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Abstract There are currently three major approaches to T

cell-based cancer immunotherapy, namely, active vacci-

nation, adoptive cell transfer therapy and immune check-

point blockade. Recently, this latter approach has

demonstrated remarkable clinical benefits, putting cancer

immunotherapy under the spotlight. Better understanding

of the dynamics of anti-tumor immune responses (the

‘‘Cancer-Immunity Cycle’’) is crucial for the further

development of this form of treatment. Tumors employ

multiple strategies to escape from anti-tumor immunity,

some of which result from the selection of cancer cells with

immunosuppressive activity by the process of cancer

immunoediting. Apart from this selective process, anti-tu-

mor immune responses can also be inhibited in multiple

different ways which vary from patient to patient. This

implies that cancer immunotherapy must be personalized to

(1) identify the rate-limiting steps in any given patient, (2)

identify and combine strategies to overcome these hurdles,

and (3) proceed with the next round of the ‘‘Cancer-Im-

munity Cycle’’. Cancer cells have genetic alterations which

can provide the immune system with targets by which to

recognize and eradicate the tumor. Mutated proteins

expressed exclusively in cancer cells and recognizable by

the immune system are known as neoantigens. The

development of next-generation sequencing technology has

made it possible to determine the genetic landscape of

human cancer and facilitated the utilization of genomic

information to identify such candidate neoantigens in

individual cancers. Future immunotherapies will need to be

personalized in terms of the identification of both patient-

specific immunosuppressive mechanisms and target

neoantigens.

Keywords Cancer immunotherapy � Next-generation-
sequencing � Neoantigen

Tumor immunology and cancer immunotherapy

It was a controversial issue for over a century as to whether

an effective immune response can be elicited against

tumors and whether cancer immunotherapy is feasible [1].

It has now been accepted, however, that both the innate and

adaptive arms of immunity can target tumor cells and that

these immune responses can be harnessed to control can-

cer. Cancer immunotherapy used to be categorized into two

types, cancer vaccination and cell transfer therapy (Fig. 1).

Cancer vaccines rely on active immunotherapy to induce

anti-tumor immunity in vivo by immunization with tumor

antigens, while cell transfer therapies rely on passive

adoptive treatments depending on harvesting, expanding

and re-infusing autologous lymphocytes that are reactive to

tumor cells [2, 3]. Cell transfer therapies may be improved

by incorporating genetic engineering technologies to

design T cells with specificity for tumor antigens [4, 5].

More recently, a new form of immunotherapy known as

immune checkpoint blockade has been introduced in the

clinic [6]. Antibodies targeting so-called immune check-

point molecules, such as CTLA-4, PD-1 and PD-L1, re-

invigorate pre-existing compromised anti-tumor T cells by

releasing them from immunosuppression. All of these

cancer immunotherapies depend on the augmentation of T
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cell-mediated cellular immunity with tumor-specific cyto-

toxic T lymphocytes (CTLs) playing a pivotal role.

Advances in fundamental basic science regarding anti-tu-

mor immunity including knowledge of tumor antigens,

immune-suppressive cells, factors and signaling pathways

observed in the tumor-bearing host in addition to better

understanding of the effector arm of anti-tumor immunity

has finally resulted in the establishment of successful

cancer immunotherapies [7].

The Cancer-Immunity Cycle

The understanding of the dynamics of anti-tumor immune

responses is crucial for the development of cancer

immunotherapy. Recently, Chen and Mellman illustrated

these points in what they called the ‘‘Cancer-Immunity

Cycle’’ (Fig. 2) [8]. First, tumor antigens are released from

dying tumor cells (Fig. 2�) and are captured by immature

dendritic cells (DC). Changes at the surface of dying tumor

cells, such as the expression of calreticulin (CRT) and heat

shock proteins (HSPs), in addition to the release of

immunostimulatory ‘‘danger’’ signals such as high mobility

group box 1 (HMGB1) and ATP, define ‘‘immunogenic

cell death’’ (ICD). CRT, HMGB1 and ATP bind to CD92,

TLR4 and P2RX7, respectively. This can result in signals

causing the maturation of DCs and can facilitate their

migration to draining lymph nodes (Fig. 2`) [9]. Proin-

flammatory cytokines and even the gut microbiota can

affect these events [10]. Optimally, DCs will process the

captured tumor antigens and present them via their MHC

class I and II molecules to stimulate T cells, which, toge-

ther with DC costimulatory signals leads to priming and

activation of effector T cells reactive to tumor cells

(Fig. 2´). However, the responding T cells are exposed to

co-inhibitory as well as co-stimulatory signals during this

process; a balance between them is thought to determine

the nature of the immune response and the final outcome

[6]. Suppressive cells such as regulatory T cells (Tregs)

