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Abstract

The past few decades have witnessed the booming field of cancer immunotherapy. Cancer
therapeutic vaccines, either alone or in combination with other immunotherapies such as adoptive
cell therapy or immune checkpoint blockade therapy, are an attractive class of cancer
immunotherapeutics. However, cancer vaccines have thus far shown suboptimal efficacy in the
clinic. Nanomedicines offer unique opportunities to improve the efficacy of these vaccines. A
variety of nanoplatforms have been investigated to deliver molecular or cellular or subcellular
vaccines to target lymphoid tissues and cells, thereby promoting the potency and durability of anti-
tumor immunity while reducing adverse side effects. In this article, we reviewed the key
parameters and features of nanovaccines for cancer immunotherapy; we highlighted recent
advances in the development of cancer nanovaccines based on synthetic nanocarriers, biogenic
nanocarriers, as well as semi-biogenic nanocarriers; and we summarized newly emerging types of
nanovaccines, such as those based on stimulator of interferon genes agonists, cancer neoantigens,
mMRNA vaccines, as well as artificial antigen-presenting cells.
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1| INTRODUCTION

Cancer therapeutic vaccines are an attractive alternative or complement to conventional
cancer treatments (Goforth et al., 2009; Krishnamachari & Salem, 2009). Cancer vaccines
work by manipulating the patients’ own immune system to recognize and destroy cancer
cells. Cancer vaccines can stimulate specific antitumor immune responses, induce specific
killing of tumor cells with minimal damage to healthy cells, and elicit immune memory that
provides long-term protection against tumor recurrence (Blattman & Greenberg, 2004;
Diebold, Kaisho, Hemmi, Akira, & Sousa, 2004; Melief, 2007; Williams, 1996). Chemically
defined subunit vaccines, which are easy to manufacture and typically safe to administer,
have been attractive for drug development. However, subunit vaccines often have weak
immunogenicity and only induce short-term immune responses. To address this challenge,
pharmaceutical engineering approaches have been employed to formulate subunit vaccines
with delivery vehicles (e.g., micro/nanoparticles [NPs]) in order to promote antigen delivery
and presentation by antigen-presenting cells (APCs). Nanovaccines have multiple
advantages over subunit vaccines. () Encapsulating antigens in nanocarriers can prevent
antigenic degradation and improve antigen stability. (b) Co-encapsulation of antigens and
adjuvants in nanovaccines can co-deliver antigens and adjuvants, thereby enhancing the
immunogenicity and therapeutic efficacy of vaccines. (¢) Nanovaccines can be easily
phagocytized and processed by APCs. (d) NPs designed for cytoplasmic antigen delivery
can enhance cross-presentation and major histocompatibility complex I (MHC-1)
presentation of antigens, thereby promoting adaptive immune responses including cytotoxic
T-cell lymphocyte (CTL) responses that are crucial for cancer immunotherapy. (e) Surface
modifications of NPs with targeting ligands permits specific targeting to lymphoid tissues
and APCs for precise immunomodulation. Finally, the polyvalent presentation of antigens on
the surface of nanovaccines allows B cell receptors to be cross-linked for enhanced humoral
immune responses (Cai, Wang, Wang, & Li, 2019).

In the present review article, we focus on advances in anticancer nanovaccines and discuss
the challenges and opportunities in nanovaccine development for cancer immunotherapy. We
will discuss nanovaccines based on different types of nanocarriers—synthetic nanocarriers,
semi-biogenic nanocarriers, and biogenic nanocarriers, all of which can deliver subunit
vaccine components ranging from tumor-associated antigens (TAAS) or neoantigens in the
form of peptides or mRNA, to a variety of immunostimulatory adjuvants (Figure 1).
Furthermore, we will discuss how such nanovaccines enhance T cell responses for cancer
immunotherapy.

2| WHAT MAKES CANCER NANOVACCINES?

Nanomaterials have offered unique opportunities to improve the therapeutic efficacy of
cancer vaccines. Nanovaccines are typically composed of antigens, molecular or
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nanoadjuvants and/or nanocarriers. Many nanomaterials per se have appeared to be
immunomodulatory, enabling them to function as nanoadjuvants (Temizoz, Kuroda, & Ishii,
2016). In this article, we will focus on using nonimmunomodulatory nanocarriers to delivery
molecular antigens and molecular adjuvants. A variety of nanomaterials have been studied
as nanocarriers in nanovaccines. Here, we categorize these nanocarriers into three classes by
the way of their manufacture—synthetic nanocarriers, semisynthetic nanocarriers, and
biogenic nanocarriers. In this section, we will discuss the components of nanovaccines and
the functions of each component.

Antigens

Tumor antigens are favorably (TAAS) or exclusively expressed (neoantigens) in tumor cells
and presented on the MHC molecules on tumor cells. Due to mechanisms such as
immunosuppression and immune evasion, endogenous cancer antigens are unable to elicit
therapeutically significant immune responses. By introducing exogenous tumor-relevant
antigens, cancer vaccines potentiate antigen-specific anticancer immune responses which
mediate cancer immunotherapy (Mellman, Coukos, & Dranoff, 2011). To date, a large
number of TAAs have been identified, some of which have been investigated in the clinic as
cancer therapeutic vaccines (Fioretti, lurescia, Fazio, & Rinaldi, 2010).

