
Vaccines have traditionally been used for the prevention 
of infectious diseases; however, the ability of such agents 
to elicit and amplify antigen- specific immune responses 
has long been recognized as a potentially valuable tool 
for the treatment of cancer. Early therapeutic vacci-
nation strategies focused on self- antigens abnormally 
expressed or overexpressed in tumours, termed tumour- 
 associated antigens (TAAs), were largely unsuccessful 
in generating clinically effective antitumour immune 
responses, probably owing to the TAA- specific T cells 
being subject to central and/or peripheral tolerance1. 
Such TAAs can also be expressed to some extent in 
nonmalignant tissues, which raises the risk of vaccine- 
 induced autoimmune toxicities1. Thus, these early stud-
ies highlighted the lack of tumour specificity and poor 
immuno genicity as fundamental issues to overcome in 
developing cancer vaccines.

Mutations occurring in tumour cells can gener-
ate novel epitopes of self- antigens, which are referred 
to as neoepitopes or neoantigens. The advent of next- 
 generation sequencing has provided opportunities to 
identify these tumour- specific mutations in individual 
patients in a timely and cost- effective manner and to 
explore therapies that target the mutated proteins in clin-
ical studies. Additionally, the development of algorithms 

for the prediction of MHC class I (MHC I)- binding 
epitopes has paved the way for the identification of 
potentially immunogenic neoepitopes. Together, these 
scientific advances have enabled the generation of per-
sonalized therapeutic cancer vaccines that are tailored to 
the tumours of individual patients.

Vaccines predicated on neoantigens rather than 
traditionally used TAAs have several advantages. First, 
neoantigens are exclusively expressed by tumour cells 
and can, therefore, elicit truly tumour- specific T cell 
responses, thereby preventing ‘off- target’ damage to 
nonmalignant tissues. Second, neoantigens are de novo 
epitopes derived from somatic mutations, which presents 
the possibility to circumvent T cell central tolerance of 
self- epitopes and thus induce immune responses to 
tumours. Personalized neoantigen- based vaccines there-
fore afford the opportunity to boost tumour- specific 
immune responses and add an additional tool to the 
immunotherapy toolbox. Furthermore, the potential 
of these vaccine- boosted neoantigen- specific T cell  
res ponses to persist and provide post- treatment immu-
nological memory presents the possibility of long- term 
protection against disease recurrence. Limitations of 
this personalized approach to immunotherapy include 
the high costs and time delays associated with the 
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manufacture of individualized vaccines, uncertainty 
over the optimal neoantigen discovery platform and 
lack of consensus regarding the most suitable vaccine 
delivery platform.

In this Review, we discuss advances in the devel-
opment of personalized neoantigen- based vaccines, 
current understanding of the T cell phenotypes and 
the immune responses elicited by these agents, and the 
clinical development landscape of this class of cancer 
therapy. We also consider avenues for improvement  
and future investigation.

Neoantigens and antitumour immunity
Neoantigens are targets of effective tumour- specific 
immune responses. Neoantigens can arise through a vari-
ety of mutational events, with the numbers and types of 
mutation varying by cancer type2,3. These events include 
point mutations, insertions or deletions (indels)4 and 
gene fusions5. In tumours driven by viruses, viral pro-
teins can be considered an alternative class of neoanti-
gen, owing to their foreign nature6. Tumours with a high 
mutational burden are likely to have several candidate 
neoantigens for vaccine formulation. Fewer neoantigens 
are likely to be present in tumours with a low mutational 
burden, which might restrict the number of immuno-
genic epitopes7; however, the induction of neoantigen- 
specific immune responses using immunotherapy8 or 
therapeutic vaccination9,10 remains a possibility within 
this category of tumours.

Neoantigens can be recognized by tumour- infiltrating 
cytotoxic CD8+ T cells11,12, and increased immune cell  
infiltration and the related cytotoxicity signatures 
have been observed in tumours with a higher neoan-
tigen load13–15. Accordingly, neoantigen presentation 
and load have been positively correlated with progno-
sis in patients with a variety of cancers6,14,16,17 and with 
benefit from immune- checkpoint inhibitors (ICIs) in 
patients with melanoma18,19, non- small- cell lung cancer 
(NSCLC)20,21 or colorectal cancer with mismatch- repair 
deficiency22. Together, these studies highlight the poten-
tial therapeutic benefit of developing immunotherapies 
that specifically ‘train’ the immune system to target 
neoantigens.

As reviewed previously23–25, tumour mutational 
burden alone is an imperfect predictor of response to 
immunotherapy: additional factors determine whether 
a given mutation has the ability to induce an effective 
antitumour immune response, including the type of 
mutation (for example, clonal versus subclonal and 
single- nucleotide variant versus frameshift), to what 
extent the mutation is expressed, the ability of the 
encoded neoepitope to be presented by tumour cells 
and/or antigen- presenting cells (APCs), trafficking of 
T cells into the tumour and the immunosuppressive 
mechanisms active in the tumour or periphery of the 
host. Thus, even when targetable alterations are present, 
their existence alone might not be sufficient for effec-
tive immunotherapy — other immunological param-
eters are key determinants of efficacy. For example, in 
patients with prostate cancer, tumour mutational burden 
was not associated with response following treatment 
with the anti- CTLA4 antibody ipilimumab; however, 
a response to immunotherapy with this ICI was asso-
ciated with a higher abundance of tumour- infiltrating 
CD8+ T cells and IFNγ- response gene signatures in pre-
treatment tumours8. In addition, neoantigen- specific 
CD8+ T cells could be detected after therapy in blood 
from two of eight evaluated patients with favoura-
ble responses to therapy, whereas neoantigen- specific 
responses were not observed in four evaluated patients 
with unfavourable responses8. Moreover, CD8+ T cell 
responses and myeloid signatures have been associated 
with progression- free survival (PFS) in patients with 
renal cell carcinoma (RCC) treated with the anti- PD- L1 
antibody atezolizumab plus the anti- VEGFA antibody 
bevacizumab26. In patients with resectable pancre-
atic cancer, neoantigen load alone was not correlated 
with overall survival (OS); however, correlations with 
OS were found when neoantigen load was combined 
with the abundance or diversity of tumour- infiltrating 
CD8+ T cells, or when neoantigen quality was consid-
ered; these correlations were independent of adjuvant 
chemotherapy6. Whether a mutation is clonal or sub-
clonal might also influence response to immunotherapy; 
in patients with microsatellite- stable solid tumours, 
clonal mutations were found to be associated with a 
response to ICI therapy, whereas a greater abundance 
of subclonal mutations was more likely to result in pro-
gressive disease27. Furthermore, in this study, eight clonal 
neoantigens identified in driver genes (KRAS, BRAF and 
PIK3CA) were associated with response across more 
than one patient27. Notably, tumour mutational bur-
den might correlate with OS but not with response to 
anti- PD-1 antibodies28. Taken together, these findings 
indicate that, although neoantigens are promising tar-
gets for immune- based therapies, consideration of addi-
tional factors that can affect neoantigen- specific T cell 
responses and antitumour activity following therapeutic 
vaccination is crucial.

Neoantigens and immunoediting. The importance of 
neoantigens in antitumour immunity is reflected by 
evidence of immunoediting. Immunoediting consti-
tutes a dynamic process whereby tumour cells express-
ing immunogenic neoepitopes are recognized and 

Key points

•	personalized therapeutic cancer vaccines predicated on neoantigens have been 
shown to be feasible, safe and immunogenic in patients with melanoma and 
glioblastoma.

•	Different vaccine formats and delivery strategies are currently being tested in clinical 
studies involving patients with various tumour types.

•	Deeper evaluation of the phenotypes, functionality and long- lasting memory 
potential of vaccine- induced neoantigen- specific CD4+ and CD8+	T cells	is	warranted	
to improve understanding of their therapeutic activity and optimize vaccination 
strategies.