also affect T cell priming, probably via their interaction

with the DCs [11]. The activated effector T cells that may

finally be generated in this manner must then traffic to and

infiltrate into the tumor bed (Fig. 2ˆ˜) so that they can

recognize and kill their target cells (Fig. 2Þþ). Tumor-

specific cytolytic effector T cells recognize MHC class

I/peptide complexes on the cell surface; tumor cells with

defective expression of MHC molecules can evade this

process. In addition, many inhibitory mechanisms are

active within the tumor microenvironment, such as Tregs

and myeloid-derived suppressor cells (MDSC), which

hamper the anti-tumor effector response. However, if and

when tumor cells are destroyed, additional tumor antigens

can be released to initiate further cycles of anti-tumor

immune responses. This secondary immunity potentially

targeting distinct wider ranges of tumor antigens is rec-

ognized as ‘‘antigen spreading’’ and contributes to

increasing the breadth and depth of anti-tumor immunity in

subsequent cycles [12].

At early stages of carcinogenesis, the transformed cells

can be attacked by the immune system and probably

eliminated. However, if and when some tumor cells

eventually evade the immune system, possibly by acquiring

Fig. 1 Cancer immunotherapy.

Cancer immunotherapy is

categorized into three

approaches: cancer vaccination,

cell transfer therapy and

immune checkpoint therapy. All

modalities depend on the

cellular immune response to

control tumor cells
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an immunosuppressive phenotype, this results in the for-

mation of overt tumor [13]. Tumors employ multiple

strategies to attenuate the effector activities of anti-tumor

immunity, often as a result of selection pressure exerted by

the immune system in a process designated ‘‘cancer

immunoediting’’ [14, 15]. As a result, the Cancer-Immu-

nity Cycle is interrupted at one or more steps in cancer

patients (Fig. 2). For this reason, cancer immunotherapy

must be personalized (1) to identify the rate-limiting steps

in any given patient, because these may be different in

different patients; (2) to combine strategies to overcome

these hurdles; (3) to trigger the Cancer-Immunity Cycle to

proceed. Cancer immunotherapies are designed to bypass

several crucial steps of this cycle and to amplify and

propagate the anti-tumor immune response. For example,

cancer vaccines can bypass both steps � and ` to initiate

an immune response. Cell transfer therapy starts the cycle

from step ˆ. Oncologists will need to select and combine

appropriate immunotherapeutic strategies to generate and

maintain anti-tumor immunity by sustaining Cancer-Im-

munity Cycles in each patient.

For a long time, investigators focused primarily on

induction and expansion of CTLs that can selectively rec-

ognize cancer cells, but now we understand that the para-

digm of immunotherapy has shifted more towards

overcoming immunosuppression, rather than actively

inducing anti-tumor immunity. We will discuss these

points in greater detail in the next section.

Immune checkpoint therapy

Because of the remarkable clinical benefits observed in

some patients due to the development of immune check-

point therapy, cancer immunotherapy in general has once

more come under the spotlight. The immune system is

equipped with multiple negative feedback mechanisms to

prevent excessive immunopathology and autoimmunity.

