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Vaccines therapeutics manipulate host’s immune system and have broad potential for 

cancer prevention and treatment. However, due to poor immunogenicity and limited 

safety, fewer cancer vaccines have been successful in clinical trials. Over the past 

decades, nanotechnology has been exploited to deliver cancer vaccines, eliciting long- 

lasting and effective immune responses. Compared to traditional vaccines, cancer vaccines 

delivered by nanomaterials can be tuned towards desired immune profiles by (1) 

optimizing the physicochemical properties of the nanomaterial carriers, (2) modifying the 

nanomaterials with targeting molecules, or (3) co-encapsulating with immunostimulators. 

In order to develop vaccines with desired immunogenicity, a thorough understanding of 

parameters that affect immune responses is required. Herein, we discussed the effects of 

physicochemical properties on antigen presentation and immune response, including but 

not limited to size, particle rigidity, intrinsic immunogenicity. Furthermore, we provided a 

detailed overview of recent preclinical and clinical advances in nanotechnology for cancer 

vaccines, and considerations for future directions in advancing the vaccine platform to 

widespread anti-cancer applications. 

© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 
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. Introduction 

ancer is one of the leading causes of death around the 
orld. In 2018 alone, about 609 640 people are dying from 

ancer in the United States, which is equivalent to that almost 
700 deaths occur every day [1] . Over the last few decades,
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ignificant progress has been made in treating cancers.
raditional approaches including surgery, chemotherapy and 

adiotherapy have dramatically improved the survival of 
ancer bearing patients. However, recurrence and multi-drug 
esistance still remain insurmountable obstacles that limit 
he successful eradication and long-term treatment of cancers 
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Inherent immune system plays a vital role in the
recognition and eradication of tumor cells, based on which,
immunotherapies have been used to treat cancers [4] .
Since 2011, FDA has approved six immunotherapeutic
drugs to treat advanced metastatic melanoma, hematologic
malignancy, non-small cell lung cancer, and etc., with obvious
survival benefits [5–9] . For example, the 1-year survival
of stage IV melanoma patients has been increased to
over 80% as compared to 30% before 2010 [10] . Among
all immunotherapeutic drugs under clinical investigation,
checkpoint inhibitor based immunotherapies ( i.e., cytotoxic
T lymphocyte-associated molecule-4 (CTLA-4), programmed
cell death receptor-1 (PD-1) and programmed cell death
ligand-1 (PD-L1)) have dramatically revoluted cancer
treatments and gained rapid clinical successes [11] . Another
immunotherapeutic strategy which has recently gained
considerable attention in clinic is the chimeric antigen
receptor T cell (CAR-T) therapy. Despite a risk of cytokine
release syndrome, CAR-T therapy showed promising
elimination of B-cell lymphoma [12] . 

Vaccine strategies are another alternative for treating
cancers, which was developed due to the successful
experience in the field of vaccinology and infectious
diseases. The term of cancer vaccine refers to a vaccine
that prevents either infections with cancer-causing viruses
or the development of cancer in certain high risk individuals
(known as prophylactic cancer vaccine) and treats existing
cancer (known as therapeutic cancer vaccine) [13] . The first
therapeutic cancer vaccine product, sipuleucel-T (Provenge),
for prostate cancer, was approved in the US in 2010 [14] . Recent
clinical results indicate that cancer vaccines have shown the
ability to decrease cancer recurrence and increase overall
survival. The clinical benefit of therapeutic cancer vaccines
has therefore been established [15] . Cancer vaccination
comprises an array of approaches that seek to generate,
amplify, or skew (or a combination thereof) antitumor
immunity [16] . 

To develop stronger cancer vaccines, a clear understanding
of the mode of action of cancer vaccines is required.
Intradermal, subcutaneous and intramuscular administration
make cancer vaccines exposure to APCs. APCs uptake vaccines
and present the antigens on major histocompatibility
complex (MHC) class I or II. Through the afferent lymph,
APCs travel into the lymph nodes, where they prime and
activate T cells. And then the activated effector T cells
migrate through the efferent lymph to blood and infiltrate
the tumor bed, where T cells recognize and kill targeted
cancer cells [15 ,17] . Macrophages, B cells and dendritic cells
(DCs) can all function as APCs to promote antigen-specific
immune cell activation, among which DCs are the most
potent APC population [18 ,19] . The presentation of antigen
mediated by DCs is thought to occur though two major
routes. In the first pathway, endogenous antigenic proteins
are degraded by proteasomes in cytosol of DCs. Their derived
peptide fragments are presented by MHC-I molecules, which
engender activation of antigen-specific CD8 + cytotoxic T
lymphocytes (CTLs) which are the main effector cells against
tumor cells [20] . In contrast, exogenous antigenic proteins
are taken up by DCs via endocytosis by means of vesicles
known as endosomes before fusing with lysosomes where
these molecules are degraded to peptide fragments. Then
these peptide fragments are presented on MHC-II molecules,
generating activation of CD4 + T lymphocytes which assist
CTLs activation, function, and survival [21–24] . Therefore,
Delivery of cancer vaccines in a platform that can activate
CD4 + T cells and CTLs is important for effective antitumor
immunotherapy. 

Successful cancer vaccines must meet the following
requirements: (1) a selection of the right tumor associated
antigen is essential to stimulate effective T cells, otherwise
antigens are not drivers of oncogenesis and activated T
cell clones may be weak. Some antigens that have been
identified and tested in clinical trials will be discussed below.
(2) Achieving sufficient antigen concentration in DCs and the
activation of DCs are important for cancer vaccine, otherwise,
tolerance ensues [25] . So vaccines need a rational vaccine
design to carry targeting ligand and immunostimulatory
reagents. (3) CTLs are a major force to kill all tumour cell
types. However, CD4 + T cells are needed for the expansion
of CTLs and the generation of CD8 + memory cells [26] . It
is important for cancer vaccines to cause durable CD4 + and
CD8 + responses. In DCs, internalized exogenous antigens
can be presented to CD8 + T cells through cross-presentation
[27] . (4) Cancer vaccines cannot be expected to act as a
monotherapy [15] . The negative influence of the tumor
microenvironment and other immunosuppressive factors
limits the success of cancer vaccines [18] . It will be a perfect
strategy that combine cancer vaccines with chemotherapy,
inhibitors of immunosuppression and other therapy forms.
The application of nanotechnology in vaccines can satisfy
these requirements. Nanoparticles as cancer vaccines offer
unique advantages over the traditional cancer vaccines,
including: (1) protection of vaccines from degradation; (2)
targeting DCs with the use of ligands; (3) co-delivery vaccines
and adjuvants or other agents to enhance antitumor response;
(4) enhancing cross-presentation to induce CTLs; (5) the ability
to control release and distribution. In this review, we discussed
recent progress on nanotechnology for cancer vaccine delivery
and design considerations for nanoparticles (NPs) as cancer
vaccine carriers. 