2.1.1| Tumor-associated antigens—TAAs or shared antigens can be expressed by
both cancer cells and healthy tissues, and they may be expressed by more than one type of
cancer cells (Fioretti et al., 2010). For example, cancer-testis (CT) antigens are a class of
TAAs that are expressed only in specific cancer cells and some immunologically privileged
germline tissues, but not in normal adult cells. Though the role of CT antigens such as,
melanoma-associated antigens-A (MAGE-A), the gene encoding New York’s esophageal
squamous cell carcinoma 1 (NY-ESO-1), LAGE-1, and TTK protein kinase (TTK), in cancer
development remains to be fully understood (Zhang, Zhang, & Zhang, 2019), CT antigens
have been investigated as candidates for cancer vaccines (Bruggen et al., 2002). Another
type of TAA-based cancer vaccine candidates is overexpressed self-proteins (Lowe, Shearer,
Jumper, & Kennedy, 2007). A classic example of such TAAs is HER-2/neu, an oncoprotein
commonly associated with breast cancer and ovarian cancer (Ross & Fletcher, 1998).

2.1.2| Neoantigens—Unlike TAAs, tumor-specific unique antigens or neoantigens are
derived from genetic events such as random somatic mutations or abnormal gene expression
in tumor cells (Coulie et al., 1995). These antigens are expressed solely in tumor cells, but
not in any normal cells (Parmiani, De Filippo, Novellino, & Castelli, 2007). As such, these
neoantigens can be recognized as non-self and not be subjected to central immune tolerance,
providing an opportunity to generate tumor-selective antitumor immune responses by using
cancer neoantigen vaccines.

Immunostimulatory adjuvants

Immune adjuvants for immunostimulatory cancer vaccines can stimulate the immune
system, potentiate the immune responses elicited by antigens (Montomoli et al., 2011), and
guide the type of immune responses (Copland, Rades, Davies, & Baird, 2005). All these
properties of adjuvants are crucial for subunit antigens which per se are typically weakly
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immunogenic. Based on their principal mechanisms of action, adjuvants can be generally
divided into two classes (Schijns, 2003)—(a) vaccine delivery systems, such as mineral
salts, emulsions, liposomes, and virosomes (Felnerova, Viret, Gluck, & Moser, 2004;
Schwaninger et al., 2004); vaccine delivery systems can help present antigens to the immune
system in a more efficient way and control the release and storage of the antigens; (b)
immunostimulatory molecular adjuvants, including toll-like receptor (TLR) agonists (e.g.,
CpG oligonucleotides, polyl:C, R848, monophosphoryl lipid A), STING agonists (e.g., c-di-
AMP), costimulatory ligands (e.g., anti-CD40), and cytokines (Adams, 2009; Gnjatic,
Sawhney, & Bhardwaj, 2010); immunostimulatory adjuvants activate immune cells such as
APCs, leading to the potentiation of the antigen-specific immune responses.

Nanocarriers

NPs are an excellent platform for the delivery of subunit vaccines. Various nanomaterials
have been studied for vaccine delivery in cancer immunotherapy. Here, we will discuss
recent progresses in the development of nanovaccines based on biogenic, semisynthetic, or
synthetic nanocarriers for cancer immunotherapy.

2.3.1| Biogenic nanocarriers—Biogenic nanocarriers are the nanomaterials derived
from biological entities, such as biological cells. Biogenic nanocarriers are considered as the
“self” and have the potential of great biodegradability and biocompatibility as well as low
toxicity. Examples of biogenic nanocarriers include exosomes and outer membrane vesicles
(OMVs) (Figure 2).

With the sizes typically in 30-150 nm, exosomes have the potential as carriers for efficient
vaccine delivery. Exosomes have been found to be secreted by a variety of cells including T
cells, B cells, tumor cells, and APCs (Thery et al., 2002). Depending on cell origins,
exosomes can be immunostimulatory or immunosuppressive, which indicate potential
applications in the immunotherapy of tumor or autoimmune diseases, respectively (A. Tan,
De La Pena, & Seifalian, 2010). For example, for cancer immunotherapy, tumor-derived
exosomes that contain MHC/epitope molecular complexes for recognition by T cell
receptors for T cell activation have been demonstrated to have immunotherapeutic efficacy
(Lee, Kim, Cho, & Kim, 2011). Moreover, DC-derived exosomes are enriched with
receptors and molecules that are important for antigen presentation and T cell activation
(Syn, Wang, Chow, Lim, & Goh, 2017). Further, their ability to deliver exogenous vaccines
is also valuable for cancer immunotherapy. The challenges for exosome-based
nanomedicines include the cost and time it takes to manufacture exosomes especially at
clinically significant large scales.

