. In patients with Lynch syndrome, 
the mismatch repair deficiency does not only induce DNA base 
exchanges but results in the accumulation of insertions or dele-
tions at mutation-prone DNA hot spots with repetitive base pair 
sequences [referred to as microsatellite instability (MSI)]. As a 
consequence, whole exome analyses of tumor samples from 
patients with Lynch syndrome have revealed a number of recur-
rent frameshift mutations in genes with microsatellite sequences. 
Similar to the reported genetic alterations in sporadic tumors 
some of these frameshift mutations presumably target genes 
involved in tumor development, particularly genes with tumor-
suppressor function including TGFBR2, BAX (65, 66), CRTC1, 
BCL9, JAK1, and PTCH1 (67). The preferential mutation of genes 
with microsatellite sequences in patients with Lynch Syndrome 
has led to the identification of a set of genes with high mutation 
frequencies in MSI patients (TGFBR2, AIM2, HT001, and TAF1B) 
which have been used as a vaccine in a clinical trial (68). Although 
prototypic, colorectal MSI cancers represent only one example of 
tumors with mismatch repair deficiencies. Highly immunogenic 
mutations have, for example, been reported for other MSI tumor 
entities including gastric cancer, ovarian cancer, glioblastoma and 
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others (69), Polymerase ε-mutant glioblastoma (70), colorectal, 
and endometrial cancers (71, 72), as well as BRCA-mutated ovar-
ian cancer (73). For these tumor entities, recurrent neoantigens 
that are shared between patients may represent prime targets for 
immunotherapy, in particular frameshift mutations which typi-
cally harbor multiple novel epitopes that are recognized across 
various MHC haplotypes.

As a potential caveat, the large mutational burden in patients 
with mismatch repair deficiencies seems to greatly accelerate 
the formation of immune escape variants. In patients with MSI-
tumors, defects in antigen presentation have been detected in 
MHC molecules and in molecules associated with MHC expres-
sion at high frequencies (74). These MSI cancers may exhibit 
greatly reduced sensitivity to T cell-mediated killing, a potential 
caveat that has to be considered for the appropriate design and 
timing of vaccines targeting MSI cancers.

PROGNOSTiC AND PReDiCTive vALUe 
OF NeOANTiGeNS

Microsatellite instable tumors are increasingly recognized as a sub-
set of tumors with distinct prognostic and predictive features. In 
patients with colorectal cancers, MSI tumors are overrepresented 
in early stage cancers but underrepresented in metastatic disease. 
This feature of MSI tumors has been attributed to the presence of 
high numbers of immune cells in MSI tumor specimens which 
may limit local tumor recurrence and systemic spread. Patients 
with MSI-H colorectal cancers UICC stage II have been shown 
to have a favorable prognosis compared to patients with MSI-L 
or microsatellite stable (MSS) tumors (75, 76), depending on the 
individual mutation and concomitant allelic losses (77, 78). In 
metastatic stage IV colon cancer the prognosis of patients with 
MSI colorectal cancer is similar to patients with MSS tumors 
but associated with better survival in patients with peritoneal 
metastases and lower survival in patients with lymphatic or 
blood-borne metastases (79).

The better prognosis of patients with MSI tumors has a direct 
impact on the treatment of this patient population after tumor 
resection. Owing to the lower frequency of local recurrence and 
systemic spread after resection, adjuvant therapy for UICC stage 
II MSI colon cancer is not recommended. For UICC stage III 
patients, the usefulness of adjuvant therapy in MSI patients is still 
a matter of debate, with some studies arguing in favor of adjuvant 
therapy (80) and others against it (81).

More recently, the clinical success of checkpoint inhibitors in 
melanoma patients has revealed an additional predictive role of 
the mutational load in patients treated with either anti-PD-1 or 
anti-CTLA-4 antibodies (82–84). These clinical effects have been 
suggested to be due to neoantigen-specific immune responses 
which are restored upon administration of checkpoint inhibitors 
(85, 86). In patients with MSI tumors, both PD-L1 expression 
on cancers and PD-1 expression on TILs is increased thus 
providing a molecular basis for the better clinical response to 
anti-PD-1 therapy (87–89). The predictive role of neoantigens 
may extend to other immunological treatments including adop-
tive T cell therapy. Although this has not yet been demonstrated 

convincingly, neoantigen-specific immune responses have been 
detected in TILs (90, 91). In these patients, neoantigen-specific 
immune responses show evidence for robust clonal expansion 
indicating that the quantity and quality of neoantigens in the 
expanded T cell pool could influence the therapeutic efficacy of 
TIL transfer.