2. Commonly used antigens and vaccines for 
anti-cancer therapy 

Cancer vaccines can specifically recognize different types of
tumor associated antigens (TAAs), including overexpressed
antigens, oncofetal antigens, cancer-testis (CT) antigens
and mutated antigens [16 ,28] . Unfortunately, poor immune
response can be caused by central tolerance and peripheral
immune tolerance which result from expression of these self-
antigens in the thymus and normal cells, respectively [28 ,29] .
Therefore, the selection of TAAs as vaccine targets is crucial,
which directly affects the potency of immune response and
the subsequent anti-cancer efficacy. 

2.1. Identified tumor associated antigens 

In order to elicit a tumor-specific immune response, great
efforts have been made to identify cancer antigens using
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umor-reactive T cells [30] . Identified immunogenic tumor 
ntigens include Trp1/Trp2 (melanoma); carcinoembryonic 
ntigen (CEA; colorectal cancer and others); prostate specific 
ntigen (PSA; prostate cancer); Her2/neu (breast cancer); 
UC1 (lung cancer) and so on [31] . These antigens have 

hown efficacy as targets in vitro and have been tested in 

linical trials, while ideal, defined, shared targets have not 
een identified for many tumor types [32] . 

.2. Whole tumor cells or tumor lysates 

umors which vary in physiological location, TAA repertoire,
ascularization, surrounding stroma, and other properties are 
ot homogenous tissues that can be effectively treated with a 
ingle antigen epitope vaccination tactic [32] . Considering the 
arge number of potential tumor antigens for each individual 
ancer, vaccination with whole tumor cells which carry the 
ull array of tumor specific mutations and all of the patient’s 
HC class I and II molecules has been seen as the optimal 

trategy. Autologous and allogeneic tumor cells can be used 

s tumor cell vaccines. In addition, tumor lysate has also 
een identified as a cancer vaccine candidate since it can 

enerate therapeutic anti-tumor immune responses as a 
ource of TAAs [33] . To further improve immune response,
umor lysates are usually preloaded into the major APCs, DCs,
efore vaccination. DC-loaded and presented tumor antigens 
irectly activate effector T or B cells in the germinal center,
ielding improved clinical outcomes [32 ,34–36] . Although a 
ast majority of different TAAs can be presented and targeted 

imultaneously using whole tumor or tumor lysate vaccines,
owever, the clinical application of this group of vaccine 

s severely limited by limited identification of TAAs, the 
otential tumorigenesis-related toxicity issues, as well as 

nsufficient concentration of each antigen. The threshold 

evel of antigen is needed for recognition by T cells, so Low 

oncentration of antigen can lead to T cell tolerance [37] .
oreover, tumor lysates are able to provide immunoregulatory 

ytokines such as IL-10 and TGF- β, inducing a tolerogenic 
ransformation [36] . 

.3. DNA vaccines 

NA vaccines are closed circular DNA plasmids designed 

o encode different antigens as well as various other 
mmunomodulatory molecules of interest to manipulate the 
esulting antitumor immune responses [38 ,39] . With many 
dvantages such as simplicity, ease of manufacturing and 

afety, DNA vaccines have the potential to induce tumor- 
pecific immune responses according to preclinical and 

linical evidence accumulated during the last two decades 
40–42] . A DNA vaccine encoding tumor associated antigen 

rostatic acid phosphatase (pTVG-HP) has been combined 

ith GM-CSF (as an adjuvant) and tested in the phase II 
linical trial to treat prostate cancer. Meanwhile, several other 
NA vaccines against prostate cancer are being evaluated in 

hase I trials [38] . Aside from prostate cancer, DNA vaccines 
gainst bladder carcinoma, breast carcinoma, medullary 
hyroid cancer, nasopharyngeal cancer and other cancers 
re also widely studied in the clinical research [43] . Despite 
he above-mentioned promising clinical trials, the efficacy of 
aked DNA vaccines is still limited by low transfection rates 
n vivo , raising the need for ideal delivery system [44] . While
on-viral particulate delivery systems have showed increased 

ntitumor immunogenicity with encouraging results [45–47] ,
irus vectors are still the major delivery vehicles with intrinsic 
apability to invade cells and to deliver manipulated genetic 
ayloads in the clinical investigations [48] . 

.4. Subunit peptide vaccine 

he most common vaccination strategy is subunit peptide 
accine. Subunit vaccines either synthesized or purified from 

athogens are easy to manufacture and safe to administer.
ipuleucel-T has been approved by the US Food and Drug 
dministration (FDA) as the first standard peptide vaccine for 
rostate tumors and a growing number of subunit peptide 
accines have been in the application for cancer treatment 
uch as colorectal cancer, lung cancer, pancreatic cancer,
astric cancer and breast cancer in clinical trials [49] . However,
heir major drawbacks are weak immunogenicity and short- 
erm immune responses [50–52] . Synthetic long peptides 
SLPs) that is long enough to include multiple MHC class 
 and II epitopes can alleviate the problem [16 ,53] . SLPs 
ave achieved clinical efficacy in patients with premalignant 
isease induced by high-risk HPV [54] . Nevertheless, peptides 
lone are poorly immunogenic and require the assistance of 
djuvants [55] . To this end, there has been a growing focus on
herapeutic strategies based on nanotechnology to enhance 
he potency of subunit vaccines by protection of antigen from 

egradation and controlling the pharmacokinetic and profile 
s adjuvants [14 ,56] 