OMVs are another class of biogenic nanocarriers that are attractive for cancer
immunotherapy. Naturally, OMVs are formed from the outer membranes of Gram-negative
bacteria to communicate among themselves or with other microorganisms in their
environment (Wang, Gao, & Wang, 2018). Specifically, OMVs are involved in trafficking
bacterial cell signaling biochemicals, which may include DNA, RNA, proteins, endotoxins,
and allied virulence molecules. Interestingly, the presence of immunostimulatory “danger
signals” in bacteria-derived OMVs make these vesicles attractive immunostimulatory

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

adjuvants. Furthermore, OMVs are 50-250 nm in diameters, making OMVs great carriers
for efficient lymph node homing and intracellular delivery into APCs (Lin, Chattopadhyay,
Lin, & Hu, 2018). Up to now, OMVs have been studied to develop bacterial vaccines (Lin et
al., 2018) and more recently cancer therapeutic vaccines (Kim et al., 2017; Wang et al.,
2017). For instance, OMVs were loaded with antitumor cytokines CXCL10 and interferon-y
as therapeutic agents (Kim et al., 2017), which showed remarkable efficacy to induce long-
term antitumor immune responses that eradicated established tumors without notable
adverse effects. Further, engineered OMVs have been engineered to display Human
Papillomavirus 16 (HPV16) E7 protein to induce E7-specific cellular immunity. These
OMVs showed significant therapeutic efficacy, thus demonstrating the potential of OMVs as
cancer nanovaccines (Wang et al., 2017).

2.3.2| Semi-biogenic nanocarriers—Semisynthetic nanocarriers are formed from
partially biogenic components together with synthetic components. When properly
engineered, semisynthetic nanocarriers may inherit some features of biogenic nanocarriers,
such as biocompatibility and low toxicity, but can also integrate synthetic NPs’ capabilities
such as relatively easy and reproducible large-scale manufacture. Here, we will discuss three
types of semisynthetic nanocarriers—cell membrane-coated nanocarriers, virus-like particles
(VLPs), and endogenous protein-based nanocarriers.

Recently, cell membrane camouflage-based nanocarriers have become a biomimetic
platform for drug delivery (Gou et al., 2014; Luk & Zhang, 2015). The cell membrane of
interest can be extracted and coated onto the nanoparticle surfaces or formed as building
blocks to form nanocarriers. Cancer cell membrane-coated NPs can carry the full array of
cancer cell membrane antigens, which offer a platform of cancer nanovaccines (Figure 3;
Fang et al., 2014). Further, a triple combination of an adjuvant, cell membrane antigens, and
a targeted ligand can produce a powerful anti-cancer immune response similar to the levels
under the situation of bacterial infection. Using patients’ own cancer cells as source, cell
membrane camouflage-based nanovaccines can have a broad applicability in the clinic, and
further allow straightforward engineering of adjuvants and cell membrane materials. Taken
together, these studies have demonstrated that cell membrane-coated NPs have significant
potential as nanovaccines.

VLPs are another type of semisynthetic nanocarriers with potential as cancer nanovaccines.
VLPs structurally resemble viruses but are noninfectious because they contain no virus
genetic material. VLPs are self-assembled from virus structural proteins that are expressed
in vitro. VLPs hold great potential as nanovaccines because they are amenable for tailor-
designed engineering of VLPs and antigens on VLPs. Further, repetitive antigenic structures
can be engineered for efficient immuno-activation. VVLPs are readily taken up into APCs and
thus, if antigens are engineered on VVLP-based nanovaccines, are able to prime long-lasting
adaptive immune responses (Roy & Noad, 2008). In one example, Lujan showed that
multiple antigens can be expressed at the surface of VLPs by using the G protein of the
vesicular stomatitis virus (VSV-G) as a paradigm (Bellier et al., 2009; Garrone et al., 2011).
Another strategy of antigen modification on VLPs is chemical conjugation post-VLP
assembly via bifunctional crosslinkers (Basle, Joubert, & Pucheault, 2010). For example,
Buchholz’s group has demonstrated that VVLPs displaying tumor antigens elicited a strong
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immune response and effectively treated cancer (Schneider et al., 2018). Taken together,
these studies demonstrated the potential of VLPs as cancer nanovaccines.