•	Neoantigen target discovery is continually being advanced to improve the 
identification of immunogenic neoepitopes that can be recognized by CD8+	T cells;	
algorithms for the more challenging task of predicting CD4+	T cell	neoepitopes	are	
also emerging.

•	innovative vaccine delivery platforms and the most effective timing of combinatorial 
therapies should be further explored to reduce costs and time delays and increase 
clinical efficacy.
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eliminated by T cells, leading to a tumour phenotype 
with reduced recognition by the immune system and, 
ultimately, to tumour outgrowth29. Reduced expression 
of neoantigens has been detected in metastatic tumours 
arising in a patient with progression of pancreatic  
cancer following primary tumour resection6. Moreover, 
immunotherapy can shape the repertoire of neoanti-
gens expressed by a variety of tumour types, including 
melanoma30, NSCLC31,32 and glioblastoma33, suggesting 
ongoing immunoediting.

Neoantigens and tumour heterogeneity. Tumours have 
a high degree of genetic heterogeneity, which has fun-
damental implications for the efficacy of cancer ther-
apy, including immunotherapy34. The ability to identify 
tumour- specific mutations in individual patients is a 
key component of directing T cell responses to elimi-
nate tumours through vaccination, thus warranting a 
personalized approach for therapeutic vaccine design. 
Tumour heterogeneity can also result in variable expres-
sion of neoantigens between or even within tumours 
present in an individual patient; therefore, elimination 
of tumour cells expressing a specific neoantigen can 
result in outgrowth of tumour cells not expressing that 
neoantigen34. Consequently, it will probably be necessary 
to target multiple neoantigens using a single vaccine to 
reduce the likelihood of immune evasion and effectively 
eradicate the disease in its entirety30.

Identifying immunogenic neoantigens
Neoantigen prediction in silico. The computational 
algorithm- based pipelines for neoantigen discovery 
and prioritization used in studies of therapeutic cancer 
vaccines to date have had several general commonali-
ties9,10,35–37. Details of these workflows have been exten-
sively reviewed25,38–41. As such, we only briefly outline 
the neoantigen prediction process here, with a focus on 
advances made over the past few years.

To identify tumour- specific somatic mutations, 
tumour biopsy specimens and nonmalignant tissue 
samples (usually peripheral blood mononuclear cells) 
are acquired from the patient in order to perform whole- 
 exome sequencing for the comparison of tumour and 
germline DNA. Additional RNA sequencing provides 
information on the expression of the mutated genes and 
further confirmation of the mutation calls. A high num-
ber of tumour- specific mutations can often be identified, 
depending on the tumour type; however, not all muta-
tions result in neoepitopes that are recognized by the 
immune system, owing to HLA restriction. More than 
16,000 different alleles of the classical HLA class I genes 
(HLA- A, HLA- B and HLA- C) are known to exist;42 there-
fore, HLA typing is required to enable the prediction of 
potentially immunogenic epitopes.

MHC I- binding epitopes are predicted using com-
putational approaches, and peptides with a predicted 
HLA- binding affinity in the moderate- to- strong range 
(IC50 < 150 nmol/l) are considered more likely to 
induce CD8+ T cell responses43. Various computational 
approaches for predicting MHC I- presented epitopes have  
been developed44, and historically these algorithms 
have been trained on peptide binding affinity data.  

Although these algorithms enabled the development 
of the first neoantigen- based vaccines, they are contin-
uously being optimized by incorporating endogenous 
peptide processing and presentation rules to enable 
more precise prediction of neoepitopes with the high-
est likelihood of being presented on the cell surface via 
MHC I proteins. Epitope prediction based solely on 
binding affinity data inherently does not provide infor-
mation about which endogenously processed peptides 
will be presented by MHC I proteins on the surface 
of tumour cells and/or APCs and will induce effective 
CD8+ T cell responses.

The use of mass spectrometry (MS) has enabled the 
development of improved prediction algorithms trained 
on peptides eluted from MHC proteins45. In particular, 
algorithms trained using peptides presented by specific 
mono- allelic HLA- expressing cell lines better incorpo-
rate endogenous antigen processing and presentation 
processes46,47. These MS- based algorithms can be further 
optimized by increasing the number of HLA alleles on which 
they are trained48. However, further studies are needed to 
improve understanding of the factors that can affect neo-
antigen expression, presentation and immunogenicity. For 
example, data suggest that incorporating information on the 
position of a mutated residue within the peptide- binding 
groove could improve neoantigen discovery49.

To date, epitope- prediction methods have largely 
focused on MHC I- binding epitopes; MHC II- binding 
epitope prediction is much less advanced. The MHC I 
peptide- binding groove has closed ends that define the 
positioning of peptide epitopes 8–11 amino acids long 
for presentation to CD8+ T cells. By contrast, the MHC II 
peptide- binding groove has open ends, which confers 
the ability to bind and present peptides of longer and 
more variable lengths; the peptide regions flanking the 
portion bound to the core of the MHC II molecule can 
influence the binding of the peptide, and in addition 
these peptides can bind to multiple different MHC II 
molecules50. Together, these features of MHC II peptide 
binding complicate the identification of immunogenic 
MHC II epitopes. MHC II epitopes have, however, been 
incorporated indirectly into vaccine peptide design. 
Long peptides (15–30- mers) that encompass predicted 
MHC I- binding CD8+ T cell epitopes are used in vacci-
nation strategies to promote uptake and processing of 
the peptides by professional APCs and thereby enhance 
T cell stimulation51,52. In addition to the presentation 
of predicted CD8+ T cell epitopes on MHC I proteins, 
this long- peptide approach is compatible with the pro-
cessing and presentation of CD4+ T cell epitopes bound 
to MHC II proteins. Indeed, the preferential induction 
of CD4+ T cell responses compared with CD8+ T cell 
responses has been observed following vaccination 
in several clinical trials7,9,10,35,36,53. This observation 
might at least partially reflect the potential for pres-
entation of a greater variety of peptides in the open-  
ended MHC II peptide- binding groove than in the 
more stringent MHC I peptide- binding groove54. Other 
immuno logical factors might also contribute to the 
dominance of vaccine- mediated CD4+ T cell response, 
such as differences in the stimulation of dendritic cell 
(DC) subsets that promote CD4+ T cell activation or,  
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via cross- presentation of antigen, the induction of CD8+ 
T cell responses55.

With the exception of one study36, specific MHC II- 
 binding neoepitopes have not been incorporated into 
the neoantigen vaccines investigated in clinical trials to 
date. However, efforts have been made to develop better 
tools for the prediction of such epitopes, recognizing 
that CD4+ T cells can orchestrate antitumour immunity 
and, via their classical ‘helper’ functions, have a crucial 
role in generating and sustaining CD8+ T cell responses. 
A stride forward in HLA- II prediction was made in 2019 
with the creation of a mono- allelic HLA expression sys-
tem for profiling of the HLA ligandome, referred to as 
‘mono- allelic purification with tagged allele constructs’ 
(MAPTAC)56. This system provided the ability to iden-
tify peptide- binding motifs of individual HLA alleles via 
MS, including >40 HLA class II alleles, which in turn 
enabled the training of a new machine learning- based 
prediction algorithm, neonmhc2, to identify MHC II-  
presented epitopes56. In another study published in 2019 
(REF.57), a similar MS- based approach combined with 
motif deconvolution and annotation was used to train a 
machine learning prediction algorithm, MixMHC2pred. 
Moreover, the MHC II- binding epitope- prediction algo-
rithm NetMHCIIpan, which was initially developed 
using peptide binding affinity data from the Immune 
Epitope Database (IEDB), was updated in 2020 to include 
the NNAlign_MA algorithm trained using MS- derived 
data on peptides eluted from MHC II proteins58. These 
efforts underscore a current focus on enhancing the 
induction of tumour- specific CD4+ T cell responses to 
improve the effectiveness of therapeutic cancer vaccines.