.5. mRNA vaccine 

RNA vaccines, synthesized by in vitro transcription using 
 bacteriophage RNA polymerase and template DNA that 
ncodes the antigen(s) of interest, express proteins in the 
ytoplasm to stimulate an immune response after 
nternalized by host cells [57] . mRNA has recently attained 

ocus as a promising vaccine approach. Several mRNA- 
ased vaccines have, thus, entered clinical development [58] .
RNA vaccines have several advantages over conventional 

accines and DNA-based vaccines. mRNA vaccines enable 
elivery of high numbers of patient-specific antigens and 

ostimulatory signals, show no risk of infection or insertional 
utagenesis and have the potential for rapid, inexpensive and 

calable manufacturing [57 ,59] . However, their instability and 

nefficiency in vivo delivery need to be addressed. The most 
ttractive strategy to solve the above-mentioned problems 
s to encapsulate mRNA in biocompatible nanomaterial 
ystems, which will be extensively described in the later 
hapters [60] . 

.6. Personalized vaccine and neoantigen 

he advent of powerful genomic sequencing technology 
rovides the possibility of personalized vaccines targeting 
efined neoantigens [61–63] . Neoantigens, which are 
enerated by somatic genetic mutations in cancer cells, can 

e recognized as “non-self” antigens by the immune system 
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[64] . Personalized cancer vaccines targeting neoantigens
limit the likelihood of tolerance as well as normal tissue
toxicity and improve antitumor immune response compared
with common cancer vaccines [65] . At present, there are
mainly two kinds of personalized vaccine, RNA vaccine and
synthetic long peptide vaccine. Personalized RNA mutanome
vaccines developed by Sahin et al. and personalized peptide
vaccines developed by Ott and his colleagues have already
shown positive phase I clinical results, which is breakthrough
for personalized vaccines [66 ,67] . For targeted delivery of
personalized peptides and RNAs into DCs, liposomes can
be a good choice owing to their safety, biocompatibility,
manufacturability and the ability to protect personalized
vaccines from degradation. 

3. Effect of physicochemical properties on the 

immune response and nanocarriers design 

Effective delivery system facilitates the encapsulated
antigens to target APCs, inducing activation of Teff cells,
while decreases systemic toxicity. Since different types of
antigens ( i.e., peptide, cell lysate, mRNA) often have their
distinct physical properties, the selection of an appropriate
delivery system thus becomes crucial for inducing a desired
immune response. For examples, delivery systems ( e.g. virus
particles) for DNA vaccine must be designed to allow their
efficient internalization into cell nucleus for subsequent
transcription and antigen expression. Whereas, subunit
peptides are often suffered from low immunogenicity and fast
clearance; therefore, nano- or micro- sized delivery systems
are used to improve the retention of peptide vaccines,
along with the inclusion of adjuvants to enhance their
immunogenicity. Furthermore, to design ideal nanocarriers
with low toxicity and stronger antitumor immune response,
a clear understanding of the interactions between delivery
system and APCs is required. 

In the current section, physicochemical properties of the
delivery vehicles that may potentially affect the types of
delivered antigens, the interaction with APCs and the immune
response are discussed. The physicochemical properties can
be summarized as follow: particle size, surface charge, particle
rigidity, targeting ligand and intrinsic immunogenicity. 

3.1. Particle size 

The particle size of NPs may be decisive for their intracellular
fate which influences the distribution, cellular uptake
mechanism and the type of immune response. 

Following subcutaneous, intradermal or intramuscular
administration, the majority of small particles ( < 20 nm)
will preferably drain to blood capillaries and subsequently
be eliminated; particles between 20 and 100 nm will drain
into the lymphatic nodes (LNs) where they will be taken up
by APCs; larger NPs ( > 100 nm) will most likely stay at the
injection sites until they are captured and transported to LNs
by APCs [68 ,69] . In addition, size can affect the cellular uptake
mechanism. Particles of 20-200 nm are generally taken up via
endocytosis while particles with a dimension greater than 500
nm are preferentially taken up via phagocytosis [70] . Particles
with size < 150 nm, in particular 50–80 nm, are generally
internalized by cells via classic receptor-mediated endocytosis
(clathrin-dependent or caveolae-dependent) [71] . The particle
size of NPs is likely to influence their distribution and cellular
uptake mechanism, thus affecting the induced immune
response. Studies showed that smaller particles induced Th2
immune responses after administration while larger particles
promote IFN- γ and typical Th1 responses [72 ,73] . Therefore,
particle size is one of the key roles in regulating vaccine
functions. 

3.2. Surface charge 

The surface charge of NPs is another important consideration
for designing cancer vaccines. Dimethyldiacylammonium
(DDA) and trehalose dibehenate (TDB) compose DDA:TDB,
also known as CAF01, which is being evaluated in clinical
trials, has been widely used as cationic liposome vaccine
carrier material [74–76] . Henriksen-Lacey et al . compared
the biodistribution and immunogenicity of neutral liposomes
composed of distearoyl-glycero-phosphatidylcholine (DSPC)
with TDB against DDA:TDB liposomes. Injection of cationic
DDA:TDB liposomes loaded with antigens 85B-ESAT-6 leads
to a deposition of the liposome at the site of injection (SOI)
with 46% of the original dose remaining 14 d post injection.
In contrast, DSPC:TDB liposomes in SOI was undetectable
at Day 1 post injection. This result suggested that cationic
charge is an important factor for the retention of the liposomal
component at the SOI [74] . One possible explanation is that
the aggregation of cationic liposomes results in a depot-effect
where liposomes and antigens are retained in the SOI for
an extended period of time [77] . Of note, the observation
that DDA:TDB liposomes induced a more prolonged antigen
presentation compared to DSPC:TDB liposomes suggests that
the immune response induced by DSPC:TDB is lower than
that induced by DDA:TDB. An explanation is that DDA can
serve as an adjuvant to activate the pro-inflammatory signals.
Indeed, Henriksen-Lacey et al. have demonstrated that DDA
induced secretion of several pro-inflammatory cytokines and
chemokines, facilitating consistent influx of inflammatory
monocytes, macrophages and activated NK cells, all of which
substantially improved both innate and adaptive immune
response [74] . In addition, the cell membranes of APCs are
negatively charged and they attract positively charged NPs
due to the electrostatic interaction, and thus cationic NPs can
lead to enhanced uptake and presentation of antigen [78 ,79] . 

