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Abstract

Although vaccination is historically one of the most successful strategies for the prevention of 

infectious diseases, development of vaccines for cancer and many chronic infections, such as HIV, 

malaria, and tuberculosis, has remained a challenge. Strong and long-lasting antigen-specific T 

cell responses are critical for therapy of these diseases. A major challenge in achieving a robust 

CD8+ T cell response is the requirement of spatio-temporal orchestration of antigen cross-

presentation in antigen-presenting cells with innate stimulation. Here, we discuss the development 

of nanoparticle vaccine (nanovaccine) that modulates the innate immune system and enhances 

adaptive immunity with reduced toxicity. We address how nanovaccines can integrate multiple 

functions, such as lymph node targeting, antigen presentation, and stimulation of innate immunity, 

to achieve a robust T cell response for immunotherapy.

Graphical abstract

1. Introduction

Vaccines represent one of the greatest medical achievements of modern civilization, and 

have had a major impact on public health. The first generation of vaccines contains 

inactivated or attenuated microbes, such as viruses or bacteria. These prophylactic vaccines 

can induce life-long antibody responses to prevent disease from future exposure. Although 

these prophylactic vaccines have successfully eliminated or greatly reduced the burden of 
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former epidemics, such as smallpox, poliomyelitis, tetanus, diphtheria and rubella, they do 

not work well in some patients and have the risk of reversion to virulence [1]. Furthermore, 

the future impact of vaccination should not only defend against infectious diseases, but also 

induce immune responses to treat ongoing diseases, such as cancer or chronic infections like 

HIV, malaria, and tuberculosis. Therapeutic vaccines must overcome pathogen-mediated 

evasion of the immune response and are likely to require induction of specific cytotoxic T-

lymphocyte (CTL; activated CD8+ T cell) responses against pathogens that have already 

established [2,3]. In the case of cancer, chimeric antigen receptor (CAR) T cell therapy has 

shown the effectiveness of T cells in killing tumor cells [4], and recently several checkpoint 

inhibitors (anti-CTLA-4, anti-PD-1 and anti-PD-L1) have been approved, which target the 

suppression of T cells and enhance anti-tumor T cell response in cancer patients [5]. 

However, most tumors exhibit low immunogenicity, and a majority of patients fail to 

generate adequate cancer-specific CTLs and therefore cannot benefit from immune 

checkpoint therapies, which only remove the inhibition of T cell functions. Therefore, there 

is an unmet need to develop safe strategies that boost anti-tumor immunity to synergize with 

immune checkpoint therapy.

Spatio-temporal orchestration (STO) is essential to produce an antigen-specific CTL 

response (Fig. 1) [6]. (1) Efficient antigen (Ag) delivery to lymphoid organs (e.g., peripheral 

lymph nodes), cytosolic delivery and cross presentation by the major histocompatibility 

complex (MHC) molecule in the dendritic cells (DCs) are important. (2) Induction of co-

stimulatory molecules (e.g., CD80/CD86) on DCs is critical for T cell activation. Lack of 

co-stimulation can lead to immune resistance or T cell apoptosis. (3) Cytokine release also 

plays a critical role in the differentiation of T cells. For example, type-I interferons stimulate 

the differentiation of naïve CD4+ T cells into Th1 subtype, whereas IL-4 leads to Th2 

subtype. For cancer immunotherapy, Th1 and CD8+ CTL responses are desirable [6,7].

Nanoparticle vaccines (nanovaccines) are miniscule particulates (20–100 nm) that target the 

body’s immune system to activate the host’s immune response against diseases. 

Nanovaccines have unique characteristics that can improve vaccine efficiency and modulate 

the immune response in vivo [8,9]. Using different materials and manufacturing conditions, 

researchers can precisely control the size, shape, surface charge, hydrophobicity and loading 

density of antigens and adjuvants. The incorporation of antigens or adjuvants can be 

achieved by conjugation of these components to the surface or core of nanoparticles, or by 

encapsulation within vesicles or micelles. In this review, we will discuss how the unique 

features of nanoparticles affect their antigen-presenting cell (APC) targeting, antigen 

presentation, and how the nanoparticle incorporates different vaccine components to achieve 

enhanced T cell response. We acknowledge that more parameters, such as shape, rigidity, 

biodegradability and so on, are all important characteristics that affect the efficacy of 

nanovaccines. The effect of these parameters has been extensively described elsewhere, and 

will not be the focus of this review [10–14].
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2. Antigen delivery and presentation

2.1 Major materials and effect

A vaccine that contains only some components of a pathogen is called a subunit vaccine. 