Although prediction algorithms are undergoing 
continual improvement, as stated earlier, additional 
factors can affect the ultimate immunogenicity of the 
predicted epitopes. These include the overall patterns 
of gene expression, RNA splicing, proteosomal pro-
cessing and, crucially, peptide loading and presenta-
tion by MHCs25,40. Additionally, neoantigen sequences 
with similarity to pathogen- derived epitopes can 
exhibit enhanced immunogenicity probably because 
they can be better distinguished from self- epitopes 
by T cells6. Obtaining a better understanding of these 
factors will be important in optimizing the immuno-
genicity of neoantigen- based therapies, and incorpo-
rating such variables into computational algorithms 
will enable the design of more effective therapeutic 
T cell vaccines.

An alternative approach to inducing neoantigen- 
 specific immune responses, beyond computational 
approaches, involves the use of tumour lysates59. Autol-
ogous APCs, typically DCs, can be isolated from the 
patient and exposed to tumour lysates ex vivo, before 
being injected back into the patient with the aim of stimu-
lating an immune response to TAAs or neoantigens. This 
method circumvents the sequencing and computational 
analysis required for the identification of patient- specific 
neoantigens59. As mentioned earlier, however, TAAs are 
less likely to be immunogenic and, in addition, might 
reduce the ability of relevant neoepitopes to stimulate 
immune responses owing to the higher abundance of 
nonimmunogenic self- antigens.

Administration of tumour lysate- pulsed DCs to 
patients with recurrent ovarian cancer, either alone 
or in combination with bevacizumab with or with-
out low- dose cyclophosphamide, was found to induce 
de novo neoantigen- specific CD8+ T cell responses 
and enhanced some neoantigen- specific responses that 
were detected prior to therapy60. Patients with ex vivo 
evidence of T cell responses to autologous tumour cells 
or DC- presented tumour antigens following therapy had 
improved PFS relative to those without such evidence of 
antitumour responses. Moreover, 2- year OS was 100% in 
those with antitumour T cell responses compared with 
25% in non- responders. Addition of the vaccine to ther-
apy also seemed to improve OS when compared with 
bevacizumab and low- dose cyclophosphamide combi-
nation therapy (2- year OS 78% versus 44% in a matched 
historical control group; P = 0.046). Low- dose cyclophos-
phamide significantly improved OS when given along-
side bevacizumab and the vaccine (P = 0.012)60. These 
findings suggest that tumour- lysate- based vaccine ther-
apies can induce antitumour T cell responses, includ-
ing neoantigen- specific CD8+ T cell responses. Thus,  
the use of tumour- lysate- based approaches and/or 
antigen delivery via APCs merits further exploration. 
Additionally, tumour- lysate- based vaccines could poten-
tially be used as priming vaccinations while a person-
alized neoantigen- based vaccine is being designed and 
manufactured59.

Monitoring of neoantigen vaccine- induced immune 
responses. Following vaccination, assessment of  
T cell responses to epitopes included in the vaccines can 
be accomplished in vitro using a variety of tools. One 
approach to validating T cell specificity involves the trans-
fection of genetic constructs encoding multiple patient- 
specific mutated epitopes, termed tandem minigenes, 
into APCs, followed by co- culture of the APCs with 
T cells isolated from the blood or tumour of the patient. 
Any APC subpopulations that induce T cell responses 
can then be further investigated to identify immunogenic 
epitopes61. Neoantigen- specific T cells have been detected 
using this technology in several different cancers61–64, 
including following therapeutic vaccination10,35, and 
this technology has also enabled the identification of 
neoantigen- specific T cell receptors (TCRs)62.

Neoantigen vaccine- induced responses
Immunogenicity and immunological profiling analyses 
conducted in clinical trials of personalized neoantigen- 
 based vaccines have provided insight into the magni-
tude, phenotype and functionality of vaccine- induced 
T cells (TablE 1). The first such trial used an autolo-
gous DC- based vaccination strategy37, whereby three 
patients with stage III cutaneous melanoma previ-
ously treated with ipilimumab were vaccinated with 
HLA- A*02:01- specific peptides encoding patient- 
 specific tumour neoepitopes and three peptides from 
the melanoma- associated antigen gp100. Vaccination 
induced CD8+ T cell responses and a diverse TCR 
repertoire37; thus, this study was the first to reveal that 
therapeutic vaccination with neoantigens can increase 
both the diversity and breadth of T cell responses. 
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A subset of neoantigen- responsive T cells were detect-
able prior to vaccination37, indicating that existing 
neoantigen- specific T cell responses were boosted,  
in addition to induction of de novo responses.

In another phase I trial evaluating personalized 
neoantigen- based vaccination, a peptide- based vac-
cine (NeoVax) was administered to four patients with 
previously high- risk stage III and two with stage IV 
melanoma following initial curative- intent surgery35. 
The NeoVax vaccines comprised up to 20 different long  
peptides (15–30- mers), formulated with the adjuvant 
poly- ICLC (a TLR3 agonist consisting of carboxy-
methylcellulose, polyinosinic–polycytidylic acid and 
poly- l- lysine double- stranded RNA). Previously unde-
tectable neoantigen- specific CD4+ and CD8+ T cells were 
induced post- vaccination, with a greater fraction of the 
response consisting of CD4+ T cells35. These T cell popu-
lations were polyfunctional, and neoantigen- specific 
CD4+ T cell transcriptional profiles post- vaccination 
revealed T helper 1 (TH1), effector and memory pro-
grammes35. The four patients with stage III disease 
remained disease- free at a median follow- up duration 
of 25 months (range 20–32 months) after vaccination. 
The two patients with stage IV disease had disease recur-
rence within a few months after the last vaccination and 
subsequently received pembrolizumab (an anti- PD-1 
antibody), which resulted in complete regression of 
metastatic tumours in both patients and broadening  
of antitumour T cell responses35. This observation high-
lights the potential of combination therapies to improve 
vaccine- induced T cell responses.

In a third phase I study36, a vaccine platform con-
sisting of mRNAs encoding shared melanoma antigens 
(NY- ESO-1 and/or tyrosinase) and personalized neoan-
tigen peptides was tested in 13 patients with stage III or IV 
melanoma. Profiling of T cells post- vaccination revealed 
that neoantigen- specific cytokine- producing CD8+ T cells 

present in blood comprised central memory (TCM) and 
effector memory (TEM) populations36. Similar to the 
responses observed with NeoVax35, CD4+ T cell responses 
were greater in magnitude than CD8+ T cell responses36. 
Neoantigen- specific tumour- infiltrating lymphocytes 
were found in resected tumours from two patients. 
Together, these findings from studies in patients with 
melanoma provided proof of concept that personalized 
neoantigen- based vaccines can induce tumour- specific 
T cell responses in a therapeutic setting.

More recently, neoantigen- based vaccines have 
been studied in patients with glioblastoma, a cancer 
type that typically has a low mutational burden3,65 and 
that is generally considered to constitute an immuno-
logically ‘cold’ tumour. In a phase I/Ib trial involving 
ten patients with MGMT promoter- unmethylated glio-
blastoma, personalized long- peptide- based vaccines 
formulated with poly- ICLC (NeoVax) were admin-
istered following standard- of- care surgical resection 
and radiotherapy10. Six of the eight vaccinated patients 
also received dexamethasone for the treatment of brain 
oedema, which impeded vaccine immunogenicity10.  
In the two vaccinated patients who did not receive dex-
amethasone, however, neoantigen- specific CD4+ T cell  
and CD8+ T cell responses were detected in the periph-
eral blood, and increased numbers of T cells were 
observed in intracranial tumours post- vaccination10. 
Transcriptomic analysis of tumour- associated T cells 
from one patient revealed varying degrees of expression 
of inhibitory receptors (including TIM3, LAG3, TIGIT 
and CTLA4), in addition to cytotoxicity signatures in 
both CD4+ T cells and CD8+ T cells10. TCR reconstruc-
tion revealed four neoantigen- specific CD4+ T cell and 
two neoantigen- specific CD8+ T cell clonotypes that 
were present in the post- treatment intracranial tumour.

