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Abstract
There are strong biologic and preclinical rationales for the development of therapeutic cancer vaccines; however, the clini-
cal translation of this treatment strategy has been challenging. It is now understood that many previous clinical trials of 
cancer vaccines used target antigens or vaccine designs that inherently lacked sufficient immunogenicity to induce clinical 
responses. Despite the historical track record, breakthrough advances in cancer immunobiology and vaccine technologies 
have supported continued interest in therapeutic cancer vaccinations, with the hope that next-generation vaccine strategies 
will enable patients with cancer to develop long-lasting anti-tumor immunity. There has been substantial progress identify-
ing antigens and vaccine vectors that lead to strong and broad T cell responses, tailoring vaccine designs to achieve optimal 
antigen presentation, and finding combination partners employing complementary mechanisms of action (e.g., checkpoint 
inhibitors) to overcome the diverse methods cancer cells use to evade and suppress the immune system. Results from ran-
domized, phase 3 studies testing therapeutic cancer vaccines based on these advances are eagerly awaited. Here, we sum-
marize the successes and failures in the clinical development of cancer vaccines, address how this historical experience and 
advances in science and technology have shaped efforts to improve vaccines, and offer a clinical perspective on the future 
role of vaccine therapies for cancer.

Key Points 

Clinical translation of vaccine therapies for cancer has 
been challenging due to the complexity of cancer immu-
nology and optimal vaccine design.

Advances in vaccine technology and understanding of 
cancer immunology support continued investigation of 
vaccine-based treatment strategies for cancer.

1  Introduction

Successful cancer immunotherapy ultimately requires 
tumor cell engagement by cytolytic effectors (T cells and 
antibodies) capable of specifically recognizing unique or 
aberrantly expressed tumor-associated antigens (TAAs) or 
tumor-specific antigens (TSAs). While some patients with 
cancer spontaneously generate sufficient levels or func-
tion of antigen-specific T cells with the potential to gen-
erate impressive anti-tumor activity, the majority do not. 
One approach to ensure an adequate level and function of 
immune effectors is through therapeutic cancer vaccination. 
This form of active immunotherapy aims to generate anti-
tumor immune responses directed against TAAs or TSAs 
[1, 2]. The idea of vaccination against cancer has a long 
history and was initially built on the observation that some 
tumors spontaneously regress in patients experiencing an 
acute infection [3]. More than a century ago, Dr. William 
Coley leveraged this observation to develop a rudimentary 
anti-cancer immune therapy consisting of heat-inactivated 
bacteria [3, 4]. How a non-specific innate immune response 
against bacterial products could translate into a specific anti-
tumor immune response was explained subsequently by the 
discovery that antigen-presenting cells (APCs) (dendritic 
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cells [DCs]) could acquire immunogenic tumor-derived pep-
tides released during the innate immune response. These 
peptides could then be used to activate anti-tumor T cells 
with cognate receptors [5]. This led to the hypothesis that 
use of tumor-derived antigens, if delivered to the immune 
system in a sufficiently immunogenic context (a “vaccine”), 
would, due to the preferential targeting of cancer cells, ena-
ble relatively safe and yet effective treatments for cancer, 
capable of inducing long-lasting immunity [6].

Despite this encouraging foundation, and although cancer 
vaccines have been the subject of intense preclinical and clini-
cal investigation in a variety of malignancies over the past 40 
years, the successful clinical translation from bench to bed-
side has been slow, with only two therapeutic cancer vaccines 
(sipuleucel-T and talimogene laherparepvec [T-VEC]) having 
gained regulatory approval in the United States or European 
Union and numerous negative phase 3 studies leading to 
product discontinuations. However, the interest in therapeu-
tic cancer vaccination remains high for several reasons. First, 
the clinical efficacy of checkpoint inhibitors and the identi-
fication of tumor-antigen-specific T cells in treated patients 
now provide evidence that patients are able to prime tumor-
reactive T cells and that this likely occurs spontaneously in the 
minority of cancer patients responding to checkpoint block-
ade monotherapy. Second, the identification of checkpoint-
expressing T cells and checkpoint ligand-expressing tumor 
cells after cancer vaccine therapies suggests that combina-
tion therapies incorporating vaccines and checkpoint inhibi-
tors may be effective, as demonstrated in preclinical studies 
[7–10]. Third, negative studies have provided lessons for the 
field moving forward, which are being applied in current tri-
als and will be also used in future investigations. The main 
lessons, as recently reviewed by Hollingsworth and Jansen 
(2019), include the need for antigens and vaccine designs that 
elicit greater immunogenicity (particularly through optimal 
presentation of tumor antigens by professional DCs [6]) as 
well as combination treatment strategies to overcome multi-
ple mechanisms of tumor-mediated immunosuppression [11]. 
Fourth, a deeper understanding of major histocompatibility 
complex (MHC)-antigen binding has evolved to allow for 
better vaccine design and selection of appropriate antigens. 
Fifth, the ability to preferentially induce type 1 anti-tumor 
immunity versus the more common type 2 tumor supportive 
immunity has increased. Finally, although limited efficacy has 
been observed with the therapeutic cancer vaccine sipuleucel-
T, its approval provided clinical validation of the therapeutic 
vaccination concept, which remains scientifically sound.