Endogenous protein, such as albumin, have been studied as endogenous drug carriers since
1970s for the delivery of drugs, including antiviral drugs (Kamps et al., 1996), anticancer
drugs (Peng et al., 2017), radionucleotide (Tian et al., 2017), and more recently molecular
vaccines (Zhu, Lynn, et al., 2017). Specifically for vaccine delivery, the as-assembled
protein/drug nanocomplexes often fall into the “sweet spot” size range that permit efficient
lymphatic draining and intracellular uptake, both of which are highly desired for the delivery
of vaccines to lymphoid tissues and APCs. In a seminal study by Darrell Irvine group, an
albumin-binding lipid was conjugated with subunit vaccines, resulting in efficient
accumulation in lymph nodes and dramatic enhancement of immunostimulation (Liu et al.,
2014). Such immunomodulation efficacy was translated to remarkable therapeutic efficacy
for cancer as well as viral diseases. In another example, by conjugating molecular vaccines
with an albumin-binding Evans blue derivative to synthesize albumin-binding vaccines
(AlbiVax), albumin/AlbiVax nanocomplexes were self-assembled in vivo from AlbiVax and
endogenous albumin for efficient vaccine delivery and potent cancer immunotherapy (Figure
4; Zhu, Lynn, et al., 2017). Compared with conventional synthetic nanomaterials or biogenic
nanomaterials, these endogenous albumin-based nanovaccines, which are formed from
endogenous protein carriers and exogenous chemically defined molecular vaccines, may
have some unique advantages: (a) the chemically defined molecular vaccines can have facile
manufacturing and quality control, and may take advantage of established manufacturing
pipelines at good manufacturing practice (cGMP) grade; (b) albumin has a long half-life in
vivo (>20 days in humans) (Zhu, Zhang, Ni, Niu, & Chen, 2017); and (c) one of albumin
receptors, neonatal Fc receptor (FCRn) is highly expressed in APCs such as monocyte, DCs,
and macrophages, which likely facilitates the intracellular delivery of albumin/vaccine
nanocomplexes through active endocytosis of albumin.

2.3.3| Synthetic nanocarriers—A wide array of synthetic nanomaterials has been
studied as carriers for vaccine delivery in cancer immunotherapy. Here, we will discuss
some representative examples of nanovaccines based on polymer NPs, liposomes, and
inorganic NPs.

Polymer NPs have been extensively investigated for vaccine delivery in the immunotherapy
of various diseases, including cancer. Polylactide-co-glycolide (PLGA) polymer-based
nanoparticle is one example. PLGA is biodegradable, and its ester bonds can be eventually
cleaved in vivo into metabolizable monomers lactic acid and glycolic acid. The size,
solubility and stability of PLGA NPs can be fine-tuned. Further, PLGA can be coupled with
polyethylene glycol (PEG) or polyetherimide to form block copolymers, which can self-
assemble into a polymeric micelle, and the resulting micelles can encapsulate hydrophobic
payloads such as some of hydrophobic peptide antigens (Sah, Thoma, Desu, Sah, & Wood,
2013). Antigen-loaded polymer nanovaccines have proven more effective in increasing T
cell responses than the corresponding molecular antigens (Rietscher et al., 2016).

Liposomes are another widely studied platform of nanovaccines. Liposomes are composed
of phospholipid bilayer and have good biodegradability. Compared to antigens alone,
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antigens that are either conjugated to liposomes (Taneichi et al., 2006) or encapsulated in
liposomes (Ignatius et al., 2000) have shown increased proliferation of antigen-specific
CTLs. For example, ovalbumin (OVA)-encoding plasmid DNA delivered by liposomes
elicited a CTL response higher than plasmid DNA alone (Bacon, Caparros-Wanderley, Zadi,
& Gregoriadis, 2002). In an example of mMRNA-encapsulated liposome vaccines (Geall et al.,
2012), in which the antigen-encoding synthetic mMRNAs showed greater safety than plasmid
DNA, the mRNA can also be encapsulated in liposomes and delivered via liposome, which
substantially increased the immunogenicity of antigens relative to unformulated mRNA.
These studies suggest that the great potential for liposome as carriers for the delivery of a
variety of vaccines.

Inorganic materials have also been investigated for nanovaccine development. Inorganic
nanocarriers can be easily functionalized and ingested by immune cells. A series of
inorganic NPs conjugated to TAAS have been shown to suppress tumor growth in an antigen-
specific manner in murine tumor models (Ahn et al., 2014; Meng et al., 2008). For example,
spherical nucleic acids (SNAs) have been implemented for the delivery of cancer molecular
vaccines. SNAs are formed with gold nanoparticle (AuNP) cores and nucleic acids on the
surfaces (Radovic-Moreno et al., 2015). The AuNP core allows SNAs to enter cells without
auxiliary delivery vehicles or transfection reagents. Compared with the corresponding
molecular vaccines, the nanovaccines, also called immunostimulatory SNAs (IS-SNA),
exhibited up to 80-fold increase in the potency of immunomodulatory activity, 700-fold
higher antibody titers, and 400-fold higher cellular immune responses to a model antigen,
and improved treatment of murine lymphomas (Figure 5).

WHY NANOCARRIERS FOR VACCINE DELIVERY?

Nanotechnology is playing an increasingly important role in vaccine development. As the
development of vaccines moves toward “minimal” compositions that, however, have low
immunogenicity, there is a growing need for formulations that improve the effectiveness of
antigens and adjuvants. Using nanocarriers in vaccine delivery can not only promote tissue
and cell delivery of vaccines, but also improve the stability and immunogenicity of antigens.
In this section, we will discuss a few key functionalities of nanocarriers for the delivery of
cancer vaccines.