Subunit vaccines can eliminate the risk of reversion and reduce the possibility of 

autoimmune and allergic responses compared to inactivated or attenuated pathogen vaccines. 

However, despite advantages in safety, subunit vaccines have shown weakness in immune 

stimulation. Nanoparticles are an excellent platform for subunit vaccines, as they can extend 

the antigen release and circulation time, as well as target antigens to APCs, enhancing the 

efficacy of these vaccines. Various materials have been used to create synthetic nanoparticles 

for use in immunotherapy. This section will outline the major classes of materials and the 

advantages and weaknesses of each.

Many polymer-based nanoparticles have been investigated for their potential efficacy in 

immunotherapy, and polylactide-co-glycolide (PLGA) copolymer has been the most widely 

studied. PLGA is biodegradable, as its ester linkages are cleaved in vivo to produce two 

monomers, lactic and glycolic acid, which can be easily metabolized. By adjusting the ratio 

and positioning of the two monomers or conjugating to other molecules, properties such as 

size, solubility, and stability can be varied. PLGA is considered safe by the Food and Drug 

Administration (FDA) for clinical use, indicating its lack of toxicity. PLGA may be coupled 

to other polymers like polyethylene glycol (PEG) or polyethyleneimine (PEI) to form a 

block copolymer, which can self-assemble into a polymeric micelle that can encapsulate 

hydrophobic payloads in aqueous solutions, such as antigens [15] and extend blood 

circulation time [16]. Antigen-loaded polymer-based nanoparticles of various compositions 

have shown efficacy in increasing T cell responses, compared to the antigen alone [17].

Liposomes are another common platform for nanoparticulate vaccines. They are comprised 

of a phospholipid bilayer, which is easily biodegradable. Like PLGA, many liposome-based 

delivery methods have been approved by the FDA. Liposomes can be easily modified by 

altering the specific phospholipids used, or by coating the surface with other molecules like 

PEG [18,19]. While liposomes are able to encapsulate many types of compounds due to 

their amphiphilic nature, liposomes can suffer from poor loading efficiency and shelf 

stability [15,20]. Compared to antigens alone, antigens both conjugated to [21] and 

encapsulated [22] in liposomes have shown increased proliferation of antigen-specific CTLs.

Inorganic materials, such as carbon nanotubes and colloidal gold, have also been 

investigated for their potential in nanovaccine design. Both carbon nanotubes and gold 

nanoparticles conjugated to tumor-derived antigens have been shown in murine models to 

suppress tumor growth in an antigen-specific manner, compared to a vaccine comprised of 

the free antigen [23,24]. Both materials are easily functionalizable and are readily ingested 

by immune cells. However, concerns exist, particularly over solubility, long-term toxicity, 

and nonbiodegradability [24–26]. More work need to be performed to further evaluate 

inorganic nanoparticles for vaccine use.
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2.2 Particle characteristics

Peripheral lymph nodes are a hub for the adaptive immune system as a primary site for 

antigen-presenting cells, which are key for the generation of antigen-specific T cells [27]. 

Targeted delivery of antigens to lymph nodes has been shown to increase the adaptive 

immune response, and nanoparticles provide a novel method of delivering antigens to lymph 

nodes [28].

In designing nanovaccines to migrate preferentially to lymph nodes, many factors must be 

considered. One is surface charge of the nanoparticles. It is generally accepted that cationic 

nanoparticles exhibit more toxicity in phagocytic cells, particularly due to the formation of 

reactive oxygen species and damage to cellular membranes [27,29,30]. Interstitial fluid 

contains negatively charged proteins, so charge repulsion causes anionic nanoparticles to 

drain more quickly to lymph nodes [31]. Phagocytic cells, like antigen-presenting cells, 

ingest anionic nanoparticles more readily than cationic nanoparticles [32–35]. Therefore, a 

negative surface charge appears to be preferable.