Given how recent advances may transform the track 
record of cancer vaccines, there is a need to summarize these 
developments and how they will affect the future role of 
vaccines. This review describes the successes and failures 
in the clinical development of cancer vaccines, addresses 
how this historical experience and advances in science and 

technology have shaped efforts to improve vaccines (e.g., 
through optimizing antigen presentation by professional 
APCs), and offers a clinical perspective on the future role 
of vaccine therapies for cancer.

2 � Historical Overview of Cancer Vaccines

Several types of cancer vaccines have been developed that 
vary depending on the form of the delivered antigen used in 
the vaccine: proteins or synthetic peptides of cancer anti-
gens, cell-based delivery of tumor antigen (e.g., modified 
tumor cells, DCs loaded with tumor antigens), and DNA/
RNA coding for cancer antigens (e.g., plasmids, RNA, viral 
vectors) (Fig. 1).

2.1 � Peptide‑ and Protein‑Based Vaccines

Peptide-based vaccines are relatively easy to manufacture, 
but combination with potent immune adjuvants is often 
needed to boost immunogenicity, and the number of people 
who may benefit from a given peptide vaccine is restricted 
by human leukocyte antigen (HLA) haplotype [13]. Several 
phase 3 studies investigating early peptide-based vaccines 
have not demonstrated clinical benefit despite demonstrating 
some induction of immune responses against TAAs or TSAs 
(Table 1) [11]. Explanations for lack of clinical benefit may 
lie in the properties of the peptides and adjuvants used, and 
early peptide vaccines may have been inherently inadequate 
for promoting antigen presentation and generating potent 
and durable anti-tumor immunity [6, 60–62].

A limitation of many early peptide vaccines was the use 
of short peptides (< 15 amino acids), including the minimal-
length epitopes required to target cytotoxic lymphocytes 
(CTLs) but not T helper cells [6]. Short peptide epitopes 
are loaded onto non-professional APCs, including T cells 
and B cells [6, 63]. Yet, non-professional APCs circulate to 
non-inflamed lymphoid organs and do not deliver costimula-
tory signals to optimally prime and activate CTLs, thereby 
promoting tolerization [63]. Furthermore, cross-presentation 
of short peptides by professional APCs (DCs) is not as effi-
cient or long lasting as that for synthetic long peptides [64]. 
Unfortunately, vaccines based on whole proteins (including 
idiotype vaccines) have also been largely unsuccessful in the 
clinic (Table 1). This may be due to the fact that the process-
ing and presentation of whole proteins by DCs is inferior 
when compared with that for shorter peptides [65].

Overall, these results have provided rationale for the 
development of improved peptides such as synthetic long 
peptides with optimized immunogenicity, alternative pep-
tide-delivery platforms such as nanoparticles, and more 
potent vaccine adjuvants.
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2.2 � Cellular Vaccines

Commonly studied types of cell-based cancer vaccines 
include DCs loaded with tumor (neo)antigens, modified autol-
ogous cancer cells, and allogeneic tumor cell lines. Cell-based 
vaccines were among the initial types of therapeutic cancer 
vaccines tested. The first therapeutic cancer vaccine approved 
by the United States Food and Drug Administration was sip-
uleucel-T, a vaccine consisting of autologous peripheral blood 
mononuclear cells, including DCs, loaded with the prostatic 
acid phosphatase antigen fused with granulocyte-macrophage 
colony-stimulating factor (GM-CSF; an immune-cell acti-
vator). The approval of sipuleucel-T in 2010 for metastatic 
castration-resistant prostate cancer was based on results from 
the phase 3 IMPACT trial (NCT00065442) showing that treat-
ment with sipuleucel-T significantly improved overall survival 
(OS) compared with placebo (median 25.8 vs. 21.7 months; 
hazard ratio [HR] 0.78; p = 0.03; Table 2) [66]. These results 
and subsequent approval provided an early clinical validation 
of the therapeutic cancer vaccine concept. Real-world analyses 
suggest that sipuleucel-T remains an effective treatment option 
in the current treatment landscape, which includes androgen-
receptor signaling pathway inhibitors (ASPIs). A retrospec-
tive cohort analysis of men with metastatic castration-resistant 
prostate cancer (N = 6044; January 2013–December 2017) 
found that treatment with sipuleucel-T as first-line therapy or 
any-line therapy was associated with improved OS compared 
with treatment with ASPIs alone [68].

In contrast, cellular vaccines based on autologous tumor 
cells have not had the same success in several pivotal trials, 
as they either did not meet their primary endpoints or were 

discontinued early because of clinical futility (Table 1). One 
possible explanation for this lack of success is the presence 
of immunosuppressive factors in the irradiated tumor cells 
or tumor cell lysates used for these vaccines [69, 70].

2.3 � Genetic Vaccines

Viruses or plasmids can act as vectors for DNA or RNA 
encoding TAAs [11–13]. Viruses represent a promising plat-
form for vaccines, as virus DNA or RNA may activate DCs 
by triggering pattern recognition receptors [11, 71].