Despite prolonged antigen response, functionalization
of nanoparticles with cationic moieties also disrupts the
integrity of the cell’s plasma and vesicular membranes,
leading to a dose-dependent cellular toxicity [80] , so
appropriate dosing levels should be finely tuned when
using cationic NPs for vaccine delivery [14 ,81] . 

3.3. Particle rigidity 

Particle rigidity can affect the lymphatic transportation
and immune cell uptake of antigens, and thus influence
the immune response. To study this, Christensen et al .
compared the immune responses of DDA which forms
solid ordered phase liposomes with its structural analog
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imethyldioleoylammonium (DODA) that forms fluid 

isordered phase liposomes. Their study suggested that 
DA-based rigid particles, in contrast to the soft DODA- 
ased liposomes, were more difficult to be transported 

hrough narrow lymphtic vessels, and thus trapped in the 
ocal injection site to form a vaccine depot that continuous 
ttracted APCs, facilitating immune cell activation. Therefore,
he immune response induced by the rigid DDA-based 

iposomes was 2 magnitudes higher than that obtained 

ith the fluid DODA-based liposomes [82] . The similar 
bservation was also pointed out by Merkel et al. in their 
ecent studies [83] . Besides forming a local immune depot,
igid NPs have been shown with an enhanced immune 
ell uptake. Sun et al. synthesized NPs of varying rigidity 
o show “hard” NPs enter immune cells more easily than 

exible (“soft”) [84] . Whereas, Anselmo et al. showed that 
oft NPs exhibited significantly reduced cellular uptake 
n macrophages, endothelial cells and cancer cells [85] .
herefore, preferential immune cell uptake of rigid particles 
re likely to further enhance antigen presentation and 

mmune activation. Despite all these hypothesis and 

bservations, more in depth mechanistic studies that 
xamine the effect of particle rigidity on the immune 
esponse are still extremely valuable and highly required in 

accine design. 

.4. Targeting ligand 

umor antigens have to be engulfed and processed by 
Cs, which are initiators of adaptive immunity [86] . In 

ddition, as long as antigens remain outside the lymphatic 
issues, they will be ignored by the immune systems [70] .
herefore, cancer vaccines need a rational targeting design 

hat achieves concentrated antigen delivery to lymphatic 
issues, in particular, APCs ( e.g. DCs, macrophages and B cells).

NPs co-delivering tumor antigens and other stimulatory 
olecules can also be modified with targeting moieties 

hrough molecular recognition ( i.e., ligand-receptor 
nteraction or antibody-antigen recognition) on their surfaces 
o achieve efficient DC-specific delivery. It has been shown 

hat mannose receptor (MR), a member of calcium-dependent 
-type lectin receptor (CLR) family, primarily expressed on 

PCs [87–89] . Wang et al . encapsulated ovalbumin (OVA) 
ntigen with 1,2-dioleoyl-3-trimethylammonium-propane 
DOTAP) cationic liposomes (LP) or DOTAP-PEG-mannose 
iposomes (LP-Man) to generate depot or lymphatic-targeted 

iposome vaccines, respectively. The result of in vivo imaging 
howed that LP mostly accumulated near the injection site,
hereas LP-Man not only effectively accumulated in draining 

ymph nodes (LNs) and the spleen, but also enhanced the 
ptake by resident antigen-presenting cells [90] . In a similar 
tudy, Jiang et al . showed that the targeted galactosylated 

iposomes effectively facilitated antigen uptake by DCs as 
ompared to that mediated by unmodified liposomes both 

n vitro and in vivo [91] . Moreover, receptors such as DEC- 
05, DC-SIGN, Fc receptor, CD40, or CD11c are expressed 

n DCs and often used as targets [92] . It should be noted 

hat distinct subsets of DCs are specialized for different 
ffects on the immune system. While the top-performing 
C subset for antigen presentation along with the optimal 
argeting receptor for antigen uptake are still remained 

s overhanging questions, recent studies have suggested 

hat combinatorial targeting of multiple DC subsets may 
ignificantly enhance the efficacy of DC targeting and antigen 

resentation [93] . 
Additionally, it is worth noting that antigens carried via 

Ps can enter DCs via multiple endocytosis pathways, not 
nly depending the presence of specific targeting ligands but 
lso their particle size, surface charge and particle rigidity 
iscussed above. Therefore, the key to successful targeting 
Cs using NPs is to select the appropriate ligand against 
istinct DC surface receptor, as well as the appropriate 
odulating of their physicochemical properties to improve 

he potency of cancer vaccines. 

.5. Co-delivery with immunostimulatory reagents 

 modern strategy for designing novel vaccines is the subunit 
accines which are highly purified and thus show reduced 

mmunogenicity due to the absence of exogenous immune- 
ctivating components [94] . Therefore, it is necessary to 
dd adjuvants to provide the innate immunopotentiation 

nd to direct the desired adaptive immune response.
djuvants have several functions to augment immune 

esponses: (1) to activate innate immunity, (2) to steer the 
mmune response toward Th1 or Th2 immunity, and (3) to 
nhance cross-presentation [95] . Toll-like receptors (TLRs) 
gonists have been widely investigated as adjuvants for 
ancer vaccines [96 ,97] . TLRs are regarded as pivotal pattern 

ecognition receptors (PRRs) of innate immunity, which 

ecognize pathogens through sensing pathogen-associated 

olecular patterns (PAMPs) [98] . TLRs are also crucial for 
nduction of adaptive immune responses as they are potent 
C activators, augment T-cell responses, enhance cross- 
resentation and downregulate suppressive effects of Tregs 