Hydrophobic nanoparticles have been shown to induce higher levels of antibody titers than 

hydrophilic nanoparticles [36]. Seong and Matzinger hypothesized that hydrophobic 

moieties can serve as danger signals to activate the immune system [37]. However, blood 

and other bodily fluids are hydrophilic, so hydrophobic nanoparticles may not be soluble 

and can lead to formation of aggregates at the injection site. Indeed, Rao et al showed a 

negative correlation between hydrophobicity and nanoparticle uptake and retention by lymph 

nodes [31]. Thus, amphiphilic nanoparticles, including the use of hydrophilic PEG as a 

“cloak” for hydrophobic nanoparticles, have become a focus of research.

There is an optimal size range for nanoparticles to migrate to the lymph nodes (Fig. 2) [38]. 

Nanoparticles smaller than 3–5 nm are cleared by the blood and bypass lymph nodes. Larger 

nanoparticles are drained by the lymphatic system and traffic to lymph nodes via two 

distinct, size-dependent mechanisms. The first involves antigen-presenting cells at the 

nanovaccine injection site, which may take up nanoparticles via phagocytosis and then 

migrate to the lymph nodes. In the second pathway, nanoparticles transport through 

lymphatic vessels directly to lymph nodes. Manolova et al demonstrated the effect of particle 

size on the delivery method for nanoparticles to lymph nodes. Nanoparticles larger than 200 

nm largely followed the first pathway and were delivered to lymph nodes after 18 hours. 

Nanoparticles smaller than this radius drained to lymph nodes in the second, dendritic cell-

independent mechanism within 2–3 h [39]. As the second pathway is much faster, 

nanovaccine development has focused on nanoparticles smaller than 200 nm.

The Hubbell and Swartz groups showed that PEGylated poly(propylene sulfide) 

nanoparticles smaller than 50 nm had significantly higher uptake and retention by lymph 

nodes, for up to five days, compared to nanoparticles of 100 nm in diameter. These smaller 

nanoparticles trafficked to antigen-presenting cells in the lymph nodes with ten times the 

efficiency of the 100 nm nanoparticles, and were able to induce dendritic cell maturation 

[40,41].
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However, while smaller nanoparticles are known to drain more efficiently to lymph nodes, it 

is hypothesized that larger nanoparticles are trapped more effectively by lymph nodes, as 

smaller sizes may cause nanoparticles to bypass lymph nodes. Larger particles are able to be 

phagocytosed more effectively, increasing their retention in lymph nodes [41]. Thus, there is 

a delicate balance that must be achieved between these two competing size factors to ensure 

maximal lymph node trafficking and retention. The optimal size may be compounded by 

additional variables, such as the flexibility of the nanoparticle material, shape, injection 

method, and method of uptake (such as phagocytosis or clathrin-mediated endocytosis) [42].

2.3 Cytosolic delivery by nanoparticles

Enhancing cross presentation of antigens by class I major histocompatibility complex 

(MHC) molecules to activate CTLs is an important aspect of nanovaccine development. 

MHC-I molecules are typically loaded with cytosol-derived peptides (e.g., processed by 

proteasomes), so delivery of antigens into the cytosol, is essential. Nanoparticles can be 

taken up into the cells through endocytosis and are sequestered inside the endosomes and 

lysosomes. One strategy for cytosolic delivery is the facilitation of endosomal escape to 

avoid lysosomal degradation of protein antigens. This can occur by multiple mechanisms, 

such as the formation of pores in the endosomal membrane, the proton sponge effect, and 

fusion with the endosome membrane [27,43].

An early development in cytosolic delivery of antigens was the vaccine adjuvant 

ISCOMATRIX™. ISCOMATRIX™ is comprised of a mixture of cholesterol, phospholipids, 

and a purified extract, ISCOPREP saponin from the bark of the Quillaia saponaria tree, 

which form a cage-like complex approximately 40–50 nm in diameter. In immature dendritic 

cells treated with a mixture of ISCOMATRIX™ and a protein antigen, the protein antigen 

was translocated from lysosomes to the cytosol and cytotoxic T cell activation was observed. 