As monotherapy, virus vector vaccines have not yet 
demonstrated consistent clinical benefit as demonstrated 
with the experiences with PROSTVAC and PANVAC 
(Table  1). For example, although a virus vector vac-
cine (PROSTVAC-VF) demonstrated OS benefit (but 
not progression-free survival [PFS; primary endpoint] 
or response) in a randomized phase 2 study of patients 
with metastatic castration-resistant prostate cancer [72], 
this positive signal was not validated in a subsequent 
phase 3 study (Table 1) [11, 16]. The investigators on 
the phase 3 study speculated that either PROSTVAC-VF 
did not generate sufficient immune responses as a single 
agent  (possibly due to the choice of antigen or disease 
setting) or immunity was hampered by an immunosup-
pressive microenvironment [16]. To address these con-
siderations, clinical trials of PROSTVAC-VF in combina-
tion with checkpoint inhibitors [11] and/or other cancer 
vaccines are ongoing (NCT02933255, NCT04020094, 
NCT03532217, and NCT03315871). However, a  recent 
randomized phase 2 study  found that addition of a viral 

Fig. 1   Diverse therapeutic 
cancer vaccine platforms have a 
common mechanism of action 
[12]. [Figure reproduced from 
Maeng H et al. F1000Res. 2019 
https​://doi.org/10.12688​/f1000​
resea​rch.18693​.1. Licensed 
under CC BY 4.0.] CD cluster 
of differentiation, IFN inter-
feron, IL interleukin, IL2Rα 
IL-2 receptor alpha, MHC major 
histocompatibility complex, 
TCR​ T cell receptor
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vaccine to checkpoint inhibition did not yield a survival 
benefit in soft tissue sarcoma [17]. There is very limited  
clinical investigation of the PANVAC vaccine for pancre-
atic tumors (NCT00669734).

Like viral platforms, plasmid vector-based vaccines 
have intrinsic adjuvant immunogenicity because the 
nucleic acid itself may be immunostimulatory, trigger-
ing an innate immune response [73]. Other advantages of 
this platform are enhanced stability, ease of manufactur-
ing, induction of intracellular antigen expression, and if 
full-length genes are utilized, there is no HLA restriction. 
Despite these advantages, there has been limited late-stage 
investigation of DNA or RNA vaccines to date. The DNA 
vaccine Allovectin-7®, which contains DNA sequences 
for HLA-B7 and β2 microglobulin, did not improve objec-
tive response rate or OS compared with chemotherapy in 
patients with advanced melanoma in a phase 3 trial, lead-
ing to termination of the development program. There have 
since been numerous improvements in DNA and RNA 
delivery technologies (e.g., electroporation) and more 
modern nucleic acid vaccines have been tested in early-
stage studies, as described in Sect. 3.

2.4 � Other Types of Cancer Vaccines

In contrast to the therapeutic cancer vaccines described pre-
viously, some vaccines used in the treatment of cancer do 
not deliver defined tumor antigens to generate anti-tumor 
immunity, but nevertheless, generate an immune response. 
For example, intravesical immunotherapy (i.e., vaccination) 
with Mycobacterium bovis bacillus Calmette–Guérin (BCG) 
is approved for the treatment of certain types of bladder can-
cer. The mechanism of action of BCG immunotherapy has 
not been well understood, but recent data indicate that BCG 
improves the activation and exhaustion status of tumor-spe-
cific T cells [74].

Another cancer vaccine approach involves strategies to 
modify or inflame tumor cells by intratumoral administra-
tion of oncolytic viruses. In 2015, the oncolytic viral vac-
cine T-VEC, a herpes virus genetically modified to express 
GM-CSF [13], was licensed for the treatment of patients 
with unresectable melanoma. The approval of T-VEC was 
based on the phase 3 OPTiM trial (NCT00769704) dem-
onstrating that a higher proportion of patients treated with 
T-VEC versus GM-CSF had a durable clinical response (≥ 6 
months continuously and beginning within the first year; 
16.3% vs. 2.1%, respectively; p < 0.001; Table 2). There 
was also a trend for improved OS in the T-VEC group 
(23.3 vs. 18.9 months; p = 0.051) [67]. The mechanism of 
action for oncolytic viral vaccines such as T-VEC is differ-
ent to that of other notable cancer vaccines. This form of 
“in situ” vaccination results in the killing of tumor cells by 
the virus and the release of tumor antigens [75, 76]. These Ta
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effects lead to the immune-mediated regression of distant 
tumor lesions, presumably either through amplification of 
previously activated host-immunity and/or the priming of 
new anti-tumor immune responses [75–77]. Evidence for 
tumor-specific T cell induction after T-VEC treatment was 
observed in a clinical study of patients with stage IIIc and 
stage IV melanoma. In this study, a patient with a complete 
response after T-VEC injection had an increase in MART-
1-specific effector T cells, both in the injected target lesion 
and in a nontarget lesion [77].