Immune checkpoint pathways are the locus of action for

several tumor escape mechanisms because cancer cells

hijack this system to evade the immune response. For

example, interactions between CTLA-4 on activated T

cells and CD80/86 on DCs results in the transmission of

inhibitory signals to T cells (inhibition at step ´). Another

pathway is represented by the binding of PD-1 on activated

T cells to PD-L1 on tumor cells, which also attenuates T

cell signaling and inhibits T cell proliferation and function

(inhibition at step þ). Immune checkpoint inhibitors, such

as anti-CTLA-4, anti-PD-1, and anti-PD-L1 antibodies can

re-activate impaired anti-tumor immune responses by

Fig. 2 Cancer-Immunity Cycle. The generation of immunity to

cancer is dynamic and described as a cyclic process with 7 major

steps. Each step is confronted with inhibitory factors (in blue) that can

halt the cycle. Abbreviations are as follows: CRT calreticulin, ATP

adenosine triphosphate, HMGB1 High Mobility Group Box 1, LN

lymph node, DCs dendritic cells, CTLs cytotoxic T lymphocytes, TCR

T cell receptor, CAR chimeric antigen receptor, IDO indoleamine 2,3-

dioxygenase, mAb monoclonal antibody
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blocking this inhibition and re-initiating the procession of

the Cancer-Immunity Cycle [7, 16, 17]. It has passed a

decade until immune check point blockade has become a

paradigm-shifting in the treatment for solid tumors since

the groups of Dr. J. Allison and Dr T. Honjo reported that

blocking CTLA-4 and PD-1 activated T cell responses and

potentiated anti-cancer immunity, respectively [18, 19]. In

2011, ipilimumab (an anti-CTLA-4 mAb) was approved by

the FDA for the treatment of melanoma [16]; shortly

thereafter, a high response rate was also reported for the

treatment of certain solid cancers by nivolumab (an anti-

PD-1 mAb) [17]. Based on these and other reports of

successful novel immunotherapies and T cell transfer

therapies, Science magazine designated cancer

immunotherapy ‘‘Breakthrough of the year 2013’’ [7]. In

Japan, nivolumab was approved for the treatment of

malignant melanoma and lung cancer in 2014 and 2015,

respectively. It is anticipated that approval will soon be

extended to renal cell carcinoma (RCC), bladder cancer,

lymphoma, triple negative breast cancer and many other

types of cancer over the next few years. The success of

immune checkpoint blockade convinced many oncologists

who had remained skeptical about cancer immunotherapy

of the existence of anti-tumor immunity and of the poten-

tial benefit of its therapeutic application. Additionally,

another paradigm shift is occurring whereby the targets of

tumor treatment are no longer the cancer cells themselves

but the cells of the patient’s immune system. In addition to

the molecules expressed on T cells, other molecules and

cells that are associated with an immunosuppressive

microenvironment induced by the cancer cells are also

promising targets for immunotherapy. Therefore, the

overall potential of cancer immunotherapy will be further

extended by the integration of several therapeutic drugs

according to the immunosuppressive mechanisms involved

at different ‘‘checkpoints’’ in each patient.

All cancer therapy is immunotherapy

Additional to surgery, chemotherapy and radiotherapy,

immunotherapy can be considered as a fourth pillar of

cancer treatment. Recently, the concept has emerged that in

a way all cancer therapy is immunotherapy. For example,

tumor cell killing by some chemotherapeutics such as

anthracyclines and oxaliplatin (but not all agents), or by

radiotherapy, results in antigen release as well as DC

maturation, leading to the induction of anti-tumor immu-

nity. As mentioned above, this type of death has been

designated ICD. ICD facilitates DC migration into the

tumor, enhances tumor antigen uptake and presentation,

together with appropriate costimulatory signals, to T cells

(intervention at steps �–´ in Fig. 2). In addition,

chemotherapeutic agents such as cyclophosphamide and

gemcitabine, and molecular targeted drugs like sunitinib,

decrease the number of Tregs and/or MDSCs (intervention

at steps ´ and þ in Fig. 2) [20]. Surgical removal of the

tumor can also facilitate anti-tumor immunity in that it not

only reduces tumor burden but also normalizes the

immunosuppressive state induced by the tumor. Thus, even

standard care of cancer can strongly affect the immune

response.

Neoantigens

In their recent review, Drs. Schumacher and Schreiber

described ‘‘The genetic damage that on the one hand leads

to oncogenic outgrowth can also be targeted by the immune

system to control malignancies.’’ [21]. Somatic cells

accumulate spontaneously occurring mutations, the

majority of which do not have significant effects, but some

of which affect a gene or regulatory element that leads to a

changed phenotype that may as a consequence contribute

to carcinogenesis. However, independent of their func-

tional relevance for carcinogenesis, these genetic and cel-

lular alterations including both driver and passenger

mutations provide the immune system with potential target

antigens by which they may recognize and eradicate cancer

cells. There are differences in mutation load between

malignant tumors and somatic mutations are found in

10–100/Mb for melanoma and non-small cell lung cancer.