NeOANTiGeN-DiReCTeD TUMOR 
THeRAPieS

The notion that neoantigen-specific T  cell responses are 
involved in tumor growth control in patients raised significant 
interest in identifying specific neoantigens as suitable targets to 
facilitate the design of tumor-directed vaccines. A particularly 
attractive kind of neoantigens are those that represent relevant 
mutation in tumor driver genes. It has been widely assumed 
that immunotherapies targeting noepitopes originating from 
oncogenic driver mutations may induce antitumor responses 
in a most effective manner since they are most likely essential 
for tumor survival and are homogenously expressed throughout 
the tumor tissue. Consequently, investigations initially focused 
on neoepitopes derived from well-known mutations in promi-
nent oncogenes such as KRAS mutated at codon 12, or mutated 
p53 (92, 93). An oncogenic alteration that frequently occurs in 
melanoma is the V599E missense mutation in the kinase domain 
of BRAF giving rise to a mutation-specific epitope that can be 
recognized by T cells (94, 95). Furthermore, in particular hema-
tological malignancies mutations in either JAK2 (JAK2V617F) 
or mutations in exon 9 of calreticulin are abundant incidents 
giving rise to spontanoues T  cell responses (96, 97). These 
mutations could be interesting targets for immunotherapy as 
well as recently described amino acid exchange in the histone 
H3 gene (K27M) that is frequent in glioma (98, 99). A peptide 
vaccine against this mutation was capable to effectively induce 
mutations-specific immune-responses in a MHC-humanized 
mouse model (100). Also in humanized mice, it has been 
demonstrated that a vaccine targeting mutant isocitrat dehydro-
genase-1 (IDH1R132H) induced mutation-specific T cells and 
was able to control the growth of preestablished tumors (101). A 
corresponding vaccine is currently investigated in clinical trials 
in glioma patients.

Although the abovementioned mutations represent rather 
frequent genetic events the abundance of shared neoepitopes is 
significantly reduced by the huge HLA diversity rather low and 
inter-individual overlap is limited. The feasibility to develop 
broadly applicable vaccines has been recently estimated by a 
genomic analysis and epitope prediction of more than 63,000 
tumors across multiple tumor entities and for the most common 
HLA A/B subtypes (102). Hypothesizing that sets of carefully 
selected neoantigens could allow for development of broadly 
applicable vaccines these calculations revealed that neoantigen 
targets still remain highly diverse even when regarding major 
and frequent driver mutations. Nevertheless, the fact that shared 
neoepitopes are not fully private compared to other mutation-
derived epitopes is an important technical advantage, and, once 
established corresponding vaccines could function as a valuable 
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backbone in more complex multiepitope targeting approaches to 
prevent the rise of escape mutants.

Several technological advances in parallel opened up new 
avenues for the discovery of neoantigens and their potential use 
as target antigens in cancer immunotherapy. Next generation 
sequencing facilitated the exploitation of whole tumor exomes 
and revealed that in all tumors the mutated genome encodes for 
a variable but significant number of non-synonymous mutations 
and thus potential neoantigenic epitopes (34). Furthermore, 
raw DNA sequencing data can be rapidly processed in silico and 
algorithms are available that help to predict neoepitopes. These 
technologies therefore promise to achieve the identification of 
suitable neoepitope candidates for patient-specific immuno-
therapy within acceptable time, being one of the most critical 
requirement for patients with progressive tumor growth. The 
correlation of therapeutic efficacy of checkpoint inhibitors and 
the neoantigenic load clearly demonstrated that neoepitopes 
could play a prominent role also in more target-selective 
approaches of cancer immunotherapy. Several preclinical 
studies developed and simulated workflows including tumor 
exome mining and neoepitope prediction, eventually followed 
by methods to confirm truely immunogenic neoepitopes within 
the predicted pool, aiming at the development of a personal-
ized immunotherapy. Just recently, the first results from clinical 
studies which applied these preclinically established methods 
to real-life therapeutic settings in humans have been reported. 
The promising clinical results will be described in more detail 
in the following subchapters. Furthermore, the full spectrum 
of immunotherapies targeting neoantigens in cancer patients is 
summarized in Figure 1.

Checkpoint inhibitors As a Systemic 
Approach to Activate Neoantigen-Directed 
T Cell Responses
Antagonizing coinhibitory molecules has shown great success in 
treatment of some cancer entities even at advanced stage (22, 23). 
Checkpoint inhibitors are generic stimulators of T cell responses 
and part of their activity is therefore directed against neoanti-
gens that can be detected by T cells. A potential involvement of 
neoepitopes in therapeutic efficacy in melanoma has early been 
assumed since the mutational load in this particular tumor entity 
is rather high. To prove the relevance of neoantigens as immuno-
therapeutic targets the contribution of neoantigens to the observed 
therapeutic responses following application of checkpoint inhibi-
tors has been assessed by a number of studies. First evidence that 
there is indeed a positive correlation between the mutational bur-
den in tumors and the observed response came from checkpoint 
inhibitor studies using either PD-1/PD-L1 or CTLA-4 inhibitors. 
After tumor exome sequencing and data processing with NetChop 
and NetMHC algorithms, van Rooij et al. showed the expansion 
of a T  cell response directed against a mutated version of ATR 
(ataxia teleangiectasia and rad3 related) in a melanoma patient 
after therapeutically effective ipilimumab treatment (85). Snyder 
et al. directly investigated the correlation of the mutational load in 
melanoma and therapeutic response to CTLA-4 inhibitors ipili-
mumab and tremelimumab (82). They found that the mutational 
load was indeed associated with the degree of clinical benefit. More 
detailed investigations by genome-wide neoepitope analysis and 
patient-specific HLA-typing allowed the description of specific 
neoantigenic “landscapes” that are present in tumors responding 
to this therapy. In parallel, Rizvi et al. correlated the clinical benefit 
of the PD-1 inhibitor pembrolizumab with the mutational load in 
a patient cohort with non-small cell cancer patients with a wide 
range of neoantigen frequencies due to cigarette smoking. They 
found that the non-synonymous mutational load in tumors was 
associated with improved objective response, durable clinical ben-
efit and progression-free survival (83). Therapeutic efficacy cor-
related with several parameters resulting from the mutational load 
such as a mutation-rich molecular smoking signature, higher neo-
antigenic burden, and DNA repair pathway mutations. Consistent 
results were described by a phase 2 study in colorectal cancer 
patients with mismatch repair deficiency which harbor hundreds 
to thousands of mutations (103). Tumors with mismatch repair 
deficiency showed a significantly higher progression-free survival 
after pembrolizumab therapy compared to mismatch-proficient 
tumors. These observations confirmed the role of mutational bur-
den as a predictive marker in checkpoint therapy of MSI patients 
and suggest an important role for neoantigen-directed immune 
reponses in patients with highly mutated tumors. Nevertheless, 
checkpoint inhibitor studies have also demonstrated that accurate 
prediction of immunoresponsiveness remains challenging since 
a significant number of patients failed to respond to checkpoint 
inhibition despite a high mutational load. Future studies are 
therefore required to reliably discriminate predictive from non-
predictive mutations in patients undergoing checkpoint inhibition 
and to convincingly demonstrate the role of neoantigen-directed 
adaptive immune responses.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