Nanocarriers can enable efficient tissue and cell delivery of vaccines

NPs can be designed to be favorably delivered to immune-rich organs such as lymph nodes
or spleens. For instance, nanovaccines can be efficiently drained into the lymphatic system
after local administration, enabling abundant accumulation in lymph nodes where high
densities of a series of immune cells are located and a variety of immunomodulation events
are coordinated (Bachmann & Jennings, 2010; Irvine, Hanson, Rakhra, & Tokatlian, 2015;
Reddy et al., 2007). In addition to nanocarrier-based passive delivery, nanocarriers can be
further modified with targeting ligands for actively targeted delivery to specific subtypes of
immune cells (Chen et al., 2016; Shannahan, Bai, & Brown, 2015). In one example, the
coating erythrocyte membrane of nanovaccines was inserted with mannose for active
targeting of APCs in the lymphatic tissues (Guo et al., 2015). Moreover, hanovaccines can
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also be designed to promote cytoplasm localization by penetration through cell membranes
and endosomal escaping that can maximize the immunostimulatory activity of the payloads
(Behzadi et al., 2017).

3.2 | Nanocarriers permit co-delivery of antigens and adjuvants

Antigen and adjuvant molecules can be co-delivered via one nanocarrier, owing to the
amenability of many nanocarriers to be loaded with multiple copies of different molecules
such as antigens and adjuvants. Since a single copy of antigens can elicit CD4 or CD8 T cell
responses (Huang et al., 2013; Sykulev, Joo, Vturina, Tsomides, & Eisen, 1996), effective
delivery of one single nanovaccine that co-deliver antigens and adjuvants into APCs can
effectively elicit T cell responses, which are pivotal for cancer immunotherapy. Specifically,
co-delivery of antigens and adjuvants to APCs by nanocarriers can maximize the chance of
APC maturation, antigen cross-presentation, and then activation of anti-cancer T cell
responses (Petersen, Dickgreber, & Hermans, 2010).

3.3 | Nanocarriers allow multivalent antigens and/or adjuvants to potentiate
immunomodulation

The large surface areas and/or spacy cores of nanocarriers entail nanovaccines to be loaded
with multiple copies of antigen and/or adjuvant molecules. This proves valuable for the
immunomodulation in scenarios such as cancer immunotherapy. Lipid-coated NPs were
developed to deliver multiple tumor peptides (S. Tan et al., 2014), which showed more
significantly immunotherapy efficacy than single peptide-loaded NPs. In another example,
Lim developed PLGA NPs loaded with OVA as a model antigen, the immunomodulatory
components STAT3 small interfering RNA (siRNA), and an immune response modifier
(imiquimod, R837) for the activation of DCs through the toll-like receptor 7 (TLR7; Heo &
Lim, 2014). And the results of this research demonstrated that this nanovaccine loaded with
multivalent antigens and adjuvants displayed excellent effective increasing cytokine levels
and decreasing tumor volume.

3.4 | Self-adjuvanted nanocarriers

In addition to serving as vaccine carriers, nanomaterials per se may also function as
adjuvants. For example, chitosan NPs have great potential to enhance cellular and humoral
immune responses and elicited a balanced Th1/Th2 response (Wen, Xu, Zou, & Xu, 2011).
Similarly, polymethylmethacrylate NPs induce long-term antibody titers in mouse HIV2
whole-virus vaccine 100 times more than that by conventional aluminum adjuvants
(Stieneker, Kreuter, & Lower, 1991). Furthermore, Al,O3 NPs act as effective
immunoadjuvants to stimulate the T-cell response (H. Li, Li, Jiao, & Hu, 2011). Worth
noting, due to their own immunostimulatory efficacy, some NPs may exacerbate adverse
allergic reactions.

4| NANOVACCINE STRATEGIES ON HORIZON

Nanotechnology has the potential to significantly improve the therapeutic efficacy compared
with traditional formulations and alter the landscape of cancer therapeutic vaccines. Here,
we will discuss very recent strategies of nanovaccine development for cancer
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immunotherapy. We will specifically discuss STING activating nanovaccines, neoantigen
nanovaccines, mMRNA nanovaccines, aAPCs, and combination therapy involving
nanovaccines.

41| STING agonist-based nanovaccines

STING is a signaling molecule associated with the endoplasmic reticulum and regulates the
transcription of a number of host defense genes. Upon sensing cytosolic aberrant DNA
species or cyclic dinucleotides (CDNs), STING triggers the expression of type | interferons
(IFNs) and pro-inflammatory cytokines (Burdette et al., 2011; Ishikawa & Barber, 2008;
Ishikawa, Ma, & Barber, 2009). By this basic mechanism, STING has discovered to be
involved in a wide variety of pathological and biological activities. Specifically, STING
plays a critical role in the innate immune responses to many bacterial pathogens (Jones et
al., 2010; Watson, Manzanillo, & Cox, 2012), viral pathogens (Holm et al., 2012), and
eukaryotic pathogens (Sharma et al., 2011); STING also appears to be involved in certain
autoimmune diseases initiated by inappropriate recognition of self-DNA (Gall et al., 2012);
STING-dependent signaling has been shown to induce adaptive immunity in response to
DNA vaccines (Ishikawa et al., 2009); and STING has also been proposed to sense
membrane-fusion events associated with viral entry, in a manner independent of the sensing
of nucleic acids (Holm et al., 2012). STING can mediate type | IFN production by CD8a. +
DCs that can active CD8+ T cell through antigen cross-presentation and T cell priming for
cancer therapy (Ng, Marshall, Bell, & Lam, 2018). Further, tumor-derived STING-activating
components can be recognized by leukocytes such as CD11b + and B cells, and
subsequently activate STING to induce type | IFN production by leukocytes to prime NK
cells for cytotoxic Killing of tumor cells (Sundararaman & Barbie, 2018). Moreover, recent
studies have shown that the STING pathway is essential for radiation-induced as well as
spontaneous natural antitumor T cell responses (Woo et al., 2014). These studies clearly
suggest that STING is a central role player in a variety of innate and adaptive immune
responses, which can be leveraged for cancer immunotherapy.