However, breast cancer yields rather low mutation rate of

1/Mb which might be relatively low immunogenicity [22].

The mutated proteins expressed exclusively in cancer cells

and recognized by the immune system are known as

neoantigens (Fig. 3) [23]. Some but not all somatic mis-

sense mutations can yield mutational epitopes (neoepitope)

presented by each patient’s autologous HLA molecules.

Neoantigens are not expressed in the thymus and are thus

not affected by central T cell tolerance are expected to be

more immunogenic than non-mutated self-antigens (Fig. 4)

[24]. There is ample evidence for a role of neoantigens in

determining the magnitude of intratumoral T cell respon-

ses. Analysis of RNA-seq data of 515 patients from The

Cancer Genome Atlas has demonstrated a positive associ-

ation between the numbers of predicted MHC Class I-as-

sociated neoepitopes present and increased patient survival

paralleled by higher CD8A gene expression suggesting

greater intratumoral CTL content [25]. In addition, the

level of intratumoral transcripts associated with cytolytic

activity correlates with a higher mutational burden in 18

human tumor types [26].

Recent studies of immune checkpoint blockade and

tumor-infiltrating lymphocyte (TIL) therapy demonstrate

the relative importance of neoantigens in the effects of
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cancer immunotherapies. In a murine carcinogen-induced

transplantable tumor model, it has been demonstrated that

neoantigens can serve as cancer rejection antigens [15, 27]

and that checkpoint blockade alters both the quality and the

magnitude of the neoantigen-specific intratumoral T cell

response [28]. In a human study, T cell reactivity against

neoantigens was found to be enhanced by anti-CTLA-4

treatment [29], and it was shown that cytotoxic T cell

activity in the tumor also appears to play a central role in

anti-PD-1 mAb therapy for the metastatic melanoma [30].

Long-term clinical benefit in melanoma patients treated

with anti-CTLA-4 mAb [31] and clinical responses in non–

small cell lung cancer patients treated with anti–PD-1 mAb

[32] also correlate with mutational load. In addition, mis-

match-repair deficient colorectal tumors with a large

number of somatic mutations are more susceptible to anti-

PD-1 mAb [33]. For breast cancer, BRCA1 associated

triple negative breast cancer shows higher genomic insta-

bility [34], which might be a good candidate for immune

check point blockade.

The most direct evidence for the role of neoantigen-

specific T cells in anti-tumor immunity comes from TIL

therapy. TILs from patients who showed clinical benefit

contain neoantigen-specific populations that induce tumor

regression and durable responses when adoptively trans-

ferred [35]. In addition to melanoma, neoantigen-specific

CD4? or/and CD8? T cells were detected in gastroin-

testinal cancer [36, 37]. Large-scale HLA-A2 tetramer-

based analysis using a panel of all the known shared non-

mutated antigens has demonstrated that 99 % of human

TILs in melanoma are not reactive with any of the shared

antigens tested and that their reactivity is likely to be

against neoantigens [38]. These data support the notion that

there is a substantial contribution of neoantigen-specific T

cell responses to anti-tumor immunity and

immunotherapies.

Personalized cancer vaccines targeting unique
antigens in each individual

The concept of mutated neoantigen-based cancer

immunotherapy is not novel. Gjertsen et al. conducted the

clinical study of mutant ras peptides vaccination and

reported the induction of peptide-specific T cell responses

(Table 1) [39]. We also conducted vaccine study indirectly

targeting tumor specific mutant neoantigens [40]. We chose

autologous tumor lysates as a source of tumor antigens for

DC vaccination. This was despite their preparation by

repetitive freezing and thawing cycles being quite old-

fashioned and laborious for personalized processing and

the fact that the precise contents are unidentified and differ

from patient to patient. However, tumor lysate potentially

contains a constellation of mutated proteins including

neoantigens derived from somatic mutations in each

patient’s tumor that are now acknowledged as dominant

tumor antigens. Therefore, our DC vaccine could be a

cutting edge cancer vaccine targeting a set of neoantigens,

the majority of which are unique to each individual patient.