70 ,96 ,99] . TLR3 is expressed in endosomes, where it can 

ense RNA virus infection by recognizing intracellular dsRNA 

100] . Poly(inosinic-polycytidylic acid) (Poly I:C), a synthetic 
LR3 ligand, has been reported as vaccine adjuvants in 

ancer clinical trials [96] . Han et al . developed a poly-lactic- 
o-glycolic acid (PLGA)-NP system encapsulating both OVA 

nd poly I:C and this system increased DC maturation,
nhanced antigen cross-presentation in DCs and induced 

ytotoxic T cell responses, which led to potent antitumor 
fficacy in EG.7 and TC-1 tumor bearing mice [101] .
LR4, a founding member of the TLR family, recognizes 

ipopolysaccharide (LPS) of Gram-negative bacteria that 
an cause septic shock [100] . Monophosphoryl lipid A 

MPLA), the TLR4 agonist, has shown an excellent safety 
nd efficacy profile in clinical as an adjuvant [96] . Boks 
t al . explored liposomes containing the glycan LeX for 
pecific DC-SIGN targeting, and an adjuvant and a tumor 
ntigen. They discovered that incorporation of MPLA into 

lycoliposomes significantly induced DC maturation and 

roduction of pro-inflammatory cytokines and enhanced 

ntigen cross-presentation of the melanoma tumour 
ntigen gp100 280–288 peptide to CD8 + T cells compared to 
onglycosylated MPLA liposomes [102] . Atefeh Razazan 

nd his colleagues also discovered co-formulation of MPLA 

nd tumour antigens not only induces high antitumor 
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Table 1 – A summary of NPs as subunit peptide and mRNA cancer vaccines carriers. 

Forms Formulations Antigen used Tumor model Injection route Preclinical or 
clinical 

Ref. 

Subunit peptide 
vaccine 

Lipid NPs Synthetic long peptides None Intradermally Preclinical [111] 
OVA E.G7-OVA tumor Subcutaneously Preclinical [20 ,112] 
Trp2 peptide Melanoma Subcutaneously Preclinical [113] 

Polymeric NPs OVA E.G7-OVA Subcutaneously Preclinical [114] 
TRP2 Melanoma Subcutaneously Preclinical [115] 
OVA Subcutaneously Preclinical [116] 
OVA/Gp100/Trp1/ 

Trp2Obsl1Kif18b/Def8/ 
Reps1/Adpgk/Dpagt1 

Melanoma/colon 
cancer 

Subcutaneously Preclinical [117] 

Protein conjugate E7 peptide/Trp2 TC-1 tumors/ 
melanomas 

Subcutaneously Preclinical [118] 

Gold OVA EG7-OVA Subcutaneously Preclinical [119] 
SIINFEKL peptide None Intradermally Preclinical [120] 

Aluminum OVA Melanoma Subcutaneously Preclinical [121] 
Miconeedles OVA Melanoma Intradermally Preclinical [122] 

OVA Intradermally Preclinical [123] 
mRNA vaccine Lipid NPs MART-1 Melanoma Intravenously Preclinical [124] 

gp100 and TRP2 Melanoma Subcutaneously Preclinical [125] 
NY-ESO-1, MAGE-A3, 

tyrosinase and TPTE 
Melanoma Intravenously Clinical [126] 

OVA None Intravenously Preclinical [127] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

immunity but also enhances therapeutic efficacy [103] .
TLR9, another endosomal TLR, recognizes unmethylated 2a-
deoxyribo(cytidine-phosphateguanosine) (CpG) DNA motifs
that are frequently present in bacteria and viruses [100] .
Yoshizaki et al. loaded CpG-DNA into pH-sensitive polymer-
modified liposomes and these liposomes exhibited strong
antitumor effects compared with conventional pH-sensitive
polymer-modified liposomes [104] . Similarly, Mansourian
et al . encapsulated p5 HER-2/neu derived peptide (p5)
in DOTAP–cholesterol–dioleoylphosphatidylethanolamine
(DOPE) liposomes co-administered with CpG-ODN. DOTAP–
cholesterol–DOPE liposomes + CpGODN can induce both
CD8 + and CD4 + responses that significantly inhibit the
tumor progression [105] . Multiple other TLR agonists
have also been considered as adjuvants [98] . Moreover,
it has been reported that triggering multiple TLRs could
activate synergetic immune response upon a combinational
agonist engagement [106 ,107] . For examples, both Silva
et al . [108] and Fox et al. [109] have demonstrated
that combining CpG and poly I:C into polyester NPs
significantly improved Th1 response and facilitated cancer
treatment. 

4. Nanotechnology for subunit peptide 

delivery 

Subunit peptide is the most common vaccination strategies,
however, their anticancer response are limited due to
weak immunogenicity and short-term immune responses;
therefore, optimal delivery systems that can overcome these
obstacles are greatly needed. Table 1 provides a summary of
recent research on NPs as subunit peptide and mRNA cancer
vaccines carriers. 
 

4.1. Liposomes and lipid NPs 

Among the particulate drug delivery systems used for antigen
delivery, liposomes were the first marketed system. The
success clinical translation of liposomal vaccines and the
increasing interest in their development can be attributed
to key advantages such as safety and versatility. Marketed
liposome-based drugs such as DoxiI R © (Johnson & Johnson)
and AmBisome R © (Gilead Sciences) and vaccine preparations
like Epaxal R © and Inflexal R © (Crucell, Leiden, The Netherlands)
show that liposomes are safe and well tolerated [110–
113] . They have the capability of entrapping both lipophilic
and hydrophilic agents, in the lipid membrane and in
the aqueous core, respectively [114] . This versatility allows
antigens of all types to be incorporated in liposome
formulations [115] . The versatility is also reflected in active
targeting with the use of ligands and combination of
immunomodulators, such as TLR agonists or other PRR
agonists to enhance immunological response. Liposomes as
carriers of peptide vaccine have attracted wide attention.
Varypataki et al . encapsulated a synthetic long peptide (SLP)
harboring the model OVA peptide with poly I:C in cationic
liposomes consisting of DOTAP and 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC). Results showed that the liposomal
formulation efficiently delivered the SLP to DCs in vitro and
induced a functional CD8 + T cell immune response in vivo
to the CTL epitope present in the SLP at least 25 fold
increase over the poly I:C-adjuvanted soluble SLP [116] . Eiji
Yuba and his colleagues developed pH-sensitive fusogenic
DOPE/egg yolk phosphatidylcholine (EYPC) liposomes using
two types of pH-sensitive poly(glycidol) derivatives with
either a linear (MGlu-LPG) or hyperbranched (MGlu-HPG)
structure. Results revealed that these polymer-modified
liposomes can introduce fluorescently tagged antigen (FITC-
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VA) into cytosol of DCs efficiently, inducing DC maturation 

nd efficient antigen presentation largely through MHC-I 
olecules, resulting extensive shrinkage of tumor burden [20] .