3 � The Evolution of Cancer Vaccine 
Development: Current Strategies Based 
on Historical Experience and Scientific 
Advances

The limited success of therapeutic cancer vaccines despite 
decades of development by academia and industry raises the 
questions of why expectations have not been fulfilled and 
how barriers to successful development can be overcome. 
Advances in our understanding of antigen immunogenicity, 
the importance of antigen presentation, and the dynamics 
of how cancer cells evade and suppress the host immune 
system suggest that previous studies may have used subop-
timal antigen targets, vaccine designs, and/or trial designs 
(including patient populations). In 2015, Melief et al. for-
mulated a list of attributes that cancer vaccines would need 
to have to be successful [6]. In brief, these attributes stress 
the importance of broad stimulation of CTLs and T helper 
cells through two mechanisms: (1) selection of appropriate 

antigens that induce both T cell populations and (2) rational 
vaccine designs that achieve concentrated delivery of tumor 
antigens to activated DCs, where epitopes derived from 
exogenous tumor antigens can be loaded onto both MHC 
class I (through the cross-presentation pathway) and MHC 
class II molecules to stimulate CTLs and T helper cells, 
respectively (Fig. 2) [6, 78]. Over the last decade, thera-
peutic cancer vaccine strategies have improved, incorporat-
ing better immunogenicity, antigen selection, and structural 
design to meet these criteria.

3.1 � Selecting the Appropriate Antigen

Choosing optimal antigens has been described as the most 
important consideration in the design of therapeutic vaccines 
[11]. Antigen selection affects critical vaccine properties, 
including the ability to generate a strong and broad immune 
response, target cancer stem cells to prevent relapse, and 
avoid off-target effects on normal cells. Optimal antigen dis-
covery is hindered by the limited number of suitable immu-
nogenic antigens fitting these criteria within the context 
of an immense number of potential antigens [14]. Current 
strategies aim to efficiently identify appropriate antigens for 
cancer vaccines either in the form of “ideal” shared tumor 
antigens or more personalized neoantigens.

Shared TAAs are self-proteins with preferential or abnor-
mal expression in cancer cells versus normal cells [11], and 
these have been the primary type of antigen tested in clinical 
trials [11]. An important advance in the field occurred in 
2009 when a National Cancer Institute (NCI) Pilot Project 
developed a list of nine “ideal” cancer antigen criteria, which 

Table 2   Pivotal studies supporting approval of therapeutic cancer vaccines

CI confidence interval, GM-CSF granulocyte-macrophage colony-stimulating factor, HR hazard ratio, N/A not applicable

Vaccine platform 
type

Product name Antigen(s) Identifier (phase, 
name)

Patient population Regimens Findings Reference

Cell-based Sipuleucel-T PA2024 NCT00065442 
(phase 3, 
IMPACT)

Metastatic cas-
tration-resistant 
prostate cancer

Sipuleucel-T vs. 
placebo

Primary endpoint 
(overall sur-
vival): Median 
of 25.8 months 
(sipuleucel-T) 
vs. 21.7 months 
(placebo); HR 
0.78; 95% CI 
0.61–0.98;  
p = 0.03

[66]

Cell-based (onco-
lytic virus)

Talimogene 
laherparepvec 
(T-VEC)

N/A NCT00769704 
(phase 3, 
OPTiM)

Unresected stage 
IIIB to IV  
melanoma

Intralesional 
T-VEC vs. 
subcutaneous  
recombinant 
GM-CSF

Primary end-
point (durable 
response rate): 
16.3% (T-VEC) 
vs. 2.1% (GM-
CSF);

odds ratio 8.9;  
p < 0.001

[67]
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comprised therapeutic function, immunogenicity, stem cell 
expression, specificity, oncogenicity, expression level and 
percentage of antigen-positive cells, number of patients 
with antigen-positive cancers, number of epitopes, and cel-
lular location of expression [14]. The NCI project then used 
a mathematical model to quantitatively rank 75 antigens 
according to how well they met these criteria [14]. As shown 
in Table 1, antigens used in past pivotal trials of cancer vac-
cines were often not ranked highly on the NCI list, indicating 
that early vaccines may have lacked efficacy because of sub-
optimal antigen selection. Tumor antigens employed in these 
vaccines may also have been insufficiently immunogenic. 
Several peptide-based vaccines with negative phase 3 results 
targeted tumor antigens that would have been retrospectively 
deemed not a high priority target by consensus NCI crite-
ria [14]. For example, the GV1001 peptide vaccine targeted 
a TAA (human telomerase reverse transcriptase [hTERT]) 
ranked 23 out of 75 possible antigens by the NCI list [14]. 
This vaccine failed to generate sufficient immune responses 
and did not improve OS compared with chemotherapy alone 
in patients with pancreatic cancer [49].

Development of the NCI’s prioritized list provides the 
impetus to investigate highly ranked TAAs. Within this list, 
Wilms’ tumor 1 (WT1) protein, a zinc finger transcription 
factor, was considered the most encouraging antigen among 
the 75 assessed [14]. Early-stage trials of cancer vaccines 
targeting WT1 or other highly ranked TAAs, such as mucin 
1 (MUC1) and human epidermal growth factor receptor 2 
(HER2)/neu, are ongoing and have demonstrated tumor-
specific immune responses [79–93]. Notably, randomized 
phase 2 studies of WT1 vaccines have shown trends toward 
survival benefit [84, 94], and a phase 3 study of a WT1-
based vaccine is being planned (Table 3) [95]. Additionally, 
the phase 3 ATALANTE-1 trial (NCT02654587) compar-
ing a cancer vaccine targeting five TAAs (angiotensin-
converting enzyme [ACE], HER2, melanoma-associated 
antigen (MAGE) 2, MAGE3, and p53) with chemotherapy 
in patients with advanced non-small-cell lung cancer who 
relapsed after checkpoint inhibitor therapy demonstrated an 
encouraging 1-year OS rate of 46% in the vaccine group (n 
= 61) compared with 36% in the chemotherapy group (n = 
31) [96]. Taken together, these late-stage studies underscore 
the potential and maturity of targeting highly ranked TAAs 
as a treatment strategy for cancer.