Early on, a STING agonist 5,6-dimethylxanthenone-4-acetic acid was developed and tested
for cancer therapy, but was unfortunately found to be selectively active for murine STING
rather than human STING, which led to its setback in clinical testing (Roberts et al., 2007).
CDN:s, another class of STING agonist, have been enthusiastically studied for cancer
immunotherapy. Upon binding to STING, CDNs trigger structural reconfiguration of
STING, which subsequently leads to the activation of STING signaling pathway (Burdette &
Vance, 2013). CDNs have been investigated as part of a vaccine for cancer therapy by
intralesional vaccination. This vaccine has shown remarkable therapeutic efficacy in mouse
tumor models. Though the first clinical testing of this vaccine did not show significant
therapeutic advantage relative to a control arm, it is expected that, by optimization in terms
of formulations or clinic trial design, CDN-based vaccines still have great potential for
cancer immunotherapy. One approach to formulation improvement might be through
nanocarriers (An et al., 2018; Hanson et al., 2015; Junkins et al., 2018; Koshy, Cheung, Gu,
Graveline, & Mooney, 2017; Nakamura et al., 2015; Shae et al., 2019; Wilson et al., 2018).
Indeed, encapsulation of CDNSs into NPs has been explored to improve cytosolic CDN
delivery and promote immune responses. In one study, cyclic di-GMP (cdGMP) was
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encapsulated into PEGylated lipid NPs and used to redirect this adjuvant to draining lymph
nodes (Figure 6; Hanson et al., 2015). After vaccination, both CD8+ and CD4+ T cell
responses were significantly increased relative to free CDNs. Though this particular
nanovaccine was not directly tested for cancer immunotherapy in this study, it proves the
principle of STING-adjuvanted nanovaccine which may also be applicable for cancer
immunotherapy. More recently, CDNs have also been incorporated into NPs consisting of
endosomolytic polymersomes assembled from pH-responsive diblock copolymers for
enhanced cytosolic delivery of CDNSs (Shae et al., 2019). Luo et al. (2017) developed a pH-
responsive polymer nanovaccine that is STING-activating per se, presumably by disrupting
subcellular organelles and then exposing nucleic acids in the cytosol. These results
demonstrate that STING agonist-based nanovaccines can improve the bioavailability and
therapeutic efficacy of CDNs, enhance STING signaling, and potentiate immune responses
for the immunotherapy of cancer.

4.2 | Neoantigen nanovaccines

Tumor neoantigens are generated from genetic events such as somatic mutations in tumor
cells, but not healthy cells. Such cell-selective presence makes neoantigens attractive targets
for cancer therapeutic vaccines, because immunization against tumor-specific neoantigens
has the potential to bypass central and peripheral immune tolerance mechanism and to
minimize risk of inducing autoimmunity. MRNA/DNA or synthetic long peptides have been
employed to develop neoantigen-based cancer vaccines (L. Li, Goedegebuure, & Gillanders,
2017). In current clinical testing, neoantigens have been identified using a standard
workflow of genomic sequencing of cancer cells and normal cells and/or MS proteomic
analysis, followed by bioinformatic analysis to identify somatic mutations and predicting
MHC-I/11 binding with neoepitopes, then validating neoantigen immunogenicity in vitro and
manufacturing validated neoantigens, and finally formulating neoantigen vaccines for
administration back into the corresponding patients (Ott et al., 2017; Sahin et al., 2017).
Though these technologies are powerful to identify scarce neoantigens, this process also
present technique barriers and will take months to complete. The majority of somatic
mutation products have undetectable immunogenicity, which may refrain them from broad
adoption in the clinic.

