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Abstract 

Cancer vaccines have encountered their ideal personalized partner along with evidence for great 
breakthroughs in the identification and synthesis of neoantigens. Individual cancer neoantigen vaccines are 
capable of eliciting robust T-cell responses and have been demonstrated to achieve striking clinical efficacy due 
to their high immunogenicity and central thymic tolerance escape of neoantigens. Two recent phase I clinical 
trials have provided support for the hypothesis and have heralded a nascent era of personalized vaccines in the 
field of immunotherapy. This review aims to address the identification of neoepitopes and describes advances 
made in personalized vaccines. In addition, this review discusses the challenges related to the exploitation of 
vaccine therapy, and provides potential thoughts for the improvement of vaccine design and applications. 
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Introduction 
Over the past few decades, numerous studies 

have focused on cancer vaccines [1]. However, there 
remain a few questions that must be addressed, 
including the selection of an optimal antigen and 
adjuvant component, a suitable delivery mode, and 
an efficient approach to overcome immune invasion. 
Recently, two successful phase I clinical trials were 
published in Nature that have attracted a great deal of 
attention to personalized neoantigen vaccines [2, 3]. 
These studies showed that a total of 66.7% (4/6) and 
61.5% (8/13) resected melanoma patients remained 
recurrence-free during the entire follow-up period 
(20-32 months and 12-23months, separately) 
following vaccination. Thus, exploitation of 
neoantigens represents a critical point to reaching 
impressive therapeutic efficacy. 

Neoantigens are a series of immunogenic 
peptides derived from tumour-specific mutations or 
viral open reading frames, instead of from the normal 
human genome [4-7]. Neoantigens have been 
demonstrated to be highly immunogenic and can 
escape from central thymic tolerance. Because the 
proportion of virus-associated malignancies is 

relatively low, mutation-related neoantigens 
represent ideal immunotherapy targets. 

While neoantigens represent the optimal choice 
for an anti-tumour immunotherapy, the unique 
neoantigen landscape of individualised tumours 
hinders its application. Discovery and verification of 
neoantigens, including screening tumour cDNA 
library pools [8], has been laborious, and 
time-consuming studies have been carried out over 
the past few years. With improvements in sequencing 
technology and bioinformatics, neoantigen 
identification has excitingly become both increasingly 
feasible and economical.  

Neoantigen-specific CD4+ and CD8+ T-cell 
responses induced by ACT (adoptive cell transfer) 
[9-14] or immune checkpoint blockade [15-19], have 
been frequently observed, particularly in the case of 
melanoma [20]. Various findings described by 
Rosenberg’s team demonstrated that neoantigen- 
specific T cells play a major role in rapid tumour 
eradication and long-term patient survival [9-14]. 
Schreiber et al. demonstrated that tumour mutant 
epitopes represent the targets of immune checkpoint 
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blockade therapy [21]. Due to the ability of 
neoantigens to fire up the body’s natural immune 
responses directly to the tumour, cancer vaccines 
exhibit great potential as a therapeutic. 
Cancer-specific vaccinations with neoantigens have 
been shown to be equally efficient as checkpoint 
blockades [22]. With early success demonstrated in 
clinical stage trials, the personalized mutanome 
vaccine is likely to selectively target heterogeneous 
tumours and elicit a strong T-cell response, generating 
a new age of personalized immunotherapy. 

Identification of neoantigens to 
synthesize personalized vaccines 

With the development of NGS (next-generation 
sequencing) and bioinformatics, frequently used 
screening methods for neoantigen identification can 

be categorized into three different approaches: A, B 
and C (Figure 1). 

As demonstrated in Approach A, the first step to 
designing a mature neopeptide-based vaccine therapy 
is identifying tumour-specific mutations. Mutations 
related to immune recognition primarily include 
nsSNVs (non-synonymous single nucleotide variants) 
with exons, indels, and fusion genes [23]. WES 
(whole-exome sequencing) [24] of matched tumour- 
and normal-cell DNA represents the most common 
method for identifying somatic mutations. Expression 
levels of identified mutated alleles are then 
orthogonally validated and analyzed via RNA 
sequencing [25]. Mutations are then ranked according 
to their predicted high-affinity binding to autologous 
HLA class I and II. The IEDB (immune epitope 
database and analysis resource) is an online 