8

Wirth and Kühnel Neoantigen Targeting in Cancer Immunotherapy

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1848

Preclinical Studies Targeting Neoantigens
Several studies in mouse models delivered blueprints how 
neoantigen-directed immunotherapies can be applied in the 
future for effective immunotherapy of cancer. Through investi-
gations in mouse models it was demonstrated that neoepitopes 
are important targets of the immunoediting processes during 
carcinogenesis (18, 19) which decisively shape the immunogenic 
profile of a mature tumor. The Schreiber group identified and 
validated neoepitopes in highly immunogenic carcinogen-
induced sarcomas including neoantigens that enabled tumor 
rejection such as spectrin-β R913L, or were involved in 
tumor rejection in response to checkpoint inhibition such as 
neoepitopes derived from mutated LAMA4 or mutated ALG8 
(104). In parallel, investigations were undertaken to find out 
how these neoantigen-derived immunogenic profiles can be 
determined and translated into suitable targeted immuno-
therapies. The Sahin group used next generation sequencing 
to identify 962 non-synonymous point mutations in B16F10 
melanoma cells from which 563 were found in expressed genes 
(42). Next, the researchers investigated the actual immunogenic-
ity of 50 selected peptides harboring most promising candidate 
mutations according to prediction with NetMHC. One third of 
these peptides were indeed immunogenic with 60% preferential 
activity against the mutated peptide compared with the wild-type 
equivalent. In transplant tumor models, vaccinations with these 
peptides conferred antitumor activity in protective as well as 
therapeutic settings. Together with the findings by the Schreiber 
group described above these observations clearly demonstrated 
the feasibility of bioinformatic evaluations of entire neoepitope 
spectra that can be used as raw material to identify therapeuti-
cally relevant immune responses targeting neoepitopes. In a 
different approach, Yadav et al. further optimized the accuracy of 
immunogenic neoantigenic peptide identification by including 
mass spectrometry of peptides present on MHC class I molecules 
(105). For their purpose, the authors investigated two widely 
used tumor models including the murine colon carcinoma cell 
line MC38. Using whole-exome and transcriptomic sequencing 
as well as MHC binding prediction, they found 1,300 amino 
acid changes of which 13% were potential MHC class I binders. 
A small fraction of these candidates were indeed confirmed by 
mass spectrometry. The circle of candidates was further narrowed 
down by molecular modeling of the peptides bound in the groove 
of MHC class I. Only those peptides that exposed the mutation 
to the exterior were considered immunogenic. Those included 
the strong H-2Db epitopes of mutated Reps1 and Adpgk, and 
the H-2Kb epitope of Dpagt1. Remarkably, vaccinations with 
peptides predicted by this combined in  silico prediction/mass 
spectrometry approach yielded therapeutically active T  cell 
responses thus impressively confirming its excellent accuracy. 
Central aims of these strategies were not only to show the feasi-
bility of in silico prediction of neoepitopes within acceptable time 
but also to demonstrate the accuracy and reliability of the chosen 
in silico approach in identifying immunogenic neoepitopes. Mass 
spectrometry was a first powerful analytical step to narrow down 
the number of therapeutically relevant neoepitodes with an addi-
tional validation step. However, the more stringent the selection 
criteria are in silico or in vivo, the higher the risk to omit relevant 