Despite these advances, the molecular mechanism of cytosol delivery is not well understood 

[44]. In a clinical study, patients with resected, NY-ESO-1-expressing melanomas were 

injected with NY-ESO-1 as well as NY-ESO-1 with ISCOMATRIX™, and were 

rechallenged several years later with NY-ESO-1 protein. Those who had received 

ISCOMATRIX™ adjuvant showed higher rates of CD4+ and CD8+ T cell responses, 

indicating continuing immunity, as well as increased relapse-free survival [45].

Many nanoparticles have taken advantage of the low pH of endosomes and lysosomes as a 

strategy for inducing endosomal escape. Hu et al designed nanoparticles featuring a 

hydrophilic shell and a hydrophobic, pH-sensitive core. At low endolysosomal pH, the 

protonation of the core led to swelling of the nanoparticles and rupture of the endosome 

membrane via the proton sponge effect, allowing for efficient delivery of antigens into the 

cytosol of dendritic cells with minimal toxicity. The proton sponge effect is observed with 

nanoparticles that have a high buffering capacity, as the influx of ions and water into the 

endosomes leads to high osmotic pressure, and eventually rupture of the organelle [46]. 

Keller et al have also reported the use of a pH-sensitive polymer micelle nanoparticle for 

cytosolic delivery of antigens, and demonstrated higher concentrations of antigen-specific 

cytotoxic T cells compared to controls [47].

Luo et al. Page 5

J Control Release. Author manuscript; available in PMC 2018 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vasdekis et al used light as a trigger for endosome disruption and cargo release into the 

cytosol. They developed nanoparticles comprised of amphiphilic block copolymers 

associated with a hydrophobic molecule, ethyl eosin, which acts as a photosensitizer in the 

presence of light and increases the hydrophobicity of the nanoparticle. Light activation 

destabilizes the nanoparticle and elicits payload delivery and endosomal escape. MHC I 

antigen presentation was observed in dendritic cells treated with nanoparticles loaded with a 

model antigen after light exposure [48].

In addition to harnessing the lower pH of endosomes/lysosomes to enhance cytosolic 

delivery, other methods of delivery have focused on the reducing environment of the cytosol. 

Li et al designed cationic, bioreducible alginate -polyethyleneimine (PEI) nanogels loaded 

with protein antigens. The nanoparticles were thought to escape endosomes via the proton 

sponge effect, and deliver the antigen efficiently into the cytosol after reduction. Compared 

to non-bioreducible nanogels, the bioreducible nanogels enhanced CD8+ T cell proliferation 

and IFN-γ production, indicating that the reducibility of nanoparticles may play a key role 

in activating the MHC-I pathway [49].

Liposomes that have been modified with Sendai virus proteins are able to fuse with cellular 

or endosomal membranes to deliver encapsulated molecules directly to the cytosol, but there 

are concerns over the potential immune responses to the viral proteins [18]. Yuba et al used 

pH sensitivity instead of viral proteins to induce fusogenicity in liposomes, which were 

destabilized in low pH environments. These pH-sensitive fusogenic liposomes were loaded 

with ovalbumin (OVA) antigen, and showed increased numbers of OVA-specific CTLs, 

tumor growth suppression, and increased survival in vivo in an E.G7-OVA tumor model 

compared to unmodified liposomes or free OVA antigen [50].

From the above examples, it can be concluded that the first generation of nanovaccines can 

enhance efficient antigen (Ag) delivery to lymphoid organs (e.g., peripheral lymph nodes), 

promote cytosolic delivery and cross presentation in the dendritic cells (DCs), and activate T 

cells, However, without any co-stimulatory molecule expression or cytokine secretion, the 

vaccine effect is still limited and there is a high likelihood of inducing immune tolerance 

[51]; additional immune stimulators may be incorporated in nanovaccines to reduce this risk.