When the vaccine is administered to patients, their DCs

should process and present these neoantigens, leading to

the activation of a diverse repertoire of neoantigen-specific

T cells. These actions amplify the Cancer-Immunity Cycles

when combined with the immunoregulatory activity of

sunitinib.

Autologous heat shock protein vaccines are therapeutic

cancer vaccines based on similar concepts. HSPs are

chaperones that bind peptides and transport them

Fig. 3 Neoantigens. Mutated proteins resulting from somatic tumor-

specific mutations can be targets (neoantigens) on the cancer cell and

induce an immune response in the host. Only tumor cells display the

mutated peptide (neoepitope) together with MHC class I molecules

Tumor Antigens

Unique
(Patient-specific)

Shared

Tumor-specific Tissue-restricted

Cancer-Germline Differentiation
Antigens Antigens

Passenger Driver
MutationsMutations

Neoantigens

Tolerance　　　　　　　－　　　　 － or ＋/－　　　　　＋/－　
T cell affinity 　　　＋＋　　　  ＋ or ＋＋　　　　　＋/－ or ＋
Antigenicity 　　     ＋＋　　　 　              ＋ or ＋＋　　　　　＋/－ or ＋

Fig. 4 Classification of human tumor antigens and their antigenicity.

Neoantigens result from somatic mutations and have strong

antigenicity
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throughout the cell. HSP-peptide complexes isolated from

tumor cells represent an individually unique antigenic

repertoire of each cancer, including their neoantigens. In

this approach, patients undergo surgical resection, and

HSP-peptide complexes are isolated from resected tumor

for vaccine production. Srivastava et al. demonstrated that

HSP peptide complex-96 (HSPPC-96) conferred protective

immunity against cancer [41]. While an HSPPC-96 vaccine

(OncophageTM) was approved in Russia in 2008 for

patients who have earlier-stage kidney cancer [42], it is not

yet approved in the USA. However, based on the promising

results in patients with recurrent glioblastoma [43], a ran-

domized Phase II study for the treatment of glioblastoma

sponsored by the NCI is currently underway.

Developing highly personalized immunotherapies
based on mutational analysis of tumors

Since the MAGE-1 antigen was identified in 1991 as an

immunogenic molecular entity on tumor cells that can be

recognized by human T cells [44], a large number of

antigens, most of which are non-mutated self-antigens

aberrantly expressed in human tumors, has been identified

via cDNA expression cloning, using recognition by

tumor-reactive CTLs from the corresponding patients as

the detection system (Table 1). As you can imagine,

identification of individually distinct mutated antigens

was very laborious and painstaking, until recently. Under

these circumstances, it is of note that Lennerz et al.

identified five neoantigens generated by somatic point

mutations in one patient’s melanoma and demonstrated a

dominant role of neoantigen-specific CTLs in controlling

disease [45]. In the early 2000s, reverse immunology, that

is, prediction and identification of immunogenic peptides

from the sequence of a gene product of interest, has been

combined with various mRNA/cDNA subtraction methods

to identify their differential presence in normal tissues

versus cancer cells. Methods have included classical

cDNA subtraction techniques, representational differential

analysis, differential PCR display, and comparison of

cDNA profiles obtained by genome-wide cDNA

microarrays to isolate tumor-associated antigens [46, 47].

Candidate genes with cancer-specific expression are ana-

lyzed using computer algorithms predicting possible

peptide binding to any given patient HLA molecule. This

approach resulted in the identification of a large number

of tumor-associated antigens, mainly non-mutated self-

antigens and cancer-germline antigens. At that time,

efforts were focused on the identification of shared anti-

gens that are expressed on the tumors of as many patients

as possible; unique antigens expressed by individual

tumors were excluded. T cells reactive to shared antigens,

mostly non-mutated self-antigens, are likely subject to

central tolerance and their receptor affinity is often low

(Fig. 4). This may be one reason why it has often been

observed that cancer vaccines targeting these shared

antigens induce antigen-reactive T cells detectable in the

Table 1 Neoantigen-based cancer immunotherapy

1988 Identification of tumor antigen by expression cloning: CTLs recognized an amino acid change produced by one nucleotide mutation in