comprehensive database comprised of T-cell 
epitopes and tools that can be used to predict 
MHC binding. The prediction tools available 
from IEDB include ANN (artificial neural 
networks)/NetMHC [26, 27], NetMHCpan [28], 
SMM [29], SMMPMBEC [30], ARB, Comblib_ 
Sidney2008, Pickpocket, and Consensus. 
Synthesized neopeptide immunogenicity must 
be finally validated using T-cell reactivity 
analysis, by generating antigen-loaded 
autologous APCs (antigen-presenting cells) to 
stimulate T cells. Activation markers of both 
CD4+ and CD8+ T cells must then be detected, 
including OX-40, 4-1BB, CD170a, and IFN-γ, ex 
vivo. In early 2014, vaccination of mice 
confirmed the approach described above [31]. 
In 2017, Wu’s team [2] utilized this strategy to 
manufacture personal vaccines that consisted 
of four pools of synthetic long peptides. The 
RNA-based poly-epitopes developed in this 
study induced strong multi-functional CD4+ 

and CD8+ T-cell responses in high-risk 
melanoma patients. 

Simplified from Approach A, following 
the mining of nsSNVs, multiple minigenes 
encoding mutations are synthesized in tandem 
in order to generate TMG (tandem minigene) 
constructs in Approach B. The TMG construct 
consists of a variable number of minigenes that 
are genetically fused together, with each 
minigene encoding for a mutation flanked by 
12 AA (amino acids) from the endogenous 
protein sequence. Plasmids encoding the TMG 
constructs are utilized as templates to generate 
IVT (in vitro-transcribed) RNA. In 2014, 
Rosenberg’s team [10] identified a ERBB2IP 
(erbb2 interacting protein) mutation from a 
metastatic cholangiocarcinoma patient using 

 

 
Figure 1. Three common approaches to neoantigen identification. Approach A: 
tumour-specific mutations are identified by WES, confirmed by RNA sequencing, and then ranked 
by predicted high-affinity binding to autologous HLA types; finally, neopeptides are synthesized 
based on prioritized mutated alleles, which is followed by T-cell reactivity analysis ex vivo to 
confirm their immunogenicity. Approach B: based on tumour-specific mutations identified by 
WES, TMG constructs are synthesized as templates for the generation of IVT RNA, which is 
followed by T-cell reactivity analysis ex vivo to confirm their immunogenicity. Approach C: 
mutation identification is based on research from databases and the literature. The next steps can 
be the same as those for either of the two methods described above. APCs: antigen-presenting 
cells; HLA: human leukocyte antigen; PBMCs: peripheral blood mononuclear cells; TMG: tandem 
minigene; WES: whole-exome sequencing. 



 Theranostics 2018, Vol. 8, Issue 15 
 

 
http://www.thno.org 

4240 

this approach. Following adoptive transfer of TILs 
(tumour-infiltrating lymphocytes) that contained 
approximately 25% mutation-specific T cells, the 
patient experienced tumour regression. In consecutive 
studies, these authors went on to demonstrate that 
neoepitopes from 9 out of 10 metastatic 
gastrointestinal cancer patients could be recognized 
by autologous TILs [9].  

Approach C identifies neoepitopes based on 
databases and literature without sample acquisition. 
The key to this strategy is the presence of 
high-frequency mutational sites found in solid 
tumours. Based on this pattern, Schumacher et al. 
identified the most frequent mutation, IDH1(R132H), 
in diffuse grade II and III glioma patients [32]. These 
authors then synthesized a peptide vaccine to target 
mutant IDH1, which functioned to induce 
anti-tumour responses in mice. Similarly, Platten et al. 
discovered that K27M-mutant histone-3 acts as an 
optimal target for the generation of a glioma vaccine, 
demonstrating that a peptide vaccine targeted against 
K27M-mutant histone-3 elicited a mutation-specific 
immune response in an MHC-humanized mouse 
model [33]. In theory, other high-frequency 
mutations, including BRAF, RGFR, and KRAS, could 
also function as ideal cancer vaccine targets. 