In the phase I GAPVAC-101 trial9, patients with glio-
blastoma similarly received peptide- based vaccination  

Table 1 | Key clinical trials of personalized neoantigen- based vaccines

Trial Phase Tumour type Vaccine 
format

Key contributions Ref.

NCT00683670 I Advanced- stage 
melanoma

Dendritic cell Provided proof of concept that 
neoantigen vaccines can induce T cell 
responses

37

NeoVax 
(NCT01970358)

I/Ib Resected high- risk 
stage III/IV melanoma

Peptide Demonstrated that neoantigen peptide- 
 based vaccines can induce CD4+ T cell 
and CD8+ T cell responses and can be 
combined with ICIs

35

IVAC MUTANOME 
(NCT02035956)

I NY- ESO-1- positive  
and/or tyrosinase- 
 positive stage III or IV 
melanoma

mRNA Demonstrated that mRNA vaccines 
incorporating TAAs and neoantigens 
can induce CD4+ T cell and CD8+ T cell 
responses and can be combined with ICIs

36

NeoVax 
(NCT02287428)

I/Ib MGMT promoter- 
 unmethylated 
glioblastoma

Peptide Demonstrated that neoantigen vaccines 
can induce CD4+ T cell and CD8+ T cell 
responses in immunologically cold 
tumours with low mutational burdens

10

GAPVAC 
(NCT02149225)

I Glioblastoma Peptide Demonstrated that peptide vaccines 
incorporating TAAs and neoantigens 
can induce CD4+ T cell and CD8+ T cell 
responses in immunologically cold 
tumours with low mutational burdens

9

ICI, immune- checkpoint inhibitor; TAA, tumour- associated antigen.
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(with GM- CSF and poly- ICLC as adjuvants) follow-
ing surgical resection and chemoradiotherapy with 
temozolomide, in parallel with temozolomide main-
tenance therapy. The vaccination regimen consisted 
of two parts, the first component (APVAC1) involving 
vaccination with up to seven MHC I- binding peptides 
and MHC II- binding peptides derived from unmutated 
glioblastoma- associated antigens, and the second com-
ponent (APVAC2) involving patient- specific neoantigens 
(typically two)9. The unmutated glioblastoma- associated 
antigens included in APVAC1 induced CD8+ T cell 
responses across multiple cell subsets, including those 
with a central memory phenotype9. Neoantigens 
in APVAC2 induced predominantly CD4+ T  cell  
res ponses that were multifunctional and TH1 polarized9. 
CD4+ T cells specific for glioblastoma- associated anti-
gen incorporated in the APVAC1 vaccine were found in 
resected tumour tissue obtained after recurrence from 
one patient, which suggests that vaccine- induced T cells 
have the ability to traffic into tumour tissue.

No clear signals of clinical benefit that could be attrib-
uted to the vaccines were seen in either of the studies 
involving patients with glioblastoma. Nevertheless, 
evidence from both studies provides proof of con-
cept that neoantigen- based vaccines can generate 
tumour- infiltrating T cell responses in immuno logically 
cold tumours with a low mutational burden, which 
supports further investigations aiming to optimize 
neoantigen- based therapeutic vaccines for such tumours.

Altogether, these initial studies provided impor-
tant knowledge of the immunogenicity and therapeu-
tic potential of neoantigen- based personalized cancer 
vaccines. However, the extent of the induction and 
persistence of long- lived neoantigen- specific memory 
T cells in long- term survivors remains to be determined. 
Deeper phenotypic and functional analysis of these 
memory T cell populations could provide insights into 
the importance of subsets of memory T cells induced 
post- vaccination, particularly their potential to eliminate 
residual tumour cells.

Optimally inducing antitumour responses
Vaccine- induced immune responses have been exten-
sively studied in the context of preventive vaccines for 
infectious disease, in order to understand the immuno-
logical mechanisms of vaccination and their implica-
tions for vaccine- mediated protection against infectious 
organisms. In the context of cancer, the stimulation 
of tumour- specific immune responses faces unique 
challenges that can limit the efficacy of therapeutic 
vaccines.

Vaccine development and optimization strategies 
typically involve testing the suitability of different 
delivery platforms, adjuvants, routes of administration, 
prime–boost strategies and incorporated antigens, all 
of which can affect the nature of the induced immune 
responses (as previously reviewed38). A key factor in the 
choice of a therapeutic cancer vaccine platform relates to 
how rapidly the vaccine can be designed, manufactured, 
administered and elicit antitumour T cell responses. 
Candidate vaccine platforms include peptides66, RNA67, 
DNA68, DCs69 and viral vectors70. Indeed, multiple 

platforms hold promise for use in the development of 
personalized cancer vaccines and can be built upon for 
improvements.

Priming of T cell responses. The immunological cascade 
elicited following vaccination commences rapidly with 
the induction of innate immune responses and uptake 
of antigens by APCs, which leads to priming of T cell 
responses in the draining lymph nodes56. Antigen- 
specific T cell responses then undergo an expansion 
phase, followed after antigen clearance by a contrac-
tion phase that culminates in the generation of small 
populations of long- lived memory T cells71 (Fig. 1).

Priming immunization can be crucial given that the 
phenotypes and magnitudes of initial T cell responses 
elicited can determine the subsequent ‘boostability’ of 
vaccine- elicited memory T cell populations72. This con-
sideration is relevant because boosting immunizations 
will probably be needed to ensure adequate induction 
of neoantigen- specific T cell responses. Indeed, repet-
itive antigen stimulation has the potential to continu-
ally affect the gene- expression and functional profiles 
of memory CD8+ T cells72–74. Similar to preventive 
vaccines75, the timing of the administration of priming 
and boosting immunizations with therapeutic vaccines 
should be considered carefully, as should the timing of 
any combination therapies, given that these factors can 
all affect the resulting T cell phenotypes. Additionally, 
different adjunctive treatments might be needed for var-
ious tumour types to account for their distinct immune 
microenvironments.

The quality and magnitude of CD8+ T cell responses 
can be influenced by numerous factors71,76,77, resulting 
in variable memory T cell populations with dis tinct 
anatomical distributions and functional capabili-
ties78. In the context of cancer, induction of effective 
neoantigen- specific T cell responses can be compro-
mised by peripheral tolerance mechanisms, a result of 
either regulatory T (Treg) cell- mediated suppression79 
or tolerogenic T cell priming by DCs80. Theoretically, 
memory T cells induced through therapeutic vaccina-
tion should persist in the long term following tumour 
clearance and might, therefore, contribute to protec-
tion against future tumour recurrence (Fig. 1). Thus, the 
memory T cell populations that develop after therapeu-
tic vaccination need to be investigated in preclinical 
models and, ideally, in patients with cancer78,81.

Multiple memory T cell subsets exist, including TCM, 
TEM, resident memory T (TRM) and peripheral memory T 
(TPM) populations. TCM cells are most associated with local-
ization to secondary lymphoid tissues, albeit with some 
degree of circulation in the blood81. TCM cells have a vast 
proliferative capacity, which enables them to mount vig-
orous recall responses77. TEM cells mostly circulate in the 
blood and periphery, and can, therefore, rapidly respond 
to antigenic challenges82. TEM cells have a greater capacity 
for cytotoxicity and cytokine production than TCM cells, 
but have a lesser proliferative capacity than other memory 
T cell populations77.