A limitation of shared TAAs is that they are autolo-
gous antigens, and immune self-tolerance mechanisms 
may deplete or eliminate TAA-specific T cells with high 
functional avidity, resulting in a tolerized T cell repertoire 
with relatively low reactivity toward the TAA [6]. Although 
increased immunogenicity has enabled TAA-based vaccines 
to break this tolerance, parallel advances in genomics have 
now allowed the efficient identification of another class of 

cancer antigen, termed neoantigen, which is not subject to 
immune self-tolerance mechanisms [6]. Neoantigens are 
aberrant peptides that arise from genetic and epigenetic 
alterations (point mutations, insertions/deletions, gene 
fusions/translocations, splice variants, and post-translational 
modifications) in cancer cells [97]. Because these altera-
tions are not part of the normal exome or transcriptome, the 
encoded neoantigens are tumor specific. Mutated peptides 
that are dissimilar to the self-proteome are more likely to be 
seen as novel by the immune system, and therefore be more 
immunogenic, compared with those that are similar to the 
self-proteome [98].

Broadly, candidate neoantigens are identified through 
a two-step process. First, whole exome and transcriptome 
sequencing of normal and cancerous cells allows identifica-
tion of tumor-specific mutations (i.e., the mutanome) [100]. 
Next, neoepitopes are prioritized by in silico prediction of 
the binding affinity of each mutant peptide to MHC mol-
ecules. Advances in massive parallel sequencing have dras-
tically accelerated this process, enabling feasible and high-
throughput identification of tumor neoantigens for cancer 
vaccines [99, 100]. Because of these technological advance-
ments and parallel innovations in cancer immunotherapy, 
the Human Vaccines Project (a public–private partnership 
with a goal of accelerating the development of cancer vac-
cines) ranked neoantigens as a high priority target for clini-
cal translation [100].

Several early-stage clinical studies in patients with solid 
tumors showed that personalized neoantigen vaccines are 
safe, feasible, and able to augment neoantigen-specific T cell 
responses [101–108]. Notably, although most neoantigen 
vaccine clinical studies have been restricted to cancer types 
with high mutation burdens (e.g., melanoma) and thus more 
neoantigen potential, recent data from patients with glio-
blastoma also show neoantigen immune responses for cold 
tumors with low mutation burdens [106, 109]. Whether the 
generation of immune responses to neoantigens is therapeu-
tically relevant remains uncertain, as mutations in expressed 
genes rarely result in the presentation of T cell targetable 
neoantigens on the cell surface [110] and few neoantigen 
vaccine studies have attempted to verify that the mutated 
peptide is present on the surface of the tumor cell. One of 
the few studies to assess the presence of mutated peptides 
on the tumor cell surface found 643 genomic mutations 
among 15 patients with glioblastoma but did not identify 
any of these mutations in the HLA peptidome by mass spec-
trometry [111]. Although this study found that neoepitopes 
induced T cell responses [111], the failure to identify surface 
mutated peptides calls into question the role of neoantigens 
for tumors with low tumor mutation burden. Overall, these 
initial studies of neoantigen cancer vaccines have provided 
proof of concept, have provided rationale for larger studies 
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and continued research and development [11], and have 
highlighted a need for neoantigen vaccine studies to verify 
the presence of targetable, mutated peptides on the tumor 
cell surface.

There are several ongoing efforts to optimize neoanti-
gen vaccines. Cost-effective and efficient workflows and 
algorithms for more accurate prediction of which mutated 
peptides will stimulate the most potent anti-tumor T cell 

Golgi

Golgi

Proteasome

Endosome

MHC I

TAP1/2

ER

ER

MHC I

MHC I

MHC II

Peptide

CD8

CD4

B7CD28

TCR

CD40CD40L

CD8+

T cell
Tumor 

cell Tumor cell 
destruction

Lytic granules
(perforin, granzymes, FasL, TRAIL)

Effector
CD8+

T cell
CD4+

T cell DC

MHC class II with 
invariant chain

Cathepsins

MHC II

MHC II

MHC class II
with CLIP

Cytosolic pathway for cross-presentation in DCs MHC class II antigen presentation pathway in DCs

Antigen 
export to 
cytosol

Exogenous antigen 
(eg, protein or SLP)