Research progress regarding neoantigen 
vaccines 

As different methods and tools have been 
developed for the identification of neoantigens and 
vaccine synthesis, the current issue now revolves 
around how to successfully apply such vaccines for 
clinical treatments. Both completed and ongoing 
clinical trials are depicted in Table 1. The start times 
of all of these studies demonstrate that the neoantigen 
vaccine is a brand new, but encouraging area in 
immunotherapy. 

The first clinical trial using a neoantigen-based 
vaccine began in 2008 by Carreno and colleagues [34]. 
In their study, three patients with advanced 
melanoma who had been previously treated with 
ipilimumab were vaccinated intravenously with DCs 
pulsed with class I-restricted 8–10-mer neoantigen 
peptides. Their results from these studies 
demonstrated that cancer vaccine neoepitopes 
functioned to increase the breadth and diversity of 
tumour-specific T-cell responses. 

In the absence of the ex vivo DC-stimulation 
process, both peptide-based vaccines and nucleic 
acid-based vaccines are considered to be fairly easy 
approaches that can be mass produced. As mentioned 
for Approach C, vaccination with IDH1 vaccines [32], 
was able to induce an effective MHC class II-restricted 
mutation-specific anti-tumour immune response, 

while CD4+ TH1 cells and antibodies spontaneously 
occurred. Because of the high level of uniformity and 
penetrance of IDH1(R132H), comments [35, 36] 
regarding this research study were found to be in 
approval of its positive prospects for the treatment of 
patients suffering from low-grade and anaplastic 
gliomas. In addition, a clinical trial (NCT02454634) 
based on this concept has been underway since 2015. 
However, the breakthrough regarding 
neo-peptide-based vaccines also occurred first in 
melanoma. In 2017, Ott et al. demonstrated that a 
vaccine that targeted up to 20 predicted personal 
tumour neoantigens functioned to induce 
poly-functional CD4+ and CD8+ T cells in melanoma 
patients [2]. In these studies, DNA and RNA 
sequencing, HLA typing, and computational 
prediction of HLA-binding peptides for the synthesis 
of clinical-grade long neo-peptides (15–30-mer) were 
carried out. A total of six high-risk-of-relapse 
melanoma patients enrolled completed the full series 
of five priming and two booster vaccinations without 
related, serious adverse events. Only two patients 
with previous lung metastases underwent disease 
recurrence, and later, with the subsequent treatment 
with the anti-PD-1 (programmed cell death-1) 
antibody, both patients were found to achieve 
complete responses. 

In the case of nucleic acid-based vaccines, there 
exist two delivery platforms for encoding antigenic 
peptides, including DNA-based and mRNA-based 
vaccines. The anti-tumour activity of DNA cancer 
vaccines has so far proven modest, with few of these 
having progressed past phase I clinical trial 
evaluation [37]. However, mRNA vaccines have been 
proven to exhibit an excellent safety profile, flexibility, 
and adjuvant ability [38]. Sahin’s team has focused 
their efforts on personalized RNA vaccines for 
numerous years. First, in 2015, their studies 
demonstrated that vaccination with a synthesized 
RNA vaccine resulted in the induction of potent 
tumour control in mice [39]. Later, in 2016, they went 
on to develop a lipid carrier system to deliver 
neoantigen vaccines to lymphoid organs, which 
functioned as the ideal microenvironment for the 
efficient priming and amplification of T-cell responses 
[40]. Finally, in 2017, their first-in-human application 
of personalized RNA vaccines was demonstrated to 
live up to expectations in melanoma studies [3]. 
Different from typical subcutaneous injections, this 
neoantigen vaccine was injected percutaneously into 
inguinal lymph nodes under ultrasound control. As 
proven in mouse models, the uptake and translation 
of RNA-encoded antigens by lymph-node-resident 
DCs (dendritic cells) were found to be more efficient 
[41]. 
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Table 1. Clinical trials of neoantigen cancer vaccines 