neoepitope candidates for targeted therapies. As an example, 
the nature of the chosen immunotherapy may impact on the 
quality of neoepitope responses as Gubin et  al. demonstrated 
in their study when showing treatment-specific transcriptional 
alterations in neoepitope-specific CD8 T cells after CTLA-4, or 
PD-1 checkpoint inhibition, respectively (104). As an alternative 
means to identify neoepitope-specific CD8 T cell with potential 
relevance in immunotherapeutic treatments, we have pursued 
an alternative strategy including neoepitope prediction and 
confirmation of immunogenicity using intratumoral application 
of oncolytic viruses. To this end, we analyzed the spectrum of 
candidates for neoepitope-specific CD8 T  cell responses in 
murine CMT64 lung cancer cells that are highly resistant to 
immunotherapy such as systemic PD-1 blockade (106). Similar 
to the aforementioned studies, next generation sequencing and 
data processing facilitated the detection of 274 non-synonymus 
mutations. The corresponding peptide sequences were analyzed 
by the SYFPEITHI algorithm for CD8 T cell epitope prediction 
to yield 44 neoepitope candidates that potentially bind to MHC 
class I with high affinity. Among those, five neoepitope-specific 
responses directed against the mutations H2Q2-D244E, Ndufs1-
V491A, Rab13-K196N, Ppat-I208M, and Gsta2-Y9H were identi-
fied in peripheral blood following intratumoral application of an 
oncolytic adenovirus in all investigated individuals. Interestingly, 
when intratumoral virotherapy was administered together with 
systemic PD-1 checkpoint inhibition, a strong broadening of 
the neoepitope spectrum with improved antitumor efficacy was 
observed including neoepitope-specific responses that were nei-
ther detectable after PD-1 blockade nor after virotherapy, when 
applied as monotherapies. The use of tumor selectively replicat-
ing viruses is therefore not only an effective means to lyse tumors. 
Our observations also demonstrate that viral oncolysis mimics 
the effect of a vaccine that covers the complete antigenic spec-
trum of the target tumor, including neoantigens. Consequently, 
application of oncolytic virotherapy may not only be used as 
direct tumor therapy but may also serve as a method to validate 
the responsiveness of tumor-specific T cell clones to a predicted 
neoepitope, either for tracking and assessing the success of 
therapy or for facilitating the design of additional immunothera-
peutic means to further enhance responding neoepitope-specific 
T cell responses. Yet another alternative prediction method con-
sidered the difference in NetMHC score between a neoepitope 
and the unmutated counterpart together with the overall affinity 
of the peptide bound to MHC class I. By applying this method, 
Duan et al. were able to detect unique neoepitopes that provided 
substantial tumor protection (107). Interestingly, the authors also 
found neoepitopes with rather weak affinities that were lower 
than the affinity threshold that is usually considered sufficient for 
effective interaction. Though mechanistic studies have suggested 
that high affinity neoepitopes are mandatory for tumor rejection, 
it will need further investigations to discriminate how several 
weak or moderate avidity CD8 T cell responses may cooperate in 
tumor rejection. Although responses against a single, low-affinity 
neoepitope might be insufficient for tumor rejection, multi-
pronged responses may develop enough cumulative antitumor 
efficacy required for rejection and at the same time prevent the 
generation of escape variants.
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A further critical aspect is the contribution of neoepitope-
specific immune responses by CD4 T cells. The contribution of 
CD4 T cells to antitumor effects is known from depletion stud-
ies and the presence of antitumoral antibodies (104, 108). The 
observed control of tumor growth in experimental tumor models 
harboring transposons for CD4 and CD8 neoepitopes also sug-
gest a mechanistical role of CD4 and CD8 T cell interaction in 
cancer immunosurveillance (109). The relevance of CD4 T cell 
neoepitopes has been shown in humanized mouse models and in 
patients. Schumacher et al. demonstrated that after peptide vac-
cination of mice transgenic for human MHC class I and II with 
a mutated peptide of isocitrate dehydrogenase 1 (IDH1), mice 
developed effective MHC class II-restricted, mutation-specific 
antitumor immune responses resulting in growth control of 
tumors expressing mutated IDH1 in a CD4 T  cell-dependent 
manner (101). The Rosenberg group confirmed the therapeutic 
relevance of a CD4 T cell neoepitope in a patient with metastatic 
cholangiocarcinoma following adoptive cell transfer (110). 
Linnemann et al. investigated and validated neoantigen-specific 
CD4 T  cell responses in melanoma patients and found that 
these responses are indeed present but rather rare events (90). 
In a study in mice, the Sahin group found surprisingly that vac-
cinations using long peptides containing predicted CD8 T  cell 
neoepitopes resulted in effective, tumor-directed T cell responses 
that were vastly dominated by neoepitope-specific CD4 T  cell 
responses (111). These findings might be due to the method 
used for prediction or to species-specific effects. Also, it has to be 
taken into consideration that prediction of MHC class II epitopes 
is in general more error-prone than prediction of MHC class I 
epitopes. This is due to the fact that peptides are more loosely 
bound to the groove of MHC class II and a more variable size is 
tolerated making in silico prediction more demanding compared 
with prediction of CD8 T cell epitopes.

Whereas multiple studies support the usefulness of neoepitope 
prediction for the design of immunotherapies the limitations 
of this method have been far less defined. A study by Martin 
et al. suggest that this could be the case in tumors with moder-
ate to low mutational burden. This has been assessed by whole 
exome and transcriptome sequencing on ID8-G7 cells (112). 
The authors identified 39 transcribed missense mutations and 
applied corresponding peptide vaccines in mice. Whereas 7 of 
17 neoepitope-specific vaccines, directed against predicted MHC 
class I binding mutations, induced robust mutation-specific T cell 
responses, none of the vaccines yielded a therapeutic benefit in 
tumor-bearing mice illustrating the limits of neoantigen-directed 
immunotherapy.