o meet the requirements of biosafety and biodegradation 

rom clinical application, Eiji Yuba and his colleagues used 

H-sensitive dextran derivatives (MGlu-attached dextran: 
Glu-Dex) to prepare pH-sensitive liposomes. MGlu–Dex 
odified liposomes also exhibited pH-sensitive significant 

estabilization in the weakly acidic pH region and delivered 

heir contents efficiently into the cytosol [117] . 
Lipid NP is a pivotal biocompatible and biodegradable 

rug delivery and formulation platform like liposomes [118] .
u et al . developed lipid–calcium–phosphate (LCP) NPs that 
onsist of a calcium phosphate core and an asymmetrical 
ipid bilayer used as a Trp2 peptide vaccine delivery system 

or melanoma treatment. Two phosphor-serine residues were 
dded to the N-terminal of the peptide, increasing the 
fficiency of p-Trp2 peptide to co-precipitate with calcium 

hosphate. CpG ODN was also encapsulated in LCPs modified 

ith mannose. Compared with free Trp2 peptide/CpG,
accination with LCP elicited a strong antigen-specific CTL 
esponse, resulting in superior inhibition of tumor growth 

n both B16F10 subcutaneous and lung metastasis models 
119] . 

.2. Inorganic particles 

argeting TAAs to solid tumors using inorganic particles 
as been an area of sustained interest. Gold nanoparticles 

GNPs) have garnered particular interest as nanomaterials 
or vaccines delivery carriers since GNPs are nontoxic,
mmunologically inert and can be synthesized with well- 
ontrolled properties ( e.g., size and shape) [120–123] . Because 
f facile synthesis with tunable size, Kang et al. explored the 
ffect of OVA-carrying GNPs with three different diameters 
10, 22, and 33 nm) on the efficiency of delivery to draining LNs 
nd induction of CD8 + T-cell responses. Results revealed that 
2- and 33-nm OVA-GNPs were superior to 10-nm OVA-GNPs 
n both LN delivery and induction of CD8 + T-cell responses 
124] . Zhang et al . developed a new vaccine platform based on 

NPs. Immune polyelectrolyte multilayers (iPEM) (including 
nionic poly I:C and cationic antigen peptides) were self- 
ssembled on gold nanoparticle templates (iPEM-GNPs) via 
he “layer-by-layer” strategy without solvents and other 
tructural components, which promoted high levels of 
ntigen-specific CD8 + T cells ( Fig. 1 ) [125] . 

Aluminum-containing adjuvants are widely used and 

pproved by the United States FDA for human use. The 
raditional aluminum hydroxide forms particulate of 1–20 
m in an aqueous solution with weakly or moderately 
otentiating antigen-specific antibody responses. Using 
VA and Bacillus anthracis protective antigen protein 

s model antigens, Li et al . synthesized aluminum 

ydroxide NPs of 112 nm and showed that antigens 
dsorbed on the aluminum hydroxide NPs induced a 
tronger antigen-specific antibody response than on 

icroparticles and local inflammation induced by NPs 
n the injection sites was milder than that induced by 

icroparticles. Aluminum hydroxide NPs represents an 
ffective and safe approach to improve its adjuvanticity 
126] . 

Other inorganic NPs (such as iron oxide magnetic NPs and 

pconversion NPs) have been shown to be potential delivery 
ehicles for antigens/adjuvants for tracking and vaccination 

127–129] . One additional important consideration is that 
norganic particles may accumulate in the body, resulting 
ong-term toxicity. 

.3. Albumin peptide conjugates or NPs 

ue to ready availability, ease of chemical modification and 

ood biocompatibility, albumin-based drug delivery systems 
DDSs) have captured massive attentions in the recent 
ecades. Both human serum albumin (HSA) and bovine 
erum albumin (BSA) have been utilized to prepare albumin 

Ps, through methods such as desolvation, emulsification,
elf-assembly, thermal gelation [130 ,131] . Several albumin- 
ased therapeutic agents have been approved by FDA [130] .
iu and his colleagues noticed that compounds which bind 

vidly to serum albumin can be delivered to draining 
Ns. Utilizing this property, they designed LN-targeting 
olecular vaccines via the synthesis of amphiphiles (amph- 

accines) comprised of an antigen (or adjuvant) cargo 
inked to a lipophilic albumin-binding tail. Upon ex-vivo 
inding with albumin, this novel vaccines exhibited 30- 
old increases in T-cell priming, leading to enhanced anti- 
umor efficacy and reduced systemic toxicity as compared 

o the parent compounds [132] . In another study, Zhu 

t al. developed albumin/vaccine nanocomplexes in situ 
tilizing the exogenous vaccine components (CpG and 

IINFEKL) self-assembled with the endogenous albumin. This 
anocomplexes significantly improved the accumulation of 
ntigens and CpG in lymph nodes, which was ∼100-fold 

igher than benchmark incomplete Freund’s adjuvant (IFA).
onsequently, the nanocomplexes induced ∼10-fold more 

requent peripheral antigen specific CTLs response than IFA- 
mulsifying vaccines [133] . To understand the mechanisms 
f albumin-binding carriers boosting the vaccine mediated 

TL response, Wang et al. demonstrated that albumin not 
nly facilitated the accumulation of antigens in draining 
Ns, but also enhanced internalization of antigens to APCs 
nd improved the stability of antigens in acidic intracellular 
rganelles [134] . 