3. Immune stimulator co-delivery in nanovaccines

3.1 Cytokines

Cytokines are important modulating agents that can regulate both innate and adaptive 

immune responses. When cytokines are systemically administered intravenously, harmful 

side effects, quick degradation and excretion can limit their effects. Treating mice with 

cytokines can enhance antitumor immune response, but clinical trials using these cytokines 

have been limited due to patient toxicity [52,53]. To overcome these limitations, many 

groups have engineered particles, including liposomes or polymer particles, to deliver the 

cytokines safely. These formulations have been shown to improve the circulation kinetics, 

enhance the anti-tumor or anti-intracellular microbe efficacy, and lower acute toxicity 

compared to free cytokines, despite smaller cytokine doses [54–56]. Building on this, several 

Luo et al. Page 6

J Control Release. Author manuscript; available in PMC 2018 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



labs have attempted to particulate both cytokines and antigens as a vaccine strategy to induce 

antigen-specific T cell response.

Interleukin-2 (IL-2) can promote the differentiation of T cells into effector T cells when the 

naive T cells are exposed to an antigen. Johnston and colleagues encapsulated a model 

protein antigen, ovalbumin (OVA), and IL-2 together into liposomes, which significantly 

improved cellular immune responses and tumor protection compared to OVA alone or OVA 

encapsulated in liposomes [57]. Popescu et al extracted cell-membrane proteins from 

lymphoma cells and incorporated them together with IL-2 into proteoliposomes [58]. This 

vaccine elicited T-cell immunity in vivo, as demonstrated by secretion of type I cytokines 

and tumor protection. Mechanistic study showed that liposomal IL-2 increased both the 

humoral responses and the cytolytic CD8+ T cells [57,58]. Next, the group formulated IL-2 

and a lymphoma-specific antigen into liposomal particles and tested the immunogenicity and 

toxicity of this cancer vaccine in human patients. In the initial clinical trial, this vaccine 

generated sustained, tumor-specific T cell response in all ten patients. Six out of ten patients 

remained in continuous remission after 50 months [59]. In the second clinical trial, one of 

the eleven patients achieved complete remission for up to 44 months [60]. These results 

demonstrated that the cytokine-incorporating nanovaccines are well tolerated and are 

effective in inducing tumor-specific T-cell responses.

Interleukin-12 (IL-12) was shown to promote the development of a Th1 cell phenotype from 

naive CD4+ T cells in response to antigenic stimulation. IL-12-encapsulated microspheres 

(IL-12EM) can sustain the release of IL-12 and induce strong Th1 immune responses 

specific to tuberculosis antigens. Antibody detection showed 128 to 256 fold higher levels of 

IgG2a, an antibody stimulated by Th1 cells, than the levels in control groups without IL-12, 

and a 1,024-fold higher level of IgG2a than the Alum-immunized group. In a M. 
tuberculosis infection model, these microspheres showed a better protection effect than 

Bacillus Calmette–Guérin (BCG) vaccine, the current gold standard tuberculosis vaccine 

[61].

Several other cytokines such as granulocyte macrophage colony-stimulating factor (GM-

CSF) and interferon alpha (IFN-α) have also been reported to be incorporated into 

nanovaccines and improve the T cell response and anti-tumor effect [62–65]. Although 

systemic toxicity and quick clearance still limit the clinical usage of cytokines, strategies 

using cytokines as adjuvants to treat established diseases in patients show promise and must 

still be considered.

3.2 TLR agonists

In the past 30 years, many stimulators of the innate immune system have been discovered, 

which are referred to as pathogen-associated molecular patterns (PAMP) and damage-

associated molecular patterns (DAMP) [66]. Recognition of these agents by APCs can 

potentially induce innate immune responses and effectively stimulate antigen presentation, 

co-stimulatory molecule expression, and cytokine secretion [67]. It is now generally 

accepted that dendritic cells (DCs) are the main antigen-presenting cells (APCs) regulating T 

cell responses. Studies have suggested that direct recognition of PAMPs by DCs is critical 

for priming an appropriate T cell response; inflammatory mediators such as cytokines can 
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only amplify, but not initiate, adaptive immune responses [68]. Based on the previously 

described spatio-temporal orchestration, optimal antigen processing and presentation by 

DCs requires association of appropriate danger signals in the same phagocytosed cargo [69]. 

Particulate danger signals with antigen can induce DC activation and antigen presentation, 

which can subsequently enhance adaptive immune response.