A specific future requirement for neoepitope response predic-
tion in immunotherapy should include the reliable coverage and 
definition of a neoepitope-specific T  cell responses capable of 
tumor rejection. This remains a challenging task when only relying 
on in silico approaches. Certainly, a stringent immunomonitoring 
is required to detemine neoepitope-specific T cells that actually 
respond to therapy (113). Much of the preclinical work using 
in  silico epitope prediction that has been presented up to now 
has been performed in inbred animal models with relatively little 
pathogen exposure reflecting rather unexperienced “naive” indi-
viduals. It is therefore a general question in how far the obtained 

data reflects the situation in humans patients considering the vast 
diversity of the “immunome” in immunologically experienced 
cancer patients. Therefore, additional analytical steps are urgently 
needed that take into consideration how the human immune sys-
tem is altered in aged and immunologically experienced cancer 
patients. This should facilitate the design of a tailored therapy that 
fits the needs of a truly personalized neoantigen vaccine.

Adoptive Cell Transfer Strategies
Next generation sequencing techniques and neoepitope prediction 
have also facilitated more precise investigations of the specificities 
of TILs and the design of neoantigen-directed T cells for adoptive 
transfer immunotherapies. Adoptive transfer of tumor-directed 
immune effector cells such as TILs represents a classical approach 
to target tumor antigens for cancer immunotherapy. A striking 
advantage compared with active immunization or checkpoint 
inhibition is that tumor-reactive cells can be identified and then 
expanded in vitro to large numbers before giving them back to the 
patient in combination with IL-2 (114). As a potential limitation, 
the method requires an invasive procedure to obtain material 
for isolation and growth of the desired TILs. Furthermore, TILs 
may contain exhausted, terminally differentiated populations that 
limit their use in adoptive T cell therapy approaches or T cells 
that do not recognize tumor antigens. An alternative is to redirect 
peripheral blood lymphocytes to tumors by transduction with 
heterologous TCRs to facilitate tumor recognition. First clini-
cal trials with ACTs using genetically engineered TCRs against 
MART-1 or NY-ESO1 showed objective tumor responses, but 
also “off-target” toxicities (33, 115). Since neoantigens are bona 
fide TSAs, the adoptive transfer of neoantigen-directed T  cells 
promises antitumoral activity without off-target effects and thus 
reduced adverse events. Correspondingly, various therapeutic 
approaches have been reported that successfully translate these 
principles to adoptive transfer of neoepitope-directed T cells. The 
Blankenstein group (116) generated transgenic T cells express-
ing a TCR directed against a known immunogenic mutation 
in CDK4 which results in two mutant isoforms of CDK4. In an 
MHC class I humanized mouse tumor model, the authors showed 
effective expansion of T cells and IFN-y expression. Interestingly, 
the response to these two isoforms was dramatically different 
indicating the highly variable quality of neoantigens to serve as 
T cell targets. Using transcriptomic sequencing of a UV-induced 
tumor, Leisegang et al. identified a mutation in p68, a coactivator 
of p53. This mutation turned out to be a well suited neoepitope 
since it reflects a trunk mutation and binds to MHC with high 
affinity. TCR-transgenic T cells recognizing this neoepitope were 
capable of eradicating established tumors. However, when the 
antigen was autochthonously expressed, T cell pressure promoted 
the emergence of escape variants (117). Immune escape was pre-
vented when expression of the neoantigen was warranted in all 
tumor cells or when additional immunotherapeutic means such 
as irradiation were applied. The emergence of escape variants 
parallels clinical experience with molecular targeted therapies 
and strongly recommends the development of multi-targeted 
immunotherapies to prevent immunotherapy failure.

To engage a significant number of functional neoantigen-
directed T cell specificities, the Rosenberg group first enriched 
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neoantigen-specific TILs prior to isolation of the correspond-
ing TCRs. The information from tumor exome sequencing 
and epitope prediction was used to generate tandem minigene 
constructs harboring the corresponding mutated sequences for 
expression of the corresponding neoepitope peptides in dendritic 
cells. Coincubation of these DCs with TILs resulted in enrich-
ment of neoantigen-reactive T  cells facilitating the isolation of 
neoantigen-reactive TCRs for later transduction of peripheral 
blood lymphocytes (118). The authors thus presented a feasible 
method to generate functional and effective neoantigen-reactive 
T cells for future adoptive cell transfer immunotherpies.

This group also proposed the TCR transfer into peripheral 
blood lymphocytes by electroporation of sleeping-beauty 
transposons encoding patient-derived TCRs reactive against 
particular neoantigens. In a murine context, these T cells harbor-
ing TCR encoding transposons were able to rapidly expand and to 
mount polyfunctional responses against the cognate neoantigens 
suggesting sleeping beauty mediated transposition of mutation-
specific TCRs as a suitable method to generate personalized 
adoptive T cell therapies (119).

A limiting factor of neoantigen-directed immunotherapy 
appears to be fact that only a minority of predicted neoepitopes 
is recognized by autologous TILs. To address this bottelneck, 
Strønen et al. suggested strategies to complement the spectrum 
of T cell responses in individual patients using the TCR reper-
toire of healthy donors. In these heterologous T cell repertoires 
they discovered neoantigen-recognizing T  cells responding to 
predicted neoepitopes in tumor patients that were neglected by 
the patients autologous T cell repertoire. T cells redirected with 
the TCRs from donor-derived T cells were then able to effectively 
recognize the patient-derived melanoma cells (120).