.4. Polymer NPs 

enefiting from the development of biodegradable polymers 
hich represents a revolution in medicine spanning over 50 

ears, biotechnological advancements have made great 
rogress in drug delivery [135] . Polymers can be from 

atural origin, as chitosan, gamma polyglutamic acid ( γ - 
GA), hyaluronic acid or synthesized, as polyethyleneimine,
olylactic acid, Polypropylene sulfide, acrylic acid based 

olymers, and PLGA. The advantages of polymers (such as 
iodegradability, low toxicity and biocompatibility) have 
ighlighted polymeric NPs as an ideal delivery strategy.
ecause of stability, targeted and controlled release and 

he ability to entrap and/or adsorb both hydrophilic 
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Fig. 1 – iPEM assembled on gold nanoparticle templates promoted antigen-specific T Cell response. (A) The anionic adjuvant 
and cationic antigen peptides were self-assembled on gold nanoparticle templates via electrostatic interactions. (B) Confocal 
microscopy images demonstrated high levels of peptide and poly I:C located within DCs following a 3 h incubation with 

iPEM-GNPs. White: cell membrane; blue: nucleus; Green: peptide; Red: polyI:C; scale bars are 10 μm. (C) Mice were 
immunized with simple mixtures of soluble antigen and adjuvant or iPEM-GNPs on day 0 then boosted on day 14. 
Frequency of CD8 + T cells in peripheral blood over 28 days demonstrated immunization with iPEM-GNPs promoted efficient 
primary and secondary CD8 + T cell responses in mice. Reproduced with permission from [120] . Copyright 2015 American 

Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and hydrophobic molecules, polymeric NPs are attractive
platforms in cancer vaccines. In fact, numerous polymeric
NPs such as chitosan, γ -PGA, PLGA and acrylic acid based
polymers have been shown to enhance antitumor immune
response [136–139] . In addition, Luo et al . developed a
synthetic polymeric nanoparticle (PC7A NP) which was
prepared following a solvent evaporation method using
synthetic methacrylate monomers and PEG-b-PR block
copolymers. The minimalist nanovaccine comprised a simple
physical mixture of an antigen and PC7A NP, which enhances
antigen delivery and cross-presentation and stimulates the
STING pathway to boost antitumor immunity. Furthermore,
synergy with anti- programmed cell death protein 1 (PD-1)
antibody showed great results with 100% survival over 60 d in
a TC-1 tumour model [140] . 

4.5. Miconeedles 

Appropriate vaccine administration is the key element to
ensure powerful immune response [141] . Most vaccines
are injected via the subcutaneous (SC) or intramuscular
(IM) routes using a hypodermic needle. This approach is
low-cost, rapid and direct, but inevitably associated with
numerous unwanted disadvantages such as low patient
compliance, safe needle disposal, potential contamination
and need for trained personnel for administration [142] . In
addition, antigen delivery by hypodermic injection will bypass
the skin’s immune cells leading to poor vaccination because
subcutaneous fat and muscle tissue contain relatively few DCs
[141] . In contrast, microneedles (MNs), needle-like structures,
can be simple for patients to apply for transdermal delivery
of biomacromolecules across the stratum corneum barrier.
Because the dermis and the epidermis are densely populated
by different subsets of DCs, delivery of antigen by microneedle
arrays (MAs) has the potential for greater immunogenicity.
MAs designed for vaccine delivery are mostly dissolving ones
which are usually fabricated with biocompatible materials
[143 ,144] . Antigen and/or adjuvant can be encapsulated into
multifunctional particles (such as liposomes and polymeric
particles) to form the multifunctional particle-constructed
MAs (MPMAs), which can achieve targeting delivery and
controlled release [144] . Zaric et al . showed that antigen (OVA)-
encapsulated PLGA NPs can be successfully delivered to skin
layers by dissolving MAs. This delivery system facilitates the
specific targeting of skin DCs which were able to deliver NPs to
cutaneous draining lymph nodes via the afferent lymphatics,
leading to potent activation of antigenspecific IFN- γ secreting
effector CD4 + and CD8 + T cells and attenuated tumor growth
( Fig. 2 ) [145] . Zhao and his colleagues did a similar study. OVA-
and platycodin (PD)-loaded liposomes (OVA-PD-Lipos) were
incorporated into dissolving MAs. This system was chemically
stable and showed a significantly enhanced immune response
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Fig. 2 – MAs with OVA-NPs induce efficient antitumor responses. (A) Schematic of the minimalist design of the MAs with 

OVA-NPs. (B) Microneedle immunization with OVA-NPs significantly increased proliferation of OVA-specific CD8 + T cells 
compared to soluble OVA and b-NPs (blank NPs). (C) None of the mice immunized with MNs loaded with OVA-NPs 
developed significant tumor growth, while mice immunized with b-NP displayed significant tumor growth. Reproduced 

with permission from [122] . Copyright 2013 American Chemical Society. 
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146] . Overall, the dissolving MAs- based system is an 

ttractive approach to improve efficacy of subunit vaccine 
elivery. 

. Nanotechnology for mRNA cancer vaccine 

elivery 

linical trials with direct administration of synthetic mRNAs 
ncoding tumor antigens demonstrated safety and induction 

f tumor-specific immune responses [147] . However, naked 

RNAs generate weak immune response, so delivery system 

or better immune responses and minimal toxicity is 
ital and challenging. Delivery system must meet the 
ollowing requirements: (1) protect mRNA from degradation 

y endonucleases; (2) target APCs; (3) induce endosomal 
scape before degradation [148] . 

.1. Lipid NPs 

ipid NPs are highly versatile as their characteristics can be 
ltered to increase delivery efficiency and tailor the immune 
esponse and they have been successfully used to deliver 

RNA cancer vaccines [149–152] . Oberli et al. developed 

ipid NPs containing mRNA coding for the tumor-associated 

ntigens gp100 and TRP2. In this formulation, the ionizable 
ipid is positively charged at low pH may also help with 

ellular uptake and endosomal escape and the PEGylated lipid 

inders NPs aggregation. The optimized formulation achieved 

fficient transfection in different immune cellpopulations 
including dendritic cells, macrophages, neutrophils, and B 
ells) and antigen presentation on MHC-I, leading to a strong 
D 8 T cell activation ( Fig. 3 ) [148] . The administration route
f mRNA lipid NPs might have a significant influence on the 
trength of the ensuing immune response. Via intravenous 
dministration, RNA-lipoplexes (RNA-LPX) developed by 
ranz et al. can target DCs precisely and effectively in vivo .
his system is based on well-known lipid carriers such as 
OTMA, DOTAP, DOPE and cholesterol, without the need for 

unctionalization of particles with molecular ligands, solely 
ith appropriate negative net charge. RNA-LPX mediates 

ts efficient uptake and expression of the encoded antigen 

y DC populations and macrophages in various lymphoid 

ompartments and induces strong effector and memory 
-cell responses leading to rejection of progressive tumors.
n addition, RNA-LPX has been in clinical phase I trial [153] .
roos et al. also developed systemic delivery of lipid mRNA 

articles (LMPs) which are uptake by various APCs and result 
n Strong Antigen-specifc T-cell Responses [154] . 