On innate immune cells, a family of pattern recognition receptors (PRR) called Toll-like 

receptors (TLR) recognize several types of PAMPs to initiate a series of innate responses 

[70,71]. TLRs are expressed on dendritic cells (DC) and other professional APCs, such as 

macrophages and B cells. Some TLRs are expressed on the cell surface and act as sensors 

for extracellular PAMPs (e.g., TLR4) [72]. A subset of TLR molecules (TLR3, 7, 8 and 9) 

are expressed on endosomal membranes and bind nucleic acid-derived molecules, such as 

double stranded RNA for TLR3 [73], single-stranded RNA of viral and bacterial origin for 

TLR7 and 8 [74,75], and unmethylated DNA oligonucleotides (ODNs) containing CpG 

motifs (CpG ODNs) for TLR9 [76]. Besides innate immune stimulators, some TLRs have 

been shown to bias the Th1 immune response and enhance CD8+ T cell responses [77,78]. 

Therefore, TLR agonists have been extensively investigated as potential adjuvants. Until 

now, only monophosphoryl lipid A (MPLA), a TLR4 agonist, and imiquimod, a TLR7 

agonist, have been approved by the FDA as adjuvants for some diseases [79,80]. Other TLR 

agonists might induce strong systemic inflammatory reactions in vivo, leading to potential 

adverse events [81,82] and autoimmune disease [83]. Particulated TLR agonists could help 

target adjuvant and antigen to a specific cell type to initiate the immune response, lowering 

the possibility of systemic toxicity. Geoffrey et al. reported a library of TLR7/8 agonist-

conjugated polymers using different linkage groups and TLR7/8 agonist density. They 

concluded that the polymer particles with high agonist density promoted local retention and 

APC uptake, and induced the strongest T cell response and at least tenfold less systemic 

IL-12 production than unimers and free agonist at the same density [84].

Many studies in murine models have demonstrated enhanced humoral and cellular immunity 

elicited by particulate vaccines co-incorporating antigen and danger signal compounds [84–

99]. Nanoparticle vaccine carrying peptide antigens and TLR-7 and -9 ligands have recently 

been shown to induce memory and effector CD8+ T-cell responses in melanoma patients 

[100]. Moon et al. developed lipid carriers (interbilayer-crosslinked multilamellar vesicles, 

or ICMVs, ~240 nm) composed of multiple lipid bilayers around an aqueous core [96]. 

ICMVs encapsulated protein antigens in the core and TLR-4 agonist MPLA in the vesicle 

walls, and rapidly released the adjuvant and antigen when they were taken up into the endo-

lysosomes of cells. In vivo immunization (10 μg antigens, 0.1 μg MPLA per mouse) 

achieved a peak 28% tetramer-positive T cells in the CD8+ T-cell population. This response 

was dependent on the co-delivery of the TLR agonist.

de Titta et al. conjugated both CpG and antigen onto ultra-small polymeric nanoparticles 

(NPs, ~25–30 nm), which rapidly drained to the LN after intradermal injection. Conjugated 

nanoparticles (0.05 μM CpG) in vitro demonstrated a 2.5-fold increase in DC cell activation 

compared to free CpG (1 μM). When administrated in vivo, this nanovaccine showed 

efficacy at low doses (4 μg CpG per mouse) similar to those elicited by 100 μg free CpG, 

and induced potent and long-lived cellular immunity [88]. Liu et al. synthesized amphiphiles 
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(amph-vaccines) conjugating an antigen or CpG to a lipophilic albumin-binding tail by a 

solubility-promoting polar polymer chain. This vaccine (10 μg antigens, 1.24 nmol CpG per 

mouse) increased the LN accumulation markedly, decreased systemic dissemination, and 

induced about 30-fold higher T-cell responses compared to free CpG [101]. Radovic-

Moreno et al. conjugated both CpG and antigens onto spherical nucleic acids (SNA), which 

showed 700-fold increase of antibody titer and 400-fold higher cellular responses to model 

antigens [102]. Kuai et al. designed synthetic high-density lipoprotein (sHDL) nanodiscs, 

which were conjugated to CpG and antigen peptides (Fig. 3). The nanodiscs (31 nmol 

antigen peptides, 2.3 nmol CpG per mouse) allowed induction of 50-fold increased T cell 

response compared to free antigen peptides and CpG. The nanodisc carrier alone, without 

CpG and antigen peptides, have previously been manufactured for clinical tests and were 

well tolerated in humans [103].