A generally attractive method to redirect T cells to cancer cells 
is the use of chimeric antigen receptors (CARs). In CARs, the 
ligand for the molecular target is usually a single chain variable 
fragment (scFv) derived from a target-binding antibody. The use 
of CARs circumvents some problems associated with the use 
of TCR transfer such as mixed chimerism, unwanted off-target 
specificities and MHC downregulation in target cells. Posey 
et al. have developed a CAR that recognizes the tumor-specific 
glycoform of MUC1, a TSA already described in the introduc-
tion (121). Anti-MUC1 CAR T  cells demonstrated effective 
cytotoxicity and tumor growth control in xenograft models of 
leukemia and pancreatic cancer. However, the glycosylated form 
of MUC1 is present in various cancers and is therefore not fully 
representative of mutation-derived neoantigens as described 
in the previous chapters. It remains an open question whether 
the CAR approach can be reasonably translated into highly 
personalized immunotherapies targeting mutation-derived 
neoantigens.

Neoepitope-Directed vaccination and 
Current Clinical Trials
Although the history of clinical success of cancer vaccines has 
so far been rather disappointing, vaccines remain a promising 
tools for targeted immunotherapy. It is currently unknown 
whether vaccines with neoantigens are able to augment 

pre-existing responses in patients which have failed to reject 
a tumor. It has been shown by Carreno et  al. in melanoma 
patients that a dendritic cell vaccine directed against a number 
of predicted neoepitopes indeed led to an increase in naturally 
occurring neoantigen-specific responses. Most importantly, the 
vaccination was able to induce epitope spreading by triggering 
de novo neoantigen-specific responses with diverse TCR usage 
(52). These observations showed the clear benefit of vaccinations 
with regard to the breadth of the immune response and the clonal 
diversity of neoantigen-directed immunity.

Two recent clinical studies have provided further proof-of-
concept to translate neoepitope prediction into personalized 
cancer vaccine formulations which induce effective tumor 
responses in patients with advanced cancer (50, 51). Sahin et al. 
have administered a highly personalized RNA-based vaccine in 
13 patients with advanced melanoma. The personalized vaccines 
were set up by an RNA reflecting five connected 27mer peptides 
harboring MHC class I and class II neoepitopes with high binding 
prediction scores. The researchers showed that vaccination led 
to rapid expansion of neoepitope-specific responses with central 
and effector memory phenotypes. Vaccine-dependent T cell infil-
tration and neo-epitope-specific tumor cell killing was confirmed 
in resected tumor material. With regard to the clinical outcome, 
the authors observed a reduction in metastases and an objective 
response in two out of five patients. One of the two respond-
ing patients later relapsed due to the loss of β2-microglobulin 
indicating an adaptive immune escape of the tumor. Strikingly, 
the authors found a complete response when vaccination was 
combined with checkpoint inhibition. In a second study, Ott 
et  al. subcutaneously applied a personalized, peptide-based 
vaccine with polyIC:LC (Hiltonol) in six patients with advanced 
melanoma (51). Here, up to 20 neoepitopes were selected, based 
on previous determination of the neoepitope binding affinity to 
HLA molecules. After vaccination, the patients developed multi-
functional CD4 and CD8 T cell responses. Of these patients, four 
had no recurrence at month 25 after treatment. The two patients 
with recurrent disease were additionally treated with the PD-1 
blocking antibody pembrolizumab and experienced complete 
regressions while significant expansion of the neoepitope-specific 
T cell repertoire was observed. Although these findings need to 
be further corroborated in larger clinical studies, they prove fea-
sibility and safety of this approach and promise excellent synergy 
when combined with subsequent checkpoint blockade.

ReSiSTANCe MeCHANiSMS

The development and systemic spread of cancer represents a 
failure of both the innate and the adaptive immune system. 
Immune cells have been shown to control even the earliest 
events of malignant transformation by induction of senescence 
in pre-malignant cells in a CD4-dependent manner (16). Due 
to the constant interaction of malignant and immune cells the 
tumor undergoes a process called “immunoediting” consisting 
of the three distinct phases elimination, editing and escape  
(17, 122). During the elimination phase, innate and adaptive 
immune cells recognize malignant cells and eliminate them to 
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prevent the formation of tumors. In case this early elimination 
fails, tumor cells may enter a state of dormancy in which both 
systemic spread and complete elimination of the malignant 
cells is prohibited. Eventually, cancer cells may escape from 
this equilibrium phase by evading recognition of the immune 
system, resulting in local formation of cancers, tumor recurrence 
and eventually systemic spread. In clinically apparent tumors a 
number of escape mechanisms have been shown that prevent 
recognition by the immune system.

First, tumors may silence the expression of the recognized 
antigen. Similar to tumors with only heterogeneous expression of 
the target antigen, this escape mechanism results in the develop-
ment of tumor cells devoid of the target antigen. Loss of the target 
antigen has been convincingly shown in mice and cancer patients 
undergoing immunotherapy (123, 124). This phenomenon of 
immune escape is of particular importance in mono- or oligo-
clonal immune responses and in immunotherapeutic approaches 
that target bystander mutations. Under these circumstances, 
cancer cells can easily escape recognition by the T cells without 
detrimental effects on cancer cell growth by downregulating the 
expression of target genes if their functions are dispensable for 
cell viability.