Nanovaccines may at least partially address these challenges by promoting the vaccine
delivery and thus promoting the immunogenicity of neoantigens, which can expand the
fraction of somatic mutation products that qualify neoantigen vaccines and may eventually
expand the population of patients who can benefit from neoantigen vaccine-based
immunotherapy. In one example, synthetic high-density lipoprotein nanodiscs, a clinically
safe and scalable material, were used to facilitate the delivery of peptide neoantigens
through disulfide conjugation and cholesteryl-modified adjuvant to draining lymph nodes
(Figure 7; Kuai et al., 2017). The nanodisc-based neoantigen vaccines induce extremely high
levels (~30%) of antigen-specific CTL response, which, especially when combined with
immune checkpoint blockade, showed remarkable tumor therapeutic efficacy in mouse
tumor models. In addition, Zhu et al. reported self-assembled intertwining DNA-RNA
nanocapsules that can co-deliver DNA CpG, short hairpin RNA adjuvants, and tumor-
specific peptide neoantigens into APCs for cancer immunotherapy (Zhu, Mei, et al., 2017).
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This nanovaccine elicit highly frequent neoantigen-specific peripheral CD8+ T cells and
significantly inhibit the progression of neoantigen-specific tumors. Likewise, neoantigen
delivery has been demonstrated based on albumin/vaccine nanocomplexes (Zhu, Lynn, et al.,
2017) as well as STING-activating ultra-pH-sensitive polymers, as discussed above (Luo et
al., 2017). These studies suggest that properly designed nanovaccines are particularly useful
in facilitating the development of neoantigen vaccines. In addition to peptides, mRNA that
encodes neoantigens has also shown tremendous potential in preclinical and clinical testings,
which will be discussed in detail in a later section (Ott et al., 2017; Sahin et al., 2017).

mRNA-based nanovaccines

MRNA has been investigated as an attractive vector to deliver tumor antigens to DCs. mMRNA
vaccines combine desirable immunostimulatory properties of mMRNA by itself with an
outstanding safety profile as well as the flexibility of genetic vaccines. MRNA can induce
short but long enough protein expression without the risk of integration into the host
genome. The interest in using MRNA as a means to load tumor antigens onto DCs began to
rise in the late 1990s, thanks to the pioneering work of Gilboa and collaborators at the Duke
University (Boczkowski, 1996; Galluzzi et al., 2012). Their mRNA-based approach was
based on passive pulses of DCs, in other words relying on DCs to absorb mRNA, convert it
into protein, which is then processed into peptides and presented to CD8+ T cells
(Boczkowski, 1996).

However, there are several challenges about mRNA-based vaccines. First, antigen-encoding
MRNAs need to be ingested by APCs before degradation by extracellular ribonucleases.
Second, in order for antigen translation in the cytosol, the mRNA must escape from the
acidic endolysosomes post-ingestion. It is thus crucial to develop delivery systems, such as
nanocarriers, that protect mRNAs from degradation and promote intracellular delivery into
APCs. The encapsulation of mMRNA vaccine in nanocarriers for immunotherapy has recently
experienced an exponential increase. For instance, liposomes-based mRNA nanovaccines
significantly enhanced their delivery efficiency into spleen and DCs (Figure 8; Kranz et al.,
2016). This study employed liposomes to be complexed with mMRNA and form RNA-
lipoplexes (RNA-LPX), which enabled effective targeting and major transfection of DCs
after systemic administration. Moreover, the LPX protects RNA from degradation by
extracellular ribonucleases and mediates its efficient uptake and expression of the encoded
antigen by DCs and macrophages in various lymphoid compartments. Another study
reported the development of a lipid nanoparticle for the delivery of mRNA vaccines to
induce a cytotoxic CD8 T cell response (Oberli et al., 2017). Their ionizable lipid is
positively charged at low pH to allow complexation with the negatively charged mRNA and
may also help with cellular uptake and endosomal escape. These studies demonstrated the
principle of MRNA nanovaccines for cancer immunotherapy.

aAPCs

APCs, such as DCs, can convey information from vaccines to T cells or B cells, and mediate
T cells or B cells to generate adaptive immune responses that are key to cancer
immunotherapy. Given such key role of DCs in cancer immunotherapy, autologous DC-
based cancer vaccines have been extensively investigated by isolating DCs from patients and
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then exposing DCs to cancer antigens to generate activated antigen-specific DCs. The
resulting specifically tasked DC vaccines can be injected back into the corresponding
patients to elicit immune responses for cancer therapy. This approach, however, is time
consuming and expensive, which greatly limits their clinical adoption. To address this
challenge, an alternative approach is to develop aAPCs. aAPCs are the artificial synthetic
APCs, which include two parts: a cognate antigenic peptide presented in the context of
MHC and co-stimulatory molecules, which can respectively bind to TCRs and co-
stimulatory receptors to activate T cells (Zang et al., 2017). Compared with natural DCs,
aAPCs have relatively defined composition as well as controllable and uniform signal
representation; aAPCs could be manufactured at a large scale, and can be developed as off-
the-shelf vaccines (Eggermont, Paulis, Tel, & Figdor, 2014). A number of different strategies
of aAPCs have thus far been investigated. One strategy is genetically modified cellular
aAPC, such as K562 human leukemic cells (Fisher et al., 2014) and NIH/3T3 murine
fibroblasts (Hasan et al., 2016) that were transduced to co-express CD86, CD137L, and
IL-15 to activate cytotoxic CD8+ T cells. Another approach to synthetic aAPCs is by
incorporating bioengineering principles (Hickey, Vicente, Howard, Mao, & Schneck, 2017,
Siefert, Fahmy, & Kim, 2017). Here, we will mainly discuss the second strategy for cancer
therapy.