Conditions Phase Status Interventions Start Completion NCT number 
Melanoma Phase 1 Completed DC vaccine 2008.08 2016.06 NCT00683670 
Melanoma Phase 1 Completed RNA vaccine 2013.12 2017.04 NCT02035956 
Melanoma Phase 1 Completed Peptide vaccine 2014.01 2018.12 NCT01970358 
Glioma Phase 1 Active, not recruiting Neoantigen vaccine 2014.11 2018.08 NCT02287428 
Glioma Phase 1 Recruiting IDH1 Peptide vaccine 2015.06 2018.08 NCT02454634 
Glioma Phase 1 Terminated Peptide vaccine 2015.12 2017.02 NCT02510950 
Kidney Cancer Phase 1 Not yet recruiting Neoantigen vaccine 2016.10 2022.09 NCT02950766 
Urinary Bladder Cancer, etc Phase 1 Recruiting NEO-PV-01 2016.10 2020.12 NCT02897765 
Advanced Cancer Phase 1 Recruiting AutoSynVax™ vaccine 2017.01 2019.03 NCT03219450 
Pancreatic Cancer Phase 1 Recruiting Peptide vaccine 2016.05 2022.05 NCT02600949 
Pancreatic Cancer Phase 1 Recruiting DNA vaccine 2018.01 2022.03 NCT03122106 
Triple Negative Breast Cancer Phase 1 Recruiting DNA vaccine 2015.06 2019.06 NCT02348320 
Triple Negative Breast Cancer Phase 1 Recruiting Peptide vaccine 2015.09 2019.08 NCT02427581 
Triple Negative Breast Cancer Phase 1 Recruiting RNA vaccine 2016.09 2019.03 NCT02316457 
Triple Negative Breast Cancer Phase 1 Not yet recruiting DNA vaccine 2017.09 2020.09 NCT03199040 
Paediatric Brain Tumour Phase 1 Not yet recruiting Peptide vaccine 2018.05 2022.10 NCT03068832 

DC: dendritic cells. 
 
Various neoepitope vaccine formulations each 

possess inherent advantages and limitations. Without 
randomized, controlled, larger studies, there can be 
no clear consensus as to whether certain formulations 
are superior to others in regard to immunogenicity. 
However, in a sense, the application of an RNA-based 
vaccine is limited by the fact that it cannot be as 
flexibly combined with different immune adjuvants 
as a peptide vaccine can. 

An unexpected discovery made by many 
researchers was the category of CD4+ T cells that 
recognize the majority of neoantigens and functions to 
elicit the strongest anti-tumour response in the 
treatment period of neoantigen vaccines. Previous 
reviews have discussed the relative immunologic 
mechanisms relevant to this finding [42].  

Challenges of exploiting neoantigen 
vaccines 

Further research into the use of neoantigen 
vaccines could function to reveal more issues that will 
need to be overcome. 

Low neoantigen burden 
Sequencing studies have demonstrated 

substantial variability between the mutation rates of 
different tumour types [43]. Increases in mutation 
load and neoantigen burden have been shown to 
result in a potential increase in carcinoma antigenicity 
[15, 44]. Melanoma, with the highest mutation load 
[45], has been the first cancer type to benefit from 
neoantigen vaccines [2, 3]. Therefore, cancer types 
with a low neoantigen burden may not be included in 
indications for this vaccine therapy. While 
Rosenberg’s team recently demonstrated that the 
predicted neoantigen load was not significantly 
associated with DCB (durable clinical benefit) [46], 
this finding may be limited to the sample size of the 
study. 

Rapid epitope loss  
Malignant cells have been demonstrated to lose 

epitopes via various mechanisms under the immune 
pressure imposed by vaccination. Among these 
mechanisms, deficiency in antigen processing 
machinery represents one of the key evasion 
mechanisms [47]. Downregulation of MHC class I on 
tumour cells has been shown to occur first. MHC class 
I molecule expression in cancer is highly 
heterogenous, and MHC class I defects are often 
found in cancers [48], even in early stages of some 
cancer types [49]. Numerous facts could account for 
the reduced levels of MHC class I expression, 
including defective MHC genes, epigenetic 
regulation, or the Warburg effect of glycolysis. Next, 
these lost epitopes could be derived from passenger 
mutations. According to their role in the development 
of cellular transformation, tumour cell mutations can 
be subdivided into two different categories: driver 
mutations and passenger mutations [50]. In this 
setting, passenger mutations exert no effects on 
tumour growth or survival, but possess dominant 
numbers in all types of tumour mutations [51]. T cells 
do not only recognize neoantigens, but also mediate 
neoantigen immunoediting. In order to avoid the 
immune escape of tumours, the induction of broad 
neoantigen-specific T-cell responses is essential. 