Second, antigen presentation can be negatively affected. 
Tumors may downregulate the expression of MHC molecules, 
either by allelic loss or downregulation of protein transcrip-
tion or translation (125). However, the frequency of MHC-
downregulation is difficult to estimate since MHC expression 
appears to be extremely heterogenous when stained in biopsy 
material, also when regarding primary tumors and metastases 
(126, 127). A further reason for reduced antigen presentation 
could be the loss or reduced expression of genes that are part of 
the antigen-processing machinery such as the transporter associ-
ated with antigen processing (TAP) (128). The impact of these 
mechanisms of immune evasion has been convincingly shown 
in cancer patients and may result in the formation of cancer cells 
that are no longer subject to surveillance by CD4 or CD8 T cells 
(129). However, these cancer cells can still be targeted by natural 
killer cells or CAR T cells which are able to recognize cells devoid 
of MHC molecule expression or can be eliminated indirectly in a 
processes referred to as bystander killing (130).

As a third escape mechanism tumors may create a local 
milieu of immunosuppression that prevents the formation of 
an immunological synapse between cytotoxic T  cells and the 
tumor cells. This may be achieved simply by preventing access 
of T cells to tumor cells inside the affected organ, for example 
by extensive proliferation of tumor-associated stromal structures 
(131). Alternatively, tumors may orchestrate the accumulation 
of immunosuppressive cell populations (e.g., regulatory T cells 
and myeloid-derived suppressor cells) into the tumors that 
negatively affect T  cell trafficking, expansion or differentiation 
of T cells into functional cytotoxic T cells, leading to functional 
exhaustion and ultimately deletion of cancer-specific T cell clones 
(132). This resistance mechanism is of particular importance in 
solid tumors with a strong stromal component which often takes 
an active part in the suppression of adaptive immune responses  
(133, 134). Upregulation of PD-1 on T cells has been shown to 
be one of the phenotypic hallmarks of cancer-induced T  cell 

exhaustion thus laying the foundation for the ground-breaking 
checkpoint inhibitor studies in patients with solid tumors (135).

CONSiDeRATiONS ON DeSiGN OF 
THeRAPeUTiCALLY eFFiCieNT 
NeOANTiGeN vACCiNeS

The mechanisms of immune escape described above have to be 
considered in the design of immunotherapy trials targeting neo-
antigens. To minimize the chance for the development of escape 
variants current vaccination trials aim at inducing polyclonal 
immune responses against multiple epitopes, in some cases up 
to 20 neoepitopes in a single vaccination (51). However, these 
epitopes are typically derived from bystander rather than driver 
mutations due to the limited number of functionally activating 
somatic mutations in driver genes. The outgrowth of tumor cell 
clones without MHC surface expression poses a yet unsolved 
problem to neoantigen-targeting vaccination approaches. One of 
the most promising strategies to prevent the formation of MHC-
negative clones could be to minimize the time for the tumor to 
adapt to the adaptive immune response by mounting rapid, poly-
clonal T cell responses (“hit hard and early” strategy). However, 
this strategy does not take into account that MHC-negative 
cancer clones could be present even before the vaccination. This 
has to be considered since MHC downregulation appears to be a 
rather frequent event in response to tumor immune recognition. 
If loss of MHC expression represents a stochastic event, reduction 
of tumor mass before the vaccination or adjuvant vaccinations 
after tumor resection could represent a possible solution.

FUTURe OUTLOOK

In the past years, immune responses targeting neoantigens have 
gained considerable attraction due to a number of clinical reports 
that have demonstrated the potent clinical effect of adaptive 
immune responses against these TSAs in cancer patients. As sum-
marized above, the impact of neoantigen targeting extends from 
a predictive role in checkpoint inhibition to convincing clinical 
effects in individual patients after adoptive cell transfer and cul-
minates in the recent success of personalized neoantigen vaccines 
in melanoma patients (50, 51). After a series of disappointing 
vaccination attempts, these results currently spur the hope that 
the goal of personalized immunotherapy is finally within reach. 
However, for a broad application of neoantigen-targeting immu-
notherapies in humans there are still a significant number of 
obstacles that have to be addressed and solved in the near future. 
Cancers treated by personalized immunotherapies in the form of 
adoptive CTL transfer or vaccinations are exposed to a high selec-
tion pressure favoring the evolution of escape variants. In fact, 
some of the very first reports of neoantigen-directed vaccines have 
already demonstrated a number of resistance mechanisms of solid 
tumors. As one example, loss of neoantigens with heterogeneous 
expression inside the treated tumor has been shown to result in 
the selection of subclones devoid of the target neoantigen (136) 
by means of chromosomal deletion. In another study, expression 
of the target was not only reduced by loss of the mutant alleles but 
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also by a global downregulation of target gene expression (137). 
Some tumor entities including checkpoint-inhibition refractory 
pancreatic duct adenocarcinoma may escape neoantigen-targeted 
vaccination therapy simply by inducing a potent local immuno-
suppressive milieu (138) that prevents activation of neoantigen-
specific T cells. The most frequent escape mechanism, however, 
has been shown to be the loss of global MHC expression, both 
after adoptive transfer of T  cells and after neoantigen-directed 
vaccination (139). Loss of MHC class I expression may represent 
the most challenging escape mechanism resulting in complete 
abrogation of tumor recognition by cytotoxic T cells.