TRM cells localize within tissues to provide rapid 
responses upon antigen detection, including the release 
of cytokines and activation of other immune cell 
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popu lations83–87, and could potentially contribute to 
the immunological response following vaccination87,88. 
High numbers of intratumoural TRM cells are correlated 
with favourable OS in patients with lung cancer89,90 or 
head and neck cancer91. Moreover, a high abundance 
of tumour- resident TRM cells expressing TIM3 and 
PD-1 has been associated with a response to anti- PD-1 
therapy in patients with lung cancer92. In a mouse 
model of head and neck cancer, TRM cells induced by 
preventive vaccination with a DC- targeted human 
papillomavirus 16 (HPV16)- derived E7 peptide con-
tributed to tumour control, together with other mem-
ory T cell populations89. TRM cells patrol a wide variety 
of organs85,93; therefore, inducing neoantigen- specific 
TRM cells through therapeutic vaccination might provide 
long- term immunosurveillance and protection against 
disease recurrence94.

TPM cells are a more- recently described subset of 
CD8+ T cells and have been observed to participate in 
immunosurveillance of peripheral tissues in viral infec-
tion models82. TPM cells can traffic through peripheral  
tissues, have self- renewal capacity and can differentiate 
into the highly proliferative TCM cells82, which underscores 
the potential benefits of harnessing this cell population  
in vaccination strategies. Although a better under-
standing of this novel T cell subset is needed, the 
immuno surveillance function of TPM cells might prove 
particularly useful in preventing metastatic tumour 
recurrences.

Circumventing CD8+ T cell exhaustion. T cell exhaus-
tion is one of the major challenges in antitumour 
immunity95. CD8+ T cell exhaustion is a gradual pro-
cess96,97, which eventually leads to an irreversible dys-
functional programme owing to epigenetic changes98–102. 
The personalized neoantigen- based vaccines tested in 

patients with cancer to date induce both CD4+ T cells  
and CD8+ T cells expressing several inhibitory recep-
tors9,10,35,36, suggesting that functional blockade of 
these receptors will be necessary to produce effective 
neoantigen- specific T cell responses. This hypothesis 
is supported by data from the trial of the melanoma 
vaccine NeoVax, in which two patients who had recur-
rent tumours had complete tumour regression follow-
ing treatment with pembrolizumab35. Findings from a 
number of studies demonstrate that TCF1- expressing 
‘progenitor exhausted’ CD8+ T cells are capable of self- 
renewal or differentiation into terminally exhausted 
effector T cells and are important for the efficacy of 
ICIs103–106 and therapeutic vaccines106.

The importance of CD4+ T cells. CD4+ T cells have crucial 
roles in supporting the development of CD8+ T cell responses 
through licensing of DCs that prime CD8+ T cells, in  
addition to the provision of cytokines such as IL-2 (REF.107) 
This ‘help’ provided by CD4+ T cells is important for devel-
oping antitumour CD8+ T cell responses108–112, including 
in the context of immune- checkpoint inhibition111. CD4+ 
T cells also produce cytokines that mediate the recruit-
ment and activa tion of immune cell populations109,111,113–116 
(Fig. 2). Furthermore, IFNγ produced by CD4+ T cells can 
indirectly result in the elimination of tumour cells117. Alter-
natively, immunosuppressive CD4+ Treg cells can dampen 
immune responses and are often found within the tumour 
microenvironment (TME)79.

CD4+ T cells are also important in inducing sys-
temic immune responses, which are required for effec-
tive tumour control following immunotherapy in 
various mouse models118. Notably, neoantigen- specific 
CD4+ T cells have been found in tumour tissue from 
immunotherapy- naive patients with melanoma119. 
Adoptive transfer of tumour- specific autologous CD4+ 
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Fig. 1 | Personalized neoantigen-based vaccination has the potential to induce long-lasting tumour-specific 
memory T cell populations. Following vaccination, both neoantigen- specific CD4+ T cells and CD8+ T cells are induced 
either de novo or through boosting of existing neoantigen- specific T cell responses. These T cells proliferate and kill 
tumour cells expressing the neoantigen. As tumour cells are eliminated, the release of tumour antigens might contribute 
to epitope spreading and thus an increased breadth of the tumour- specific T cell response. Following tumour eradication, 
the responding T cell populations contract, although subpopulations persist as components of the memory T cell pool. 
Indeed, vaccine- induced neoantigen- specific T cells have the potential to generate long- lived central memory T (TCM) cells 
and effector memory T (TEM) cells. Whether neoantigen- based vaccination can generate tissue- resident memory T (TRM) 
cells or peripheral memory T (TPM) cells remains unknown.
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T cells has also been shown to result in tumour regression 
in patients with metastatic melanoma120 and in a patient 
with metastatic cholangiocarcinoma121. Given the variety 
of crucial immunological roles of CD4+ T cells and their 
potential to shape vaccine- elicited immune responses, 
understanding the antitumour functions of this cell 
population (Fig. 2) and how they could be harnessed for 
neoantigen vaccines will be important122,123.

An early example suggesting a potential role of CD4+ 
T cells in therapeutic vaccination is provided by a study 
of a DC- based vaccine involving patients with stage III 
or IV melanoma, wherein inclusion of MHC II epitopes 
for TAAs in the vaccine resulted in increased induction 
of both TAA- specific CD4+ T cells and CD8+ T cells 
(in skin and/or blood) in some patients124. In mouse 
models of therapeutic cancer vaccines, the induction 
of tumour- specifc CD4+ T cells resulted in CD8+ T cells 
with improved effector functions111,125, a memory 
phenotype111, reduced expression of inhibitory markers 
(such as PD-1) and enhanced migration to and infiltra-
tion of tumours, resulting in improved tumour control125. 
Indeed, the inclusion of MHC II neoantigens in vaccines 
contributed substantially to tumour eradication in multi-
ple mouse models, with evidence of TME reshaping and 
CD8+ T cell epitope spreading observed53. These findings 
indicate the importance of eliciting CD4+ T cell responses 
using therapeutic vaccination to optimize CD8+ T cell 
responses and tumour control.

In addition to supporting CD8+ T cell responses, 
data from a mouse model of sarcoma have shown 
that expression of antigen that is MHC II restricted by 

tumours has been shown to be crucial for the efficacy of 
ICI therapy or a tumour vaccine even when the tumour 
cells themselves do not express MHC II111. This study 
similarly revealed that expression of an MHC II epitope 
and CD4+ T cell help was important for the induction 
of CD8+ T cell responses, and expression of an MHC II 
epitope by the tumour resulted in increased frequency 
of both intratumoural CD4+ T cells and CD8+ T cells111. 
Moreover, expression of MHC II antigens was asso-
ciated with greater accumulation of inducible nitric 
oxide synthase (iNOS)- positive macrophages111. Thus, 
CD4+ T cell assistance in recruiting innate immune cells 
might have a role in vaccine efficacy. A potential role  
of recruited innate immunity is supported by findings of 
cell- depletion studies in a mouse model of therapeutic 
vaccination in combination with recombinant IL-2, an 
anti- PD-1 antibody and a TAA- targeting antibody126. 
Thus, the effects of vaccine- induced neoantigen- specific 
T cells on the landscape of innate immune cell popu-
lations in tumours should be investigated in patients 
with cancer.