The physicochemical parameters (e.g., size, shape) of aAPCs may impact T cell activation,
and thus aAPCs can be engineered by tuning these parameters for optimal
immunomodulation and therapy efficacy. For instance, nanomaterials with high aspect ratio
may enhance the interactions with T cells (Fadel et al., 2014). For example, in order to
mimic the physiological functions of APCs to stimulate T cells, a fluid lipid bilayer
supported by mesoporous silica microrods were engineered, and this lipid bilayer presents
membrane-bound cues for T cell receptor stimulation and co-stimulation (Figure 9; Cheung
et al., 2018). In addition to in vitro T cell activation and expansion, aAPC can also be
directly used for in vivo T cell activation in cancer immunotherapy (Kosmides et al., 2017).

Nanovaccines for combination therapy

Given the heterogeneity of cancer in multiple levels, combination cancer therapy has been
and will continue to be instrumental for cancer therapy. Nanovaccines have great potential
for synergistic combination therapy. For example, Andrew Wang’s group has developed
antigen-capturing NPs (AC-NPs) that significantly improved the abscopal effect in tumor
radiotherapy (Figure 10; Min et al., 2017). These AC-NPs can bind with antigens released
from tumor during radiotherapy via nanoparticle surfaces that are functionalized with
reactive chemical groups, and these antigen-bound AC-NPs were successfully transported to
nearby tumor draining lymph nodes through APC-mediated transportation. Combination of
nanovaccines with immune checkpoint inhibitors and/or immunostimulatory cytokines has
also been extensively studied. For example, combination of albumin-binding vaccines with
immune checkpoint inhibitors as well as a long-acting interleukin 2 have successfully
eradicated large tumors in multiple murine tumor models.
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5| CONCLUSION AND OUTLOOK

By treating the immune system to treat diseases, immunotherapy is likely going to be
another instrumental pillar for cancer treatment. Cancer immunotherapy has been
investigated in a variety of approaches including adoptive cell transfer therapy, immune
checkpoint blockade, cancer therapeutic vaccines, as well as oncolytic virotherapy. Cancer
therapeutic vaccines hold tremendous potential to elicit cancer-specific immune responses
with minimal adverse autoimmunity, ameliorate local and/or immunosuppression, and
synergize with other immunotherapeutic approaches. These features empower cancer
vaccines to overcome challenges, such as low response rates and immune-related adverse
events, which have been faced by current immunotherapies. Nanovaccines are promising to
maximize the potential of cancer therapeutic vaccines. By efficient co-delivery of
multivalent molecular antigens and adjuvants into lymphoid tissues and immune cells,
nanovaccines can dramatically increase the immunogenicity of molecular vaccines, and
hence potentiate antigen-specific adaptive immune responses for cancer therapy. By
integrating pharmaceutical engineering principles, nanotechnology, and immuno-oncology, a
variety of nanovaccines have been developed and tested in preclinical models and
occasionally in human for cancer immunotherapy. The multi-disciplinary field of
nanovaccines has continued benefiting by the advancement in each relevant field of science
and technology. We have discussed some recent examples of newly emerging types of
nanovaccines, including STING-activating nanovaccines, cancer neoantigen nanovaccines,
and mRNA nanovaccines. These newly emerging nanovaccine strategies could help the field
to revolutionize or supplement the landscape of cancer immunotherapy.
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FIGURE 1.
Schematic depiction of nanovaccine. Nanovaccines can be loaded with both adjuvant and

antigens on the surface of nanocarriers or inside nanocarriers. Nanovaccines can efficiently
co-deliver adjuvant and tumor antigen to lymphoid tissues and intracellular delivery into
antigen-presenting cells (APCs) for efficient induction of antitumor T cell response
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FIGURE 2.
Biogenic nanocarriers of vaccines. (a) Schematic representation of the generation of

exosomes. (Reprinted with permission from Jella et al. (2018). Copyright 2018 MDPI
Publishing Group) (b) Schematic representation of the generation of engineered antigen-
loaded OMVs. (Reprinted with permission from Rosenthal et al. (2014). Copyright 2014
PLOS Publishing Group)
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dendritic cells. (Reprinted with permission from Fang et al. (2014). Copyright 2014
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FIGURE 5.
Synthetic SNA-based nanovaccines for cancer immunotherapy. (a) Schematic diagram of an

SNA platform, which contain a shell of TLR agonist or TLR antagonist. (b) Schematic
depiction of proposed mechanism for uptake and TLR interaction between APCs and SNAs.
(c—f) Confocal microscopy image showing the Au-SNAs have been internalized. (g) 1S-
SNAs were tested for their ability to induce NF-xB following incubation with RAW-Blue
macrophages overnight. (h) IS-SNAs enhance humoral and cellular immune responses to
antigen, independent of core template. (Reprinted with permission from Radovic-Moreno et
al. (2015). Copyright 2015 National Academy of Sciences Publishing Group)
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FIGURE 10.
Nanovaccines for combination therapy. (a) Schematic depiction of utilizing AC-NPs to

improve cancer immunotherapy. (b) TDPA-coated AC-NPs enhance the efficacy of
immunotherapy based on cancer vaccination. (Reprinted with permission from Min et al.
(2017). Copyright 2017 Nature Publishing Group)
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