The evolution of escape mechanisms calls for the careful design 
of neoantigen-directed immunotherapies to avoid the selection of 
resistant subclones and to ensure successful vaccination. As an 
example, tumors characterized by a strong immunosuppressive 
micromilieu may be treated by combining neoantigen-targeting 
vaccines with chemotherapeutic regimens that deplete immu-
nosuppressive Tregs or MDSC (e.g., cyclophosphamide and 
gemcitabine, respectively). To enhance the efficacy of the vaccine 
and to break local immunotolerance, checkpoint inhibitors have 
already been used either in combination or after neoantigen vac-
cination, resulting in complete tumor regression in a number of 
treated patients (50). The combination of neoantigen vaccines and 
checkpoint inhibitors seems in many ways ideal since these novel 
vaccines induce high numbers of tumor-specific T  cells whose 
cytotoxic function can be restored by coadministration of check-
point inhibitors. To prevent the selection of tumor clones with 
downregulated target antigen the choice of the neoantigen targets 
seem critical. In contrast to monoclonal immune responses, poly-
clonal immune responses against multiple neoantigens have been 
shown in murine tumor models to reduce the formation of escape 
variants (140). Ideally, the spectrum of neoantigens is to include 
driver mutations in genes with essential functions in tumor cell 
vitality, proliferation or metastasis. However, since driver muta-
tions are not only rare but also rarely immunogenic in the context 
of a given MHC haplotype these mutations have so far not been 
used frequently in the context of neoantigen vaccines.

The emergence of tumor subclones devoid of MHC class I 
expression represents the most challenging resistance mechanism 
to vaccines so far. Allelic loss of MHC molecules prevents recog-
nition of the tumor cells by CD8 T cells and, in some cases, even 
CD4 T cells. In contrast, downregulation of MHC molecules can 
be counteracted by small molecules such as cobimetinib which 
is currently under clinical investigation in combination with the 
PD-L1 targeting antibody atezolizumab for the treatment of colo-
rectal cancer (trial number: NCT01988896). A critical question to 
be considered in the design of vaccines is whether MHC-negative 
tumor clones are already present at the beginning of the vaccina-
tion or if the resistant clones emerge during vaccination. If resist-
ant clones emerge during vaccination, then vaccination should be 
designed to inflict maximum damage in a short period of time to 
avoid the equilibrium and the escape phase of the tumor-immune 
cell interaction. According to this hypothesis, an ideal vaccina-
tion regimen would consist of a limited number of vaccinations 
with a maximized magnitude of the ensuing T cell response (“hit 
hard and early”). Even in the case that MHC-negative tumor 
subclones are already present at the beginning of the vaccination, 

a “hit hard and early” vaccination might have advantages since 
high magnitude immune responses may favor the influx of 
natural killer cells which preferentially recognize and eliminate 
MHC-negative tumor cells. MHC-negative tumor cells should be 
preferred targets of natural killer cells. Consequently, it should 
be considered to combine neoantigen-directed immunotherapy 
with systemic NK cell activators. In preclinical studies, antibodies 
targeting NK cell checkpoints, such as CD96 have demonstrated 
the ability to control metastasis (141). In addition to the engage-
ment of natural killer cells, CAR T cells could be used to over-
come MHC-restriction and restore sensitivity to immunotherapy. 
A more simple approach to newly emerging MHC-negative 
tumor subclones or metastases may be to perform surgical resec-
tion whenever possible. Since the risk for the formation of MHC-
negative tumor cells may correlate positively with tumor mass. 
This is consistent with results of mathematic models on targeted 
therapies which suggest that the likelihood of resistance following 
targeted therapy is a straight correlate of the number of tumor 
cells present at therapy start (142). Therefore, the combination 
of neoantigen vaccines with surgery or alternative cytoreduc-
tive means seems to be critical to minimize the risk of resistant 
tumor cells. The use of vaccines as an adjuvant treatment follow-
ing surgery seems ideal since removal of the tumor abrogates 
the tumor-mediated immunosuppression and minimizes the 
number of post-operative tumor cells and therefore the chance 
for the survival of MHC-negative clones. In contrast to current 
chemotherapeutic regimens the combined treatment of surgery 
and tumor vaccinations may be a valuable option even in patients 
with advanced/metastatic disease since resistance to vaccinations 
is frequently a local instead of a systemic challenge. Finally, strate-
gies targeting neoantigens could be of therapeutic value even in 
neoadjuvant settings. Consistent with this assumption, it has been 
shown in murine models with resectable tumors that neoadjuvant 
T  cell stimulation using antibodies targeting PD-1 and CD137 
was more effective in preventing metastasis compared with the 
same treatment when applied after tumor resection (143). These 
results suggest that under certain circumstances the tumor may 
serve as an important source of immunogenic antigens that can 
be exploited to induce neoantigen-specific immune responses.

In summary, the advent of novel therapies targeting neoan-
tigens will revolutionize the treatment of cancer patients in the 
decades to come by fulfilling the promise of a personalized, indi-
vidual treatment. Vaccinations are ideally suited for combination 
therapies, particularly in combination with checkpoint inhibitors, 
but also in combination with surgery, radiation therapy, chemo-
therapy, and locoregional and locally ablative procedures.
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