P1A gene [54]

1991 Identification of human tumor antigen, MAGE-1, recognized by CTLs [44]

1995 Clinical trial of peptide vaccination with mutant ras peptides [39]

2003 Finishing the euchromatic sequence of the human genome [55]

2005 Identification of neoantigens generated by somatic point mutations in the patient’s melanoma [45]

Autologous TILs in melanoma patient, who experienced a complete regression recognized novel mutated transcripts (neoantigens) [56]

2008 Successful application of in silico-based epitope prediction algorithm for the identification of candidate tumor antigens (neoantigens) [49]

2011 Approval of anti-CTLA-4 Ab (ipilimumab) for the treatment of melanoma by US FDA

2012 Tumor mutations and the epitope landscape predicted by MHC-binding algorithm demonstrates that many nonsynonymous somatic

mutations in tumors are immunogenic and confer anti-tumoral vaccine activity [27]

2013 Detection of neoantigen-specific T-cell reactivity in an Ipilimumab-responsive melanoma [29]

Science selected cancer immunotherapy as breakthrough of the year [7]

2014 Approval of anti-PD-1 Ab (nivolumab) for the treatment of melanoma in Japan

Approval of anti-PD-1 Ab (pembrolizumab) for the treatment of melanoma by US FDA

Adoptive transfer of mutated neoantigen-reactive CD4? T helper 1-type TIL achieved a decrease in target lesions with prolonged

stabilization of disease [36]

2015 DC vaccination directed at tumor-encoded amino acid substitutions [52]

Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer and anti-PD-1 therapy enhances neoantigen-

specific T cell reactivity [32]
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peripheral blood, but these rarely correlate with tumor

regression in clinical trials.

In the late 2000s, information from large-scale

sequencing studies of individual tumors, such as the

Human Cancer Genome Project, began to become

increasingly available [48]. Segal et al. showed that the in

silico approach to identify potential cancer antigens using

epitope prediction algorithms is feasible by demonstrating

that breast and colorectal cancers possibly contain on

average *10 and *7 HLA-A2 neoepitopes, respectively.

To do this, they inspected 1152 peptides containing mis-

sense mutations previously identified in 11 breast and 11

colorectal cancers [49]. The emergence of next-generation

sequencing (NGS) technology has made it possible to

illuminate the full genetic landscape of human cancer [50],

facilitating the utilization of genomic information to

identify neoantigens in individual cancers. To identify

neoantigens, NGS data of a tumor are first compared with

the non-transformed tissue from the same patient to

exclude single nucleotide polymorphisms (SNPs) and to

reveal the full range of genomic alterations within the

tumor, including single nucleotide substitutions, inser-

tions–deletions, structural rearrangements and copy num-

ber alterations (Fig. 5). Of all these, only those mutations

that encode a non-germline protein sequence are screened

out by algorithms such as NetMHC [51] due to their esti-

mated strength of binding to MHC molecules. RNA-seq

data obtained from tumor material can be used in parallel

to determine the expression of mutated antigens in the

tumor. Recently, Sahin and colleagues demonstrated that

this strategy can be effectively applied to the development

of personalized immunotherapy in a murine model [27].

They performed whole exome sequencing of the B16

melanoma and identified 962 nonsynonymous somatic

point mutations, 563 of which were in expressed genes.

Importantly, 16 of 50 validated mutations were shown to be

immunogenic, 3 of which were confirmed as being

endogenously processed and presented to T cells. Finally,

two of these were shown to inhibit tumor growth in vivo

when applied as tumor vaccines. These results suggest that

whole genome/exome-sequencing of human tumors will be

equally informative. Two European Commission-funded

consortia, the Glioma Actively Personalized Vaccines

Consortium (GAPVAC at http://www.gapvac.eu) and the

Mutanome Engineered RNA Immuno-Therapy project

(MERIT at http://www.merit-consortium.eu) are currently

underway in Europe. GAPVAC is a peptide vaccine for the

treatment of glioblastoma, while MERIT is an RNA-based

vaccine for triple-negative breast cancer. In addition, sev-

eral clinical studies have just been initiated in the US. Over

the next few years, these studies will provide us with more

insight as to whether neoantigens are crucial targets of

antitumor immunity and whether targeting neoantigens is

paramount for disease control. Of note, Carreno et al.

published a first proof-of-concept study that neoantigen-

specific CD8? T cell responses can be enhanced through

vaccination with DCs pulsed with fully defined neoepitope

peptides in 3 melanoma patients [52].