Similar to CD8+ T cells, the substantial diversity of 
CD4+ T cell subsets is well established127. Single- cell tran-
scriptomic analyses of CD4+ T cells in a mouse model 
of colon adenocarcinoma and in human liver cancers 
demonstrated heterogeneity among the CD4+ T cells  
infiltrating tumours and tumour- draining lymph nodes, 
and a particular subset had a defined gene signature 
that was enriched in patients with intrinsic resistance 
to ICIs128. Furthermore, transcriptional profiling of 
neoantigen- vaccine- induced CD4+ T cells in patients 
with glioblastoma revealed cytotoxic signatures10. Most 
tumours are MHC II negative, although emerging evi-
dence indicates that some tumours express MHC II129. 
Moreover, IFNγ produced by tumour- specific CD4+ 
T cells can stimulate upregulation of tumoural expres-
sion of MHC II, which resulted in direct CD4+ T cell- 
 mediated tumour elimination in a mouse model of 
melanoma130. Tumour- infiltrating cytotoxic CD4+ T cells  
have also been found in human bladder cancers and 
to have MHC II- dependent cytotoxic activity against 
the autologous tumour cells131. Whether cytotoxic 
CD4+ T cells induced by a therapeutic vaccine could 
mediate antitumour activity directly remains unclear 
and should be further investigated. This question is 
particularly important given that the neoantigen- 
 based vaccines evaluated in the initial clinical studies 
induced a greater degree of CD4+ T cell response than 
CD8+ T cell response.

Although antitumour CD4+ T cell responses have 
clearly been demonstrated, emerging evidence indi-
cates that neoantigen- specific CD4+ Treg cells also exist. 
Tumour antigen- specific Treg cells have been observed 
in both peripheral blood and tumour specimens from 
patients with metastatic melanoma or gastrointes-
tinal or ovarian cancers; the expansion of these spe-
cific Treg cell clonotypes probably occurs in the TME, 
in a neoantigen- selective manner132. Neoantigen- 
 specific Treg cells might have important implications for 
therapeutic vaccines. Theoretically, immunosuppressive 
Treg cells induced by vaccination could dampen other 
vaccine- induced antitumour immune responses.
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Fig. 2 | Roles of neoantigen-specific CD4+ T cells following therapeutic vaccination. 
CD4+ T cells have many roles in the vaccine- induced antitumour immune response.  
By interacting with dendritic cells and enhancing antigen cross- presentation, CD4+ T cells 
perform the well- described roles of providing ‘help’ in the generation of the antitumour 
cytotoxic CD8+ T cell responses. CD4+ T cells can also produce many cytokines, including 
IFNγ and TNF, that stimulate and modulate immune responses. In addition, other types  
of immune cell with potential antitumour activity, such as macrophages, can be recruited 
as a result of CD4+ T cell- related responses. Interestingly, cytotoxic gene- expression 
signatures have been observed in neoantigen- specific CD4+ T cells induced following 
therapeutic vaccination, which indicates that these cells might contribute to the 
elimination of tumours with upregulation of MHC class II (MHC II) proteins (dashed arrow); 
however, whether vaccine- induced neoantigen- specific CD4+ T cells do indeed have this 
capacity needs to be investigated further.
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In line with potential inhibitory effects of vaccination, 
the ATLAS epitope- selection platform has been designed 
to account for ‘inhibitory’ neoantigens during vaccine 
formulation133. The exact mechanism of these inhibitory 
neoantigens has not been defined; however, using the 
ATLAS platform, immunostimulatory and inhibitory 
epitopes can be identified through high- throughput 
ex vivo screening assays involving autologous T cells 
and APCs134. Together, these observations highlight the 
need to obtain a better understanding of the CD4+ T cell 
phenotypes induced by therapeutic vaccination.

Designing effective vaccine- induced immune responses. The 
question of how to elicit specific beneficial T cell pheno-
types is crucial to the development of effective therapeutic 
cancer vaccines. Data indicate the importance of sequenc-
ing of combination therapies as well as roles for CD4+ 
T cells and novel CD8+ T cell subsets. Methodical testing of 
vaccination regimens will provide insights into how various 
vaccine strategies influence the magnitude and phenotype 
of neoantigen- specific CD4+ and CD8+ T cell responses. 
Thus, detailed immuno phenotyping should be conducted 
to clearly define T cell phenotypes and responses. Together, 
this information could contribute to the development of 
improved neoantigen- based vaccination regimens.

Clinical neoantigen vaccine development
As discussed previously, the initial clinical trials testing 
personalized neoantigen- based vaccines were conducted 
largely in disease settings in which all tumours had been 

surgically removed and no additional standard therapy 
was indicated, enabling the administration of an inves-
tigational vaccine alone. Given that ICIs targeting PD-1 
or PD- L1 have broad clinical efficacy across cancers and 
that antitumour activity seems to depend on the presence 
of pre- existing T cell responses in the tumour (that is,  
an immunologically ‘hot’ TME), testing personalized 
vaccines in combination with PD-1 or PD- L1 inhibition  
is a logical next step in the clinical development of these 
therapies (Fig. 3). The observation of complete responses to 
PD-1 inhibitors in patients with melanoma who had dis-
ease progression during or after therapeutic neoantigen- 
 based vaccination35 has been interpreted as potentially 
indicative of synergy between ICIs and vaccination, 
although complete responses can sporadically occur with 
PD-1 inhibition alone in patients with metastatic mela-
noma. In line with these considerations, ongoing clini-
cal trials are combining personalized neoantigen- based 
vaccines with PD-1, PD- L1 and/or CTLA4 inhibitors in 
various tumour types (TablE 2).

A personalized long- peptide vaccine formulated 
with poly- ICLC (NEO- PV-01) has been assessed in 
combination with nivolumab in the phase Ib NT-001 
trial involving patients with advanced- stage mela-
noma (n = 34), NSCLC (n = 27) or urothelial carcinoma 
(n = 21)135. Patients received nivolumab monother-
apy while the vaccines were being manufactured, as 
well as during the vaccination and post- vaccination 
periods. T cells responsive to neoantigens included 
in the vaccine were detected in all vaccinated patients 
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Table 2 | Selected ongoing trials of personalized neoantigen-based vaccines

Vaccine (format) Number of 
neoantigens 
included

Neoantigen 
discovery 
platform

Adjuvant  
and/or delivery 
system

Study 
phase

Tumour types Treatment 
approach

ClinicalTrials.
gov identifier 
(Ref.)a

NeoVax (SLP) 7–20 Broad 
Institute/DFCI 
pipeline46,48,142

Poly-ICLC Pilot Completely 
resected 
advanced-stage 
RCC

NeoVax plus locally 
administered 
ipilimumab 
(anti-CTLA4 
antibody)

NCT02950766

Phase Ib Advanced-stage 
melanoma

NeoVax plus 
nivolumab (anti-PD-1 
antibody) and 
locally administered 
ipilimumab

NCT03929029

GEN-009 (SLP) 4–20 ATLAS133 Poly-ICLC Phase I/IIa Melanoma, 
NSCLC, HNSCC, 
RCC or urothelial 
carcinoma

GEN-009 alone for 
patients who have no 
evidence of disease 
after completion 
of curative-intent 
treatments and 
with nivolumab or 
pembrolizumab 
(anti-PD-1 antibody) 
for those with 
unresectable 
advanced-stage 
tumours

NCT03633110 
(REF.136)

PGV001 (SLP) Up to 10 Personalized 
genomic 
vaccine 
pipeline 
(Openvax)144

Poly-ICLC Phase I Advanced-stage 
solid tumours

PGV001 alone NCT02721043 
(REF.143)

AutoSynVax 
(ASV), also known 
as AGEN2003 (SLP 
with recombinant 
HSP70)

Up to 24 AIM QS-21 Stimulon Phase Ia Advanced-stage 
solid tumours

AutoSynVax alone NCT02992977 
(REF.145)

RO7198457 , also 
known as iNeST 
(RNA–lipoplex)

Up to 20 Not disclosed NA Phase Ib Advanced-stage 
solid tumours, most 
commonly NSCLC, 
TNBC, melanoma 
and CRC

RO7198457 alone or 
with atezolizumab 
(anti-PD-L1 
antibody)

NCT03289962 
(REF.137)