Tumour immune-suppressive 
microenvironment 

The complicated tumor microenvironment 
possesses numerous immunosuppressive mechani-
sms that result in immune escape. Some studies have 
suggested that the therapeutic resistance mechanisms 
implicate tumour stromal cell types [52]. Tumors 
infiltrated with suppressive cells, including Treg cells 
(regulatory T cells), macrophages, and MDSCs 
(myeloid-derived suppressor cells), are associated 
with a poor clinical prognosis [53]. For example, 
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CD4+FOXP3+ intratumoral Treg cells were shown to 
suppress cetuximab-mediated ADCC (antibody- 
dependent cellular cytotoxicity) and were correlated 
with poor clinical outcome in two prospective clinical 
trial cohorts [54]. Some studies have revealed negative 
T-cell regulators within the tumor microenvironment, 
including Ppp2r2d [55], which encodes a regulatory 
subunit of PP2A (protein phosphatase 2A). Silencing 
of Ppp2r2d in CD4+ and CD8+ T cells has been shown 
to enhance ACT efficacy in mice with established 
tumours, leading to the accumulation of effector T 
cells in tumours and a prolonged survival [56]. 
Immune-suppressive cytokine secretion has also been 
demonstrated to be a very important mechanism. For 
example, TGF-β (transforming growth factor-β), IL-10 
(interleukin‑10), and VEGF (vascular endothelial 
growth factor) in the tumour microenvironment have 
been shown to inhibit the maturation of DCs and 
impair their presenting function [57]. 

Difficulty in the induction of tumour-specific T 
cell responses 

T cell activation has two signal categories: 
antigenic signals delivered through T-cell receptors 
and other signals delivered through co‑stimulatory 
receptors. In addition, APCs used to deliver these 
signals are required. Lower expression levels of 
co-stimulatory molecules and higher expression levels 
of co-inhibitory receptors and PD1 ligands have been 
shown to cause T-cell anergy [58, 59]. Hopefully, these 
problems can be overcome by numerous means, 
including agonistic antibodies [60] and blocking 
antibodies [16, 17]. For example, OX40 is a 
co-stimulatory receptor that is primarily expressed on 
activated T cells, and OX40 agonists have been shown 
to enhance antitumour immunity through the 
promotion of T cell proliferation and survival [61]. In 
situ vaccination with a TLR9 (toll-like receptor) ligand 
and an OX40 agonist generated positive results in 
mouse models [62]. This combination therapy not 
only triggered a T-cell immune response locally, but 
also resulted in an attack on cancer cells throughout 
the body. 

Future perspectives of neoantigen 
vaccines 

As far as we are concerned, it remains a difficult 
task to make personalized neoantigen vaccines a 
mature and successful therapy for the treatment of 
solid tumours. Therefore, the following suggestions 
may be helpful.  

Multi-epitope vaccination 
The generation of a multi-epitope vaccine that, in 

general, contains MHC class I-restricted peptides and 

MHC class II-restricted peptides, to increase both the 
breadth and diversity of neoantigen-specific T cells 
[34], represents a good solution for overcoming 
epitope loss. The majority of neoantigen vaccines used 
in clinical trials, including multi-peptide vaccines 
(NCT00683670, NCT01970358 and NCT02427581), 
poly-epitope-encoding RNA-based or DNA-based 
vaccines (NCT02316457, NCT02348320 and 
NCT03122106), contain as many mutation messages 
as possible that can function to elicit robust 
anti-tumour effects and that are less likely to trigger 
immune escape.  

Li et al. designed a saline-based multi-epitope 
peptide vaccine and demonstrated rapid tumour 
shrinkage of multiple lung tumour nodules in a lung 
cancer patient following administration [63]. 
However, eight weeks following the initiation of 
vaccination, the patient died from complications due 
to the progression of liver metastases. The metastases 
were refractory to vaccine therapy, potentially due to 
tumour heterogeneity and to the fact that the samples 
acquired for the identification of neoantigens 
contained only the primary sites.  