Endocytosis

IL-12

Fig. 2   Optimal antigen processing and presentation by DCs is impor-
tant for effective immune-mediated tumor cell destruction [6]. Anti-
gens enter DCs through multiple mechanisms, including endocytosis, 
phagocytosis, pinocytosis, and receptor-mediated uptake. These anti-
gens are processed by DCs into peptide fragments (epitopes) before 
being loaded onto MHC class I molecules through cross priming or 
MHC class II molecules through the classical exogenous presenta-
tion pathway. T cell recognition of these epitopes occurs via binding 
between the TCR and the peptide-MHC complex on the DC. Follow-
ing epitope recognition, CD40L expressed by CD4+ T cells activates 
DC-expressed CD40 to promote DC maturation and IL-12 secretion. 
This subsequently stimulates CD28 signaling and activation of CD8+ 
T cells. When the TCR of an effector CD8+ T cell binds to a tumor 
cell, an immunological synapse forms and lytic granules are secreted 

by the effector CD8+ T cell, resulting in tumor cell destruction. Note: 
Cytosolic and vacuolar pathways for cross-presentation have been 
described. The figure presents the cytosolic pathway as it has been 
suggested this is the predominant pathway for cross-presentation [78]. 
[Figure adapted with permission of the Journal of Clinical Investiga-
tion, from “Therapeutic Cancer Vaccines,” Cornelis J.M. Melief et al, 
Volume 125, Issue 9, 2015; permission conveyed through  Copyright 
Clearance Center, Inc.] CD cluster of differentiation, CLIP class II-
associated invariant chain peptide, DC dendritic cell, ER endoplasmic 
reticulum, FasL Fas ligand, IL interleukin, MHC major histocom-
patibility complex, SLP synthetic long peptide, TAP transporter of 
antigen processing, TCR​ T cell receptor, TNF tumor necrosis factor, 
TRAIL TNF-related apoptosis-inducing ligand
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response are being investigated [112, 113]. Innovative neo-
antigen vaccine designs are also being explored, with pre-
clinical data showing that DNA-based neoantigen vaccines 
can generate robust CTL-driven anti-tumor responses and 
delay tumor progression [114]. Furthermore, results from 
a combined approach using both TAAs and neoantigens in 
patients with newly diagnosed glioblastoma suggest that 
mixtures of antigenic targets may provide sustained anti-
tumor responses by central memory CTLs and T helper cells 
[111].

3.2 � Evolution of Therapeutic Cancer Vaccine 
Designs

Over the past decade, vaccine designs have evolved to 
elicit effective immune responses characterized by potent 
and broad stimulation of CTLs and T helper cells as well 
as enhanced antigen presentation by activated DCs. These 
optimizations, summarized below for the most encouraging 
platforms, are currently being used in the next generation 
of therapeutic cancer vaccines with the hope they will lead 
to improved immune and clinical responses compared with 
historical experience.

3.2.1 � Peptide Vaccines

In response to the observation that short peptides and long 
protein sequences resulted in inadequate clinical activity 
(Table 1), extension of the amino acid sequence beyond 
the minimal-length CTL epitope or other short sequences 
has been shown to achieve more concentrated and selec-
tive delivery of antigens to DCs with sustained presentation 
[63]. Vaccination with synthetic long peptides has induced 
more robust and durable T cell responses compared with 
the minimal-length epitopes in preclinical models [6, 115, 
116]. Because of these advantages, modern synthetic pep-
tide vaccine designs commonly use at least one long peptide 
[6, 117], representing an important advance over the use of 
minimal-length peptide constructs.

Amino acid substitutions on the native TAA sequence 
(epitope enhancement) can be rationally implemented to 
improve binding stability to APCs and thus increase the 
likelihood of successful antigen presentation to T cells [60, 
61, 87]. Modification of the peptide structure to increase 
amphiphilicity may also increase peptide immunogenicity, 
as demonstrated in the development of the BiVax peptide/
polyinosinic-polycytidylic acid (poly I:C) subunit vaccine 
[118].

Recent evidence demonstrates that T helper cells play 
critical roles in induction of strong and long-lasting immune-
mediated anti-tumor responses [119, 120]. In particular, 
targeting T helper type 1 cells is thought to be optimal, as 
they have been shown to have potent effects in inducing and 

maintaining anti-tumor immunity, whereas T helper type 2 
cells may actually promote neoplastic transformation in cer-
tain contexts [121]. While early peptide vaccine designs only 
targeted CTLs, modern synthetic peptide vaccines now typi-
cally include CTL and helper peptides in an effort to increase 
immunogenicity and improve clinical efficacy [85, 87].

3.2.2 � DC Vaccines

The evolution of DC cancer vaccines was sparked by 
increased insight into DC biology and technology advances, 
recently reviewed in 2017 by Garg et al., who classified the 
development of this DC vaccine platform according to first-
generation, second-generation, and next-generation designs 
[122]. Notably, sipuleucel-T, the only approved DC-based 
vaccine (licensed in 2010), was considered by Garg et al. to 
be on the borderline of first- and second-generation designs.

In brief, first-generation designs were characterized by 
the use of immature monocyte-derived DCs; the develop-
ment of maturation cocktails enabled the consistent use of 
mature monocyte-derived DCs in second-generation con-
structs [122]. This advancement was important because 
compared with immature DCs, mature DCs express higher 
levels of MHC and costimulatory molecules, produce more 
cytokines, and traffic more efficiently to lymph nodes [123]. 
All these effects make mature DCs more potent activators of 
the immune system, which in turn has been found to trans-
late to improved efficacy in clinical trials. Indeed, Garg et al. 
reported that in many trials, second-generation DC vaccines 
produced higher response rates and increased median OS 
compared with first-generation designs [122].