Randomized 
phase II

ctDNA-positive 
resected stage III 
NSCLC

RO7198457 plus 
atezolizumab vs 
atezolizumab alone, 
after adjuvant 
chemoradiotherapy

NCT04267237

Randomized 
phase II

Advanced-stage 
melanoma 
(treatment-naive)

RO7198457 plus 
pembrolizumab  
vs pembrolizumab 
alone

NCT03815058

mRNA-4157 (lipid 
encapsulated 
RNA)

Up to 20 Proprietary 
algorithm

NA Phase I Advanced-stage 
solid tumours

mRNA-4157 alone 
for patients with 
resected tumours or 
with pembrolizumab 
for those with 
unresectable tumours

NCT03313778 
(REF.138)

Phase I Resected high-risk 
melanoma (stage III)

mRNA-4157 plus 
pembrolizumab

NCT03897881

Not specified 
(DNA)

Not 
specified

Not disclosed Intramuscular 
TriGrid Delivery 
System (TDS-IM)

Randomized 
phase I

Stage II or III TNBC Vaccine vs vaccine 
plus durvalumab 
(anti-PD-L1 
antibody), following 
SoC therapy

NCT03199040

TDS-IM Phase I Resectable PDAC Vaccine alone, 
following surgery 
and adjuvant 
chemotherapy

NCT03122106
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(n = 60) using ex vivo IFNγ ELISpot assays of periph-
eral blood135. Vaccine- specific TCRs were detected in 
post- vaccination tumour samples from two patients 
with melanoma, one of whom had a radiographic 
response, and one who had stable disease following 
treatment135, indicating that the vaccines induced traf-
ficking of neoantigen- specific T cells into metastatic 
tumours. Clinical benefit obser ved after vaccination 
could not be directly attributed to the vaccine owing to 
the use of nivolumab and the nonrandomized design  
of the study, although longitudinal assessments of 
biopsy samples revealed that major pathological 
responses occurred after vaccination in nine patients 
with melanoma who did not have such a response to 
initial pre- vaccination treatment with nivolumab, three 
of whom had a residual tumour burden of >80% prior to  
vaccination135. Moreover, evidence of epitope spreading 
of the T cell responses to neoantigens not contained 
in the vaccines (suggesting vaccine- mediated tumour 
cell killing) was observed. Notably, epitope spread-
ing was associated with a lack of disease progression 
at 6 months after initiation of therapy in the urothe-
lial carcinoma group and at 9 months in the NSCLC 
and melanoma groups (P = 0.03 across groups), trans-
lating into improved PFS in the three groups overall 
(HR 0.23, 95% CI 0.06–0.83; P = 0.01)135. These find-
ings suggest vaccine- mediated clinical benefit. The 

combination of nivolumab and NEO- PV-01 was well 
tolerated, with mild injection- site reaction and transient 
flu- like symptoms observed in 52% and 35% of patients, 
respectively.

GEN-009 is a personalized neoantigen- based vac-
cine comprising 4–20 synthetic long peptides selected 
using the aforementioned ATLAS epitope- discovery 
platform and formulated with poly- ICLC. In an ongo-
ing multicentre phase I/IIa study (NCT03633110), 
eight patients with solid tumours with a high risk of 
recurrence after completion of curative- intent treat-
ment received GEN-009 and tolerated the vaccine well, 
with only local injection- site discomfort reported136. 
All patients were found to have peripheral CD4+ T cell 
and CD8+responses against at least one neoantigen, and 
99% of all peptides stimulated T cell responses (74% 
induced CD8+ T cell responses and 92% induced CD4+ 
T cell responses)137. Of note, T cell responses were often  
sustained for more than 12 months136. Further data 
from this trial, which also includes a cohort of patients 
with advanced- stage disease who are receiving the vac-
cine in combination with PD-1 inhibitors (TablE 2), are 
awaited.

In a phase Ib study137, a personalized RNA–lipoplex 
neoantigen- based vaccine encoding up to 20 neoan-
tigens (RO7198457) was tested in combination with 
the anti- PD- L1 antibody atezolizumab in 132 patients 

Vaccine (format) Number of 
neoantigens 
included

Neoantigen 
discovery 
platform

Adjuvant  
and/or delivery 
system

Study 
phase

Tumour types Treatment 
approach

ClinicalTrials.
gov identifier 
(Ref.)a

VB10.NEO 
(plasmid DNA)

Up to 20 NeoSELECT PharmaJet 
Stratis injection 
system

Phase I/IIa Advanced-stage 
RCC, HNSCC, 
melanoma or 
NSCLC without  
a complete 
response to  
SoC immune- 
checkpoint 
inhibitor therapy

VB10.NEO plus 
bempegaldesleukin 
(pegylated IL-2,  
a CD122-preferential 
IL-2 pathway 
agonist)

NCT03548467 
(REF.146)

GNOS-PV02 
(plasmid DNA)

>50 Not disclosed INO-9012 
(plasmid 
encoding IL-12); 
CELLECTRA 
delivery 
device (in vivo 
electroporation)

Phase I Newly diagnosed 
MGMT promoter- 
unmethylated 
glioblastoma

GNOS-PV02 alone 
following SoC 
surgery and/or 
radiotherapy

NCT04015700

Phase I/II Advanced-stage 
hepatocellular 
carcinoma

GNOS-PV02 plus 
pembrolizumab, 
folllowing disease 
progression or 
intolerance of SoC 
TKI therapy

NCT04251117

Granite (GRT-C901 
adenovirus-based 
prime plus 
GRT-R902 
RNA-based 
booster)

Up to 20 Edge NA Phase I/II NSCLC, CRC (MSS), 
gastroesophageal 
adenocarcinoma, 
urothelial carcinoma 
or PDAC

Granite alone NCT03794128

Phase I/II NSCLC, CRC (MSS), 
gastroesophageal 
adenocarcinoma 
or urothelial 
carcinoma

Granite plus 
nivolumab and 
ipilimumab

NCT03639714

CRC, colorectal cancer; ctDNA, circulating cell-free tumour DNA; DFCI, Dana-Farber Cancer Institute; HNSCC, head and neck squamous cell carcinoma;  
HSP70, heat shock protein 70; iNeST, individualized neoantigen specific immunotherapy; MSS, microsatellite stable; NA, not applicable; NSCLC, non-small-cell  
lung cancer; PDAC, pancreatic ductal adenocarcinoma; poly-ICLC, polyinosinic–polycytidylic acid–poly-l-lysine carboxymethylcellulose; RCC, renal cell carcinoma; 
SLP, synthetic long peptides; SoC, standard of care; TKI, tyrosine kinase inhibitor; TNBC, triple-negative breast cancer. aFor trials with reported data only.
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with advanced- stage solid tumours (NCT03289962)  
(TablE 2). Circulating T cell responses to a median 
of 2.6 neoantigens were detected ex vivo in 77% of 
patients. Vaccine- specific CD8+ T cells were detected 
at frequencies >5% in the peripheral blood and had a 
TEM phenotype with high levels of PD-1 expression137. 
Vaccine- specific TCRs were also detected in post- 
 vaccination but not in pre- vaccination tumour spec-
imens. The antitumour activity of RO7198475 in 
combination with atezolizumab was modest, with 
two objective responses in 28 patients (7%) with var-
ious advanced- stage solid tumours who were enrolled 
in the dose- escalation part of the study and objective 
response rates (ORRs) between 4% and 30% (8% overall)  
in the expansion cohorts, which comprised patients 
with triple- negative breast cancer, urothelial carci-
noma, RCC, melanoma or NSCLC137. The ORRs were 
not higher than those expected with PD- L1 inhibition 
alone in these patient groups. Treatment- related adverse 
events were primarily systemic reactions (low- grade 
cytokine- release syndrome, infusion- related reactions 
or flu- like symptoms).

mRNA-4157, another lipid- encapsulated RNA-  
based neoantigen- based vaccine, has been tested as 
mono therapy in 13 patients with high- risk resectable 
solid tumours and in combination with pembrolizumab 
in 20 patients with unresectable advanced- stage solid 
tumours, with the latter group including 12 patients 
who had disease progression on prior ICI therapy 
(NCT03313778)138 (TablE 2). No dose- limiting toxicities 
or grade 3–4 adverse events were observed138. Six clini cal 
responses were observed in the 20 patients (ORR 30%) 
treated with the combination, including two (17%) of the 
12 patients who had previously received ICIs.