Recently, a novel idea of changing the peptide 
configuration has raised great interest within the field. 
Simanovich and colleagues synthesized one epitope, 
EMMPRIN, as an octa-branched multiple antigenic 
peptide. Vaccination with this peptide vaccine was 
demonstrated to inhibit tumour growth and 
metastasis in mice [64].  

Adjuvants and delivery systems 
When DCs in the steady state capture and 

process antigens in the absence of inflammatory 
and/or microbial stimuli, they may function to induce 
immune tolerance rather than immunity [65]. 
Therefore, efficient adjuvants and optimal methods 
for vaccine delivery must be developed. 

Classical adjuvants include TLR agonists and 
monoclonal antibodies that target antigens to DCs. 
The TLR3 agonist, poly-ICLC (polyinosinic–polycyti-
dylic acid with polylysine and carboxymethyl-
cellulose) could function to initiate inflammatory 
responses by mimicking microbial stimulation and 
markedly increased peptide vaccine immunogenicity 
in ovarian cancer patients [66]. This TLR3 agonist 
represents the most widely used adjuvant in cancer 
vaccine trials. The TLR4 agonist MPL 
(monophos-phoryl lipid) A, the TLR7 agonist 
imiquimod, the TLR7 and TLR8 agonist resiquimod, 
and the TLR9 agonist CpG ODN (CpG 
oligodeoxynucleotide) have also been tested in 
clinical trials. Monoclonal antibodies targeting 
antigens to DCs, including anti-DEC205 [67] and 
CD40 agonists [68], may function to direct 
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neoantigens to the strongest APCs. This would be 
done with the expectation of increasing antigen 
presentation efficiency and improving vaccination 
antitumour activity. 

Currently, the most desirable vaccine delivery 
vehicle is nanoparticles. Nanoparticles mimic PAMPs 
(pathogen-associated molecular patterns), which are 
viewed as danger signals and are recognized by TLRs 
on APCs, functioning to enhance nanoparticle-based 
vaccine uptake [69]. Wang’s team [70] worked to 
develop numerous AC-NPs (antigen-capturing 
nanoparticles), which were generated using PLGA 
(poly(lactic-co-glycolic acid)) to bind to TDPAs 
(tumour-derived protein antigens) by coating the 
nanoparticles with amine polyethylene glycol, 
1,2-dioleoyloxy-3-(trimethylammonium) propane or 
maleimide polyethylene glycol. These AC-NPs were 
demonstrated to be capable of efficiently capturing 
and delivering tumour-specific antigens to APCs, and 
were demonstrated to significantly improve anti-PD-1 
therapy efficacy. Of the various nanomaterials 
available, nucleic acids are quite appealing for vaccine 
therapy due to their structural programmability and 
intrinsic immunomodulatory functionalities. 
Recently, Chen’s team developed self-assembled 
iDR-NCs (intertwining DNA-RNA nanocapsules), 
representing the generation of the first hybrid 
DNA-RNA nanostructures [71]. Consisting of CpG 
and Stat3-silencing shRNA, this vehicle was shown to 
be able to synergistically leverage TLR9 and STAT3 
signaling pathways in order to co-stimulate APCs. By 
loading neoantigens, the nanovaccine was shown to 
elicit 8-fold more frequent neoantigen-specific CD8+ T 
cells compared to CpG, and was shown to 
significantly inhibit tumor progression in mice. In 
addition, liposomes also represent a particularly 
attractive approach due to the fact that they are 
synthetic phospholipid vehicles that can 
preferentially deliver antigens to DLNs (draining 
lymph nodes) through endogenous albumin 
hitchhiking [72]. Nanoparticles that are simply 
assembled by cholesterol-conjugated neopeptides and 
CpG adjuvants were proven to be safe and quite 
efficient in animal models [73]. The combination of 
this vaccine therapy with a tumor-antigen-targeting 
antibody, specifically a recombinant interleukin-2 and 
anti-PD-1 antibody, could function to eradicate large 
established tumors in mice [74]. A nanodisc-based 
platform [75], comprised of sHDL (synthetic 
high-density lipoprotein), neoantigens, and Cho-CpG 
(cholesterol-modified immunostimulatory molecules) 
were shown to be able to efficiently deliver 
neoantigens to lymphoid organs, induce DC 
maturation, and strikingly elicit up to 47-fold greater 
frequencies of specific CTLs (cytotoxic lymphocytes) 

in comparison to soluble vaccines. Overall, the 
advantages of nanoparticles are small size, precise 
lymph node targeting, and pinpoint loading of 
theranostic agents.  