The transition from second-generation to next-generation 
DC vaccines was characterized by the use of patient-derived 
specific DC subsets (e.g., myeloid and plasmacytoid DCs) 
with specialized functionalities (antigen presentation, inter-
feron responses, migratory capacity) superior to those of 
monocyte-derived DCs [122, 124]. This transition was ena-
bled by incorporation of antibody-coated magnetic bead 
technology for more rapid and pure isolation of native DCs 
compared with older techniques such as density centrifuga-
tion [122, 124]. Next-generation DC vaccines are currently 
being tested in clinical trials [124]; results presented so far 
from phase 1 or 2 studies have demonstrated their feasibility 
and safety, with some encouraging OS durations observed 
[124–127]. A phase 3 study (NCT02993315) comparing 
next-generation DC vaccination with placebo as adjuvant 
therapy for patients with stage III melanoma will provide 
more robust survival data and clarify the clinical efficacy of 
this vaccination approach [124].

More recently, a strategy employing intratumoral DCs 
as part of an in situ vaccine has been described. This in situ 
vaccine approach uses a triplet consisting of injection of 
FMS-like tyrosine kinase 3 ligand at the target lesion to 
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generate accumulation of intratumoral DCs, local tumor 
irradiation to load the intratumoral DCs with TAAs released 
from dying tumor cells, and injections of a Toll-like recep-
tor (TLR) agonist at the target lesion to drive intratumoral 
DC activation [128]. In essence, this triplet creates a DC-
based vaccine at the site of the tumor [128]. This in situ 
vaccine was recently evaluated in a phase 1 clinical trial 
(NCT01976585) for patients with advanced stage indolent 
non-Hodgkin lymphoma, where it was reported to be well 
tolerated and capable of producing durable regressions 
at distant tumor sites via an abscopal effect [128]. Of 11 
patients who received the in situ vaccine, eight had partial 
or complete remissions of the treated tumor with regard to 
the non-treated tumors, six patients had stable disease or 
minor regressions lasting 3–18 months, and three achieved 
remission [128].

3.2.3 � Genetic Vaccines

The main limitations of early nucleic acid–based vac-
cine designs have been limited uptake of the nucleic acid 
by DCs and other cells, either because of low transfection 
efficiency or degradation [11], and the resultant low immu-
nogenicity observed in clinical trials. For DNA- or RNA-
based vaccines, several upgrades have allowed the pros-
pect of improved transfection rates and immunogenicity as 
described by Hollingsworth and Jansen [11] including use 
of electroporation, sonoporation, nanoparticles [129], gene 
guns, microneedle arrays, needle-free injection [130], and 
liposomal encapsulation.

Based on encouraging phase 2b data showing signifi-
cantly higher regression rates of cervical intraepithelial 
neoplasia compared with placebo [11, 131], a DNA-based 
vaccine using electroporation is currently being evaluated in 
two phase 3 studies (REVEAL 1, NCT03185013; REVEAL 
2, NCT03721978) to treat patients with precancerous lesions 
of the cervix (high-grade squamous intraepithelial lesions 
associated with human papillomavirus). Early-stage studies 
are evaluating DNA-based vaccines using electroporation for 
a variety of solid tumors (NCT03199040, NCT03122106, 
NCT03532217, NCT03439085, NCT02204098, and 
NCT04397003). In phase 1 studies, RNA-based vaccines 
using either electroporation [108] or RNA-lipoplexes [132] 
to improve systemic DC targeting have demonstrated encour-
aging immune-mediated anti-tumor activity for patients with 
melanoma.

Other methods to improve the immunogenicity of nucleic 
acid–based vaccines have been recently reviewed by Lopes 
et al. [133]. To break immune tolerance and target multiple 
TAAs, DNA vaccines encoding xenoantigens or chimeric 

proteins have been studied [133]. In animal models, chimeric 
DNA vaccines have induced potential anti-tumor effects 
[134, 135], and one such vaccine is approved for the treat-
ment of canine melanoma. Numerous human clinical trials 
are currently evaluating polyepitope DNA vaccines, which 
aim to induce a broad T cell response through the simultane-
ous delivery of multiple antigens [133].

3.3 � The Role of Adjuvants

Effective therapeutic cancer vaccines rely on antigen pres-
entation and activation of the immune system by DCs; 
however, suppression of DC maturation and function is a 
hallmark of cancer immune evasion [136]. Even worse, 
many subsets of DCs are in an immature state and produce 
“self”-tolerizing messages to the immune system. Therefore, 
cancer vaccines without DC activators may actually convey a 
tolerizing signal to the immune system and diminish endog-
enous immune response [137]. Thus, activation of DCs with 
immunostimulatory adjuvants is a critical component of 
many cancer vaccine strategies [136].