These studies illustrate that particulated co-delivery of antigen and TLR agonist can provide 

the three signals previously described for T cell initiation, induce a Th1 biased T cell 

response, and show anti-tumor [86–88] and anti-pathogen effects [84,91,94,104] in mouse 

models. Although the TLR-9 agonist CpG has been widely tested as an adjuvant for vaccine 

development that induced strong T cell response in mouse studies, the restricted expression 

of TLR-9 in pDCs and B cells in humans, compared to expression in all splenic DC subsets 

in mice, may limit its clinical translation [84,105].

3.3. STING agonists

The STING signaling pathway is emerging as a major TLR-independent mediator of host 

innate defense. The STING agonist, cyclic dinucleotide (CDN) is either directly released 

from invading bacteria, or synthesized by the host cyclic GMP-AMP (cGAMP) synthase 

(cGAS) in response to cytosolic double -stranded DNA (dsDNA) as a danger signal [106–

109]. Deng et al reported that irradiated tumor cells in DCs resulted in STING-dependent 

but not MyD88-dependent type I IFN production and adaptive immune responses [110]. 

Direct activation of STING by intratumoral injection of STING agonist led to potent 

immune responses and systemic tumor regression [111]. Listeria monocytogenes vaccine 

expressing tumor antigens demonstrated a survival advantage in pancreatic cancer patients 

[112]. This effect may be mediated through production of cyclic -di-AMP by Listeria, which 

activates STING [113]. More recently, it was shown that intra-muscular injection of cGAMP 

into tumor bearing mice led to significant inhibition of tumor growth, especially when 

cGAMP was used in combination with a PD-L1 antibody. Further, it was shown that the 

anti-tumor effect of the PD-L1 antibody depends on a functional cGAS-STING pathway 

[114].

The STING pathway has shown several unique characteristics compared to other innate 

stimulators, such as CpG or poly(I:C). First, although single stranded DNA enriched in CpG 

sequences can also stimulate type-I IFN production by binding to Toll-like receptor 9, TLR9 

is expressed predominantly in plasmacytoid dendritic cells (pDCs). In contrast, the STING 

pathway is functional in most cell types including all antigen-presenting cells (e.g., pDCs, 

myeloid DCs or mDCs, and macrophages). Since mDCs (particularly LN -resident CD8+ or 

tissue-resident CD11b-CD103+ mDCs) have been associated with strong anti-tumor 
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immunity [115,116], this makes STING agonists more effective for innate stimulation. 

Second, the STING agonists are small molecules (cyclic dinucleotides). The structural 

simplicity improves stability against conformational changes or enzyme degradation. In 

contrast, CpG or poly(I:C) have long base sequences and require specific conformation for 

TLR receptor binding. Despite these advantages, the main challenge for STING agonists 

may reside in the lack of efficient cytosolic delivery of CDNs and potential autoimmune side 

effects.

Fu et al. formulated STING agonists with a GM-CSF-producing cellular cancer vaccine, 

termed STINGVAX. This vaccine induced potent STING-dependent CD4+, CD8+, and T 

helper 1 (TH1)-biased humoral immunity, and increased antitumor response compared to 

TLR agonists including MPLA, poly(I:C) and R848. Further analysis indicated marked PD-

L1 (programmed death ligand 1) up-regulation, which was associated with tumor-infiltrating 

CD8+IFNγ+ T cells. When combined with PD-1 (programmed death 1) blockade, 

STINGVAX induced regression of palpable, poorly immunogenic tumors that did not 

respond to PD-1 blockade alone [117]. Hanson et al. encapsulated STING agonist cdGMP 

within PEGylated lipid nanoparticles (NP-cdGMP, ~150 nm) to direct this adjuvant to dLNs 

[118]. Compared with unformulated CDNs, encapsulation blocked systemic dissemination 

and markedly enhanced dLN accumulation in murine models. When combined with a poorly 

immunogenic HIV gp41 peptide antigen (membrane proximal external region), these 

nanoparticles induced type I IFN in dLNs, a greater, long-lasting expansion of vaccine-

specific CD4+ T cells, and B cell response compared with the well-studied TLR agonist 

monophosphoryl lipid A. Tumor-associated peptide vaccine also induced increased CD8+ T 

cell responses and enhanced therapeutic antitumor immunity. Miyabe et al. loaded cdGMP 

into a synthetic, pH-sensitive liposome that has a high fusogenicity. This formulation (~170 

nm) facilitated the cytosolic delivery and enhanced antigen-specific CTL effect. In vivo 
results showed tumor growth inhibition and suppression of lung metastasis [119,120].