Combination with other kinds of 
immunotherapies 

As the PD-1 signaling pathway exerts strong 
immunosuppressive effects on CTL antitumour 
responses, the coupling of the neo-antigen vaccine 
with immune checkpoint inhibitors is supposed to be 
capable of generating a broader-spectrum T-cell 
antitumor response. Wu’s team demonstrated 
persistence of vaccine-induced immune responses 
and a broadening of the repertoire of neoantigen- 
specific T cells following PD-1 blockade therapy in 
two patients refractory to vaccine therapy [2]. Sahin’s 
team also reported on a patient who developed a 
complete response to neoantigen vaccination in 
combination with PD-1 blockade therapy [3]. These 
studies demonstrated that neo-epitope-specific T-cell 
subsets were PD-1+ and of a memory phenotype, and 
post-vaccine lesions were demonstrated to result in 
the upregulation of PD-L1 (programmed death-ligand 
1). There are currently other clinical trials on-going 
with an aim of assess the efficacy of neoantigen 
vaccines in combination with ipilimumab 
(NCT02950766), nivolumab (NCT02897765), or 
atezolizumab (NCT03289962). These studies are being 
carried out in an effort to provide further insight into 
the mechanisms. 

Adoptively transferred T cells could also be 
utilized to potentiate the immune activity of 
neoantigen vaccination. Programmed T cells that 
target neoantigens were found to accumulate in vitro 
and directly elicit immune responses when infused 
into individuals. Combined with T cells derived from 
a neoantigen vaccine later in vivo, this therapy can 
function to induce a sustained and efficient 
antitumour response. 

Combination with conventional therapies 
Molecularly targeted agents can function to elicit 

remarkable responses in the majority of patients that 
possess the targeted mutation. However, the 
responses are often of limited duration [76]. 
Genomically targeted therapies with a high objective 
response rate have been shown to induce tumour cell 
death, resulting in the release of tumour-associated 
antigens and neoantigens. From a mechanistic 
perspective, targeted therapy possesses synergistic 
effects with neoantigen vaccine therapy. 

In early 2005, chemotherapy was acknowledged 
to be a good immunotherapy partner in that it could 
function to potentially enhance immunotherapy 
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efficacy through increased antigen production, 
improved antigen presentation, augmented T-cell 
responses, and trafficking [77]. Multiple successful 
clinical immunotherapy–chemotherapy combinations 
[78] resulted in the further consideration of 
chemotherapy and neoantigen vaccine therapy 
combinations. 

Recently, increasing attention has been paid to 
effects surrounding radiotherapy on the activation of 
anti-tumour immune responses. A radiosensitive 
tumour could generate numerous neo-antigens and 
pro-inflammatory cytokines when exposed to 
radiation, thereby acting as an in situ vaccine [79]. It 
has been widely recognized that the combination of 
local irradiation with immune therapy is capable of 
enhancing an abscopal effect. Recently, a phase II trial 
(NCT01006044) demonstrated that the combination of 
tumour lysate-pulsed autologous DC vaccination 
with radio-chemotherapy was a feasible and safe 
method [80]. 

Conclusion  
The ultimate goal of immunotherapy is to 

stimulate immune responses against tumours. In 
addition, neoantigens have been demonstrated to be 
critical to the destruction of tumor cells. Recent 
innovations in neoantigen identification have 
generated a new era of personalized vaccines. 
Inevitably, the process of vaccine development is 
accompanied with challenges. These include immune 
escape by low neoantigen burden, rapid epitope loss, 
a tumour immune-suppressive microenvironment, 
and difficulty in induction of tumour-specific T cell 
responses. Even so, there exist numerous approaches 
that can be adopted to overcome these issues in part. 
Specifically, the combination of neoantigen vaccine 
therapy with other immune therapies or conventional 
therapies may result in surprisingly synergistic effects 
on the eradication of large solid tumours. 

In summary, we anticipate that the cooperation 
between neoantigens and anti-tumour vaccines will 
be a promising approach used in the future. 
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