An advance in the design of cancer vaccines has been 
the inclusion of adjuvants that can trigger pattern recogni-
tion receptors, such as TLRs, Nod-like receptors (NLRs), 
retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), 
stimulator of interferon genes (STING), and CD40 agonists, 
to signal the immune system that the vaccine antigen is both 
foreign and dangerous [2, 6, 11, 138]. This is especially 
important for peptide vaccine platforms, because unlike 
microbe- or nucleic acid–based platforms, peptide antigens 
do not inherently present danger signals to the immune sys-
tem [11]. Without this signal, the immune system cannot 
mount a strong anti-tumor response due to a lack of costimu-
lation and efficient antigen presentation by DCs.

Novel adjuvants, such as TLR agonists, have been 
tested in preclinical and clinical studies [11], with evi-
dence of potent DC activation and generation of strong 
T cell responses [139, 140]. An important finding is that 
co-delivery of the peptide antigen and TLR agonist, either 
through peptide-agonist conjugation or nanocarriers, results 
in improved DC targeting, DC activation, and trafficking to 
draining lymph nodes [141, 142]. Recent peptide vaccine 
formulations have primarily employed Montanide ISA-51, 
TLR agonists such as poly I:C or CpG, or immunostimula-
tory cytokines such as GM-CSF as adjuvants [117]; how-
ever, there is currently no consensus about what the optimal 
adjuvant is for a given peptide vaccine [117], representing 
a potentially fruitful avenue of research to further optimize 
vaccine design.
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4 � Future Perspective

The historical experience with therapeutic cancer vaccines 
coupled with fundamental advances in understanding of 
the immunobiology of cancer have provided a road map 
for future vaccine development. The key challenges that 
must be overcome are identifying antigens and vaccine 
vectors that will lead to strong and broad T cell responses, 
tailoring vaccine designs to achieve optimal antigen pres-
entation by professional APCs, and finding combina-
tion partners employing complementary mechanisms of 
action to overcome the diverse methods that cancer cells 
use to evade and suppress the immune system [11]. In 
recent years, the field has risen to meet this challenge, 
with many encouraging upgrades to antigen selection and 
vaccine designs. Combination strategies with a variety of 
other agents, including immunotherapies, chemotherapies, 
and radiotherapy, have also been investigated in preclini-
cal and clinical studies [11]. These refinements will need 
to be validated in appropriately designed, randomized, 
phase 3 studies. Consequently, despite decades of lacklus-
ter progress, therapeutic cancer vaccines are now primed 
to emerge as central components of cancer therapy due to 
these advancements in biology and technology.

Therapeutic cancer vaccines may fill a niche not cur-
rently met by conventional therapies or other immuno-
therapies. Clinical experience suggests that vaccines are 
safe and can elicit long-term immune memory responses 
important for durable disease control [11]. This experi-
ence coupled with the existence of multiple mechanisms of 
immunosuppression in advanced disease suggest that vac-
cines may be particularly well-suited early in the course 
of the disease or in the minimal residual disease setting. 
Indeed, when there has been apparent benefit from cancer 
vaccines, it has been in the minimal residual disease set-
ting [143].

Another potential role for vaccination is to augment lost 
immunity to oncogenic proteins where immunity is lost 
through oncogenesis [144, 145]. Cancer vaccines could 
also potentially be used to prevent disease through the 
targeting of antigens whose upregulation is associated with 
resistance to therapy [146].

Therapeutic cancer vaccines may also help actualize 
the full potential of immunotherapies that have already 
had an impact in the clinic [12]. For example, it is known 
that although checkpoint inhibitors are effective for “hot” 
tumors characterized by infiltration of primed and active 
T cells, they lack potency for “cold” tumors that do not 
have these immune cells. By priming tumor-specific T 
cells and mobilizing them to the tumor, essentially turning 
“cold” tumors “hot,” vaccine therapies restore the ability 
of checkpoint inhibitors to unleash T cell-mediated tumor 

destruction [12, 128]. Similarly, whereas chimeric anti-
gen receptor (CAR)-T cell therapy is now an established 
therapy for certain hematologic malignancies, demonstrat-
ing efficacy in solid tumors has been difficult. A recent 
preclinical study showed that injection of a vaccine con-
sisting of amphiphile CAR-T ligands primed CAR-T cells 
and enhanced their efficacy in solid tumor models [147].

There are several encouraging avenues to further improve 
the efficacy of therapeutic cancer vaccines. One currently 
being investigated is the use of heterologous prime boosting 
whereby a TAA is first delivered by a specific vector during 
a priming vaccination and then subsequently delivered by 
a different vector during later boosting vaccinations [11]. 
This strategy overcomes immune-mediated inactivation of 
the initial viral vector, allowing repeated vaccination against 
the TAA target and potentially enhanced immunogenicity 
[11]. Another approach to improve the efficacy of cancer 
vaccines is the development of strategies to induce antibody 
responses with anti-tumor activity. For example, one study 
found that multi-site injections enhanced the number of 
TAA-specific antibodies compared with single bolus injec-
tions [148].

Finally, it is anticipated that cancer vaccines will benefit 
from advances in the speed, cost, and efficiency of molecu-
lar sequencing, artificial intelligence, and cellular engineer-
ing. These techniques may enable the quick and complete 
interrogation of the immune response (changes in immune 
milieu, tumor immune escape mechanisms) to a cancer vac-
cine, allowing subsequent vaccines to be tailored based on 
this response [149].
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