Do personalized neoantigen- based vaccines medi-
ate antitumour activity in patients with cancer?  
Preliminary signals of clinical activity have been 
obtained using personalized neoantigen- based vaccines 
in several proof- of- concept studies (conducted primar-
ily in patients with resected melanoma who were at high 
risk of disease recurrence)35,36. However, initial clinical 
trials in patients with advanced- stage solid tumours 
treated with personalized vaccines in combination with 
ICI have not demonstrated ORRs that are clearly supe-
rior to those achieved with ICI monotherapy135,137,138. In 
the NT-001 study135, the number of patients who con-
verted from initial disease progression during the ICI 
monotherapy period to a response after vaccination 
with NEO- PV-01 was modest (13%). The possibility 
that combination therapy with personalized vaccines 
and ICI could prolong anti- PD-1- mediated responses 
remains; however, the personalized neoantigen vaccines 
used in the studies to date have been mostly ineffective 
in addressing the issue of primary resistance to PD-1 
ICIs, at least when given after the initiation of and/or 
concurrently with PD-1 inhibition. Randomized tri-
als will be necessary to provide conclusive evidence of 
improved anti tumour activity of PD-1 or PD- L1 ICIs in 
combination with personalized vaccines and are ongo-
ing in the settings of first- line therapy for advanced- 
stage melanoma (NCT03815058) and adjuvant therapy 

for high- risk NSCLC (NCT04267237) or melanoma 
(NCT03897881) (TablE 2).

How can clinical efficacy be improved? Despite the 
apparently modest levels of clinical benefit shown 
to date, correlative analyses of data from the initial 
trials of neoantigen- based vaccines provided evidence 
of robust immunogenicity and on- target tumour 
cell killing. Neoepitope- specific responses of both 
CD4+ T cells and CD8+ T cells were seen in all vacci-
nated patients in the phase Ib studies of peptide plus 
poly- ICLC vaccine NEO- PV-01 and the RNA–lipoplex 
vaccine RO7198457 (REFS135,137). Furthermore, traffick-
ing of vaccine- induced neoantigen- specific T cells to 
metastatic tumours was observed in both studies135,137. 
In the trial of NEO- PV-01, epitope spreading and 
post-vaccination pathological responses correlated 
with prolonged PFS135. Nevertheless, T cell responses 
were not consistently detected in ex vivo assays, and a 
relatively large proportion of the vaccine neoepitopes 
did not stimulate T cell responses135,137. Furthermore, 
although large numbers of T cells targeting certain 
neoepitopes were detected, many vaccine neoepitopes 
induced only low- frequency responses135,137. As we have 
described, one challenge in the field of cancer vaccine 
research relates to improving our under standing of 
how to induce maximum activation and expansion 
of T cell responses and of CD8+ T cells in particular.  
To accomplish this aim, complementary therapies that 
promote APC function and optimal priming of T cells 
in the lymph nodes will probably be necessary (Fig. 3). 
Therapeutic agents with the potential to achieve this 
include ICIs, agonists of co- stimulatory receptors (such 
as CD40), TLR agonists and growth factors supporting 
DC development and/or function (such as granulocyte–
macrophage colony- stimulating factor (GM- CSF) and 
Fms- related tyrosine kinase 3 ligand (FLT3L). We are 
conducting phase I trials in patients with completely 
resected advanced-stage RCC (NCT02950766) or 
unresectable melanoma (NCT03929029), in which 
personalized neoantigen- based vaccines are being 
coadministered with ipilimumab, an ICI targeting 
CTLA4 (TablE 2). In preclinical models of lymphoma, 
in  situ vaccination approaches consisting of intu-
moural injections of FLT3L and poly-ICLC plus local 
radiotherapy led to the recruitment of cross-priming 
DCs and improved the efficacy of PD-1 inhibition139. 
The in situ vaccination strategy alone induced objec-
tive responses, including some abscopal responses, 
in patients with treatment- resistant non- Hodgkin  
lymphomas; furthermore, non- responders had incre ases  
in the abundance of phenotypically exhausted, 
PD-1+CD8+ T cells in peripheral blood following treat-
ment, supporting the combination of this approach  
with PD-1 inhibition139.

Another challenge relates to the identification of a 
vaccine delivery system that enables rapid, cost- effective 
manufacturing and thus timely deployment of the 
vaccines (Fig. 3). As reviewed previously140, different 
vaccine formats — comprising peptides, RNA, DNA, 
viral constructs or DCs — each have advantages and 
disadvantages; however, head- to- head comparisons of 

www.nature.com/nrclinonc

R e v i e w s

226 | April 2021 | volume 18 



these different approaches in patients are lacking. This 
situation most probably reflects the current reality of the 
clinical drug development landscape, in which vaccine 
formats are typically chosen based on the available tech-
nology, in- house experience and intellectual property, 
among other criteria. Conceivably, cooperative groups 
could perform such comparative studies, although sys-
tematic comparisons of different personalized vaccine 
platforms are unlikely to be undertaken in the near 
term given the current high costs and complexity of this 
therapeutic approach.

The timing of ICI administration and therapeu-
tic vaccination is another important consideration 
(Fig. 3). This point was highlighted in a preclinical 
study in which concurrent administration of a PD-1 
inhibitor and a therapeutic cancer vaccine improved 
both vaccine- induced immune responses and tumour 
control in a mouse model141. Conversely, PD-1 inhi-
bition before vaccination resulted in a population of 
PD-1+CD38hiCD8+ T cells that were dysfunctional in 
the same model, a finding that was attributed to a sub-
optimal priming environment for induction of CD8+ 
T cell responses141. Indeed, this PD-1+CD38hiCD8+ T cell 
population was shown to contribute to immunotherapy 
failure in mice, and patients with intrinsic resistance to 
PD-1 ICIs were found to have higher numbers of these 
dysfunctional T cells in blood and tumour samples than 
responders141. Thus, combining ICIs with therapeutic 
vaccination regimens can be beneficial, but will require 

careful consideration of the most appropriate sequencing 
of the component therapies.

Conclusions
The ability to rapidly and comprehensively identify 
tumour- specific mutations has provided the cancer 
vaccine field with long- elusive tumour- specific targets. 
Initial studies have shown that personalized neoantigen- 
 based vaccines can be generated and administered 
safely to individual patients with cancer. In- depth 
profiling of vaccine- induced T cell responses, includ-
ing the use of newly available immunogenomic tools, 
has demonstrated that all vaccinated patients develop 
T cell responses to subsets of the immunizing epitopes 
and that vaccine- induced T cells can traffic into meta-
static tumours. Neoantigen- prediction algorithms have 
largely focused on MHC I epitopes, but a predominance 
of CD4+ T cell responses has been observed. Despite 
emerging evidence of crucial roles of CD4+ T cells, 
developing strategies that induce maximal cytotoxic 
CD8+ T cell responses remains important, in addition 
to the robust neoantigen- specific CD4+ T cell responses 
elicited in the initial trials to date (Fig. 4). Numerous 
studies utilizing a spectrum of different vaccine delivery 
platforms and combination therapies are underway, with 
the ultimate goal of stimulating effective, long- lasting, 
tumour- specific immunity in patients with cancer.
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