Regulatory challenges to personalized
immunotherapy

Several strategies to target patient-specific neoantigens are

now available [21]. Once potential neoantigens have been

identified from the individual patient tumor material, a

synthetic vaccine can be designed in either RNA, DNA or

peptide format, and this vaccine can then be given to the

patient together with adjuvant and immune checkpoint

inhibitors. Alternatively, neoantigens can be utilized to

induce or expand neoantigen-specific T cells that are

infused back to the patient. Neoantigen-based

immunotherapy, especially using cancer vaccines, repre-

sents the ultimate personalized medicine in that target

Fig. 5 Neoantigen prediction. NGS data from the tumor are first

compared with those of appropriate normal tissue from the same

patient to detect the full range of genomic (exomic) alterations within

a tumor. Of these, only those mutations that encode mutant protein

screened by algorithms such as NetMHC for their estimated binding

capacity to MHC molecules are selected. Transcriptome analysis of

tumor material can be used in parallel to determine the expression of

mutated antigens in the tumor. The recognition of neoantigen is

determined by standard immunological assays and the results are used

as feedback to optimize in silico neoantigen identification

22 Breast Cancer (2017) 24:16–24
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antigens need to be determined in each individual patient.

Neoantigen-based cancer vaccines exceed the current

concepts of personalized medicine, which is characterized

by biomarker-based stratification of patients and the

application of treatment evaluated in each stratified patient

group beforehand. This stage of personalized medicine is

termed precision medicine, which in general applies to the

selection of molecular targeted drugs. Neoantigen-based

cancer vaccines also go beyond the current concepts of

personalized medicine in that an individual cancer vaccine

is manufactured for an individual patient on-demand

according to the results of genomic analysis and mutation

selection. While conventional personalized medicine seeks

patient subgroups fitting to the drug, neoantigen-based

cancer vaccines are tailored to the patient. In such a case,

extensive safety and efficacy testing of each individual

vaccine is not feasible, in contrast to the requirements for

the development of chemical and biological drug products.

Therefore, the development of personalized immunother-

apies might require a paradigm shift from the currently

available regulatory framework that was intended for

conventional drug development. Neoantigen-based cancer

vaccines will be highly personalized but their components

are molecularly well-defined and can be produced by

chemical synthesis. In any case, the components of the

vaccine are peptides, DNA, or RNA for which safety has

already been established for vaccine use. As such, safety

and efficacy of neoantigen-based cancer vaccines will need

to be judged on the basis of their generic components in

preclinical and early clinical proof-of-principle studies.

Recently, the Regulatory Research Group of the Associa-

tion of Cancer Immunotherapy (CIMT) and the Innovation

Task Force of the European Medicines Agency (EMA)

have suggested that the existing regulatory framework for

autologous cell therapies can be applied with modification

to the development of neoantigen-based cancer vaccines

[53].

Future directions

Until recently, a major aim of cancer immunotherapy was to

identify shared tumor antigens. However, identification of

neoantigens and preparation of personalized cancer vaccines

in individual patients will become the mainstream of cancer

immunotherapy in future because anti-tumor immunity that

can control tumor growth focuses on neoantigens. In addi-

tion, to make immunotherapy effective, personalized

strategies to regulate the immune suppressive microenvi-

ronment will be required. The immune checkpoints that halt

the Cancer-Immunity Cycle might vary in each individual

patient. Therefore, future immunotherapy needs to be per-

sonalized also in terms of the identification of

immunosuppressive mechanisms as well as target antigens

and integrated with immune regulatory strategies. For that

purpose, intense collaboration between academia, business

and regulatory authorities will be crucial.
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