.2. Polymer or dendrimer NPs 

ipid-polymer hybrid NPs (LPNs) have emerged as an 

nteresting vaccine delivery system which combines the 
dvantages of polymeric NPs with physical stability and 

iposomes with biomimetic characteristics. Su et al . developed 

iodegradable core-shell structured NPs with a pH-responsive 
oly( β-amino-ester) (PBAE) core enveloped by a phospholipid 

ilayer shell to deliver mRNA vaccines. This system mediated 

ytosolic delivery of mRNA with low cytotoxicity and 

ntranasal administration of these particles greatly improved 

he expression of reporter protein luciferase [155] . 
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Fig. 3 – Lipid NPs for mRNA vaccine delivery against cancer. (A) The lipid nanoparticles were prepared by microfluidic device 
via mixing the aqueous phase containing the mRNA and the ethanol phase containing the lipophilic compounds. (B) Ai14D 

reporter mice were immunized with lipid NPs containing mRNA coding for Cre-recombinase. Quantification of the 
percentage of transfected cells indicated that mRNA lipid NPs could transfect different APCs. (C) The percentage of OVA 

specific CD8 T cells induced by mRNA lipid NPs was significantly higher than the other two groups. Reproduced with 

permission from [125] . Copyright 2016 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dendrimers are highly branched polymers. Their
architecture comprises with three distinct domains: a
central core, repetitive branching units, and terminal groups,
which provide modifiable surface functionalities [156] .
Among numerous classes of dendrimers, polyamidoamine
(PAMAM) and polypropyleneimine (PPI) based dendrimers are
undeniably the most employed vectors which have gained
tremendous attention [157] . Chahal et al . synthesized new
alkylated dendrimer by reacting PAMAM G1 dendrimer with
2-tridecyl-oxirane to form NPs encapsulating mRNA together
with lipid-anchored PEG. This system successfully induced
antibody production and antigen-specific CTLs [158] . There
are few studies about polymer or dendrimer NPs as mRNA
cancer vaccine carriers, and this potential needs further
research. 

6. Summary and future perspective 

Cancer vaccines are required to be safe, effective and
affordable, which benefit greatly from NPs due to their safety,
controlled release, targeting to DCs and improved antigen
uptake as well as enhanced immunogenicity. Here we
reviewed the considerations when designing NPs as cancer
vaccine delivery systems. The physicochemical properties
such as size, zeta potential, particle rigidity, targeting ligand
and intrinsic immunogenicity have been shown to play
crucial roles in the modulation of antigen distribution, cellular
uptake mechanism, antigen presentation and the type and
strength of immune response. So it is important to take these

characteristics into account to induce maximal antitumor  
responses. In addition, we discussed recent progress on
nanotechnology for cancer vaccine delivery, we envision this
review will serve as a guidance for future cancer vaccine
design. 

Despite this, tumor progression is a complicated balance
between anti-tumor response induced by the host immune
system and the suppressive immune microenvironment [86] .
Therefore, the combination of cancer vaccines, together
with treatments that restrict the cancer microenvironment
would further improve the immunotherapeutic outcome,
and have been extensively evaluated both preclinically and
clinically [15] . One of such approaches is the combination
of cancer vaccines with checkpoint inhibitor blockades. It is
well known that ligation of PD-1 with PD-L1 leads to T cell
dysfunction, exhaustion and tolerance [159] . Blocking these
inhibitory pathways should result in amplification of the T
cell-mediated immune response, latter of which considered
as the main effector of cancer vaccines. Strategies to improve
effective T cells infiltration while block the functions of
suppressive immune cells within tumor microenvironment
would be another candidate for combining with cancer
vaccine. Several literature research and clinical studies
have suggested that over 70% of cancers (especially solid
tumors) are poorly infiltrated by CD8 + T cells, which are
the leading causes of therapeutic failure, not only for
cancer vaccines, but also for checkpoint blockades and CAR-
T therapies [160] . Small kinase inhibitors, antibodies or
RNAi that modulate the suppressive immune environment
( i.e ., siRNA against STAT3, small molecules against CXCR4,
tyrosine kinase inhibitor against vascular endothelial growth
factor) have been showed to significantly improved tumor
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egression and survival [161–164] . Another viable option for 
ombination treatment is the addition of chemotherapeutic 
gents. Chemotherapeutic agents (such as cisplatin [165] ,
ocetaxel [166] , doxorubicin [167] ) have immunomodulatory 
roperties that can enhance vaccine-mediated antitumor 

mmune responses. The mechanisms of synergy depend on 

he type of drugs and the specific vaccine employed, as well 
s the dosing schedule of each modality [168] . The versatility 
f nanocarriers may help combination therapy achieve their 
ull potential. It is worth noting that the timing of combination 

nd the selection of more powerful cancer vaccines are critical 
arameters that can profoundly affect the clinical antitumor 
ffect. 

In conclusion, NPs are good candidates for delivering 
ancer vaccines due to their safety and versatility. The 
esign considerations discussed in the review provide 
uidance for improving cancer vaccine potency. However,
ue to the extensive suppressive immune microenvironment,
ancer vaccines alone are difficult to prevent disease 
ecurrence, which requires further tuning of the suppressive 
umor microenvironment to improve T cell penetration and 

ctivation in situ . Therefore, we envision that the combination 

herapy together with smart NPs design would be the way to 
o in the future development of cancer vaccines. 
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