The above studies demonstrate that STING or TLR agonists are an effective adjuvant when 

formulated in a nanoparticle. However, nanovaccines conjugated with antigen or agonist 

often include low yield covalent chemistry of macromolecules (e.g., conjugation of CpG to 

lipids) or complex nanostructures (multi-lamellar liposomes), which would be challenging 

for the QA/QC and CMC (Chemistry, Manufacturing, Controls) in clinical translation. It 

may also become cost-prohibitive with formidable regulatory barriers by the FDA. 

Therefore, a simple, robust and easily scalable nanovaccine design that offers antigen-

specific CTL response is desirable to realize the potential of nanotechnology for 

immunotherapy.

4. Examples of nanovaccines with integrated functions

4.1 Immune stimulation with traditional synthetic material

The above studies have all focused on the use of synthetic materials to deliver antigen, 

immune stimulator or both for vaccine development. Recently, new evidence has shown that 

synthetic materials themselves can activate innate immune responses without the 

conventional biological adjuvants.

Luo et al. Page 10

J Control Release. Author manuscript; available in PMC 2018 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is known that FDA-approved adjuvants such as Alum or lipid emulsions (e.g., MF59) 

provoke a strong Th2 response, but are rather ineffective against pathogens that require Th1-

cell-mediated immunity. These adjuvants were originally thought to function as a delivery 

system by generating depots that trap antigens at the injection site, offering a sustained 

release in order to continue the stimulation of the immune system. However, recent work has 

reported that this may not be the case, as antigens have been shown to dissociate very 

quickly from Alum in interstitial fluid [121]. Studies found that direct interaction between 

cell-membrane lipids and crystalline compounds such as alum or monosodium urate (a 

product released by dying cells) can cause receptor aggregation at lipid rafts, high-

cholesterol regions of the plasma membrane that are receptor-dense and play a significant 

role in organization and signal transduction, which leads to recruitment and activation of 

intracellular kinases [122]. Alum promotes non-phagocytic antigen uptake, leading to 

endosomal processing of CD4-dependent antigens and then promotes humoral immunity. 

[123]. Marichal et al reported that Alum-mediated cell death and subsequent host-cell DNA 

release promote humoral and Th2 cell responses [124].

Polymeric particles like PLGA and PEG-poly(propylene sulphide) have been shown to 

directly activate the inflammasome in dendritic cells [125]. Chitosan, the deacetylated 

derivative of chitin, can also activate the inflammasome pathway. However, the adjuvant 

effect of these nanoparticles is largely independent of this pathway [126,127]. Little 

evidence thus far has shown that inflammasome activation affects the humoral and cellular 

immune responses [128,129]. More research efforts are necessary to elucidate the effect of 

inflammasome activation on immune responses.

4.2 New nanoparticles targeting innate immune system

Several studies have shown that synthetic particles can trigger additional processes in APCs 

that affect immune responses. Li et al. showed that alumina nanoparticles can deliver 

conjugated antigens to autophagosomes in dendritic cells (DCs), which might promote 

antigen cross-presentation and subsequent T cell response [96]. Immunization of mice with 

these nanoparticles, which are conjugated to either a model tumor antigen or 

autophagosomes derived from tumor cells resulted in established tumor regression. Reddy et 

al. designed nanoparticles that displayed external hydroxyl chains, which activated the 

complement cascade. The ultra-small size (25 nm) targeted particles efficiently to the lymph 

node-resident dendritic cells, leading to enhanced cellular and humoral responses in vivo 
[40]. Lizotte et al. reported that in situ vaccination with self-assembling virus-like 

nanoparticles from Cowpea Mosaic Virus (CPMV) generated potent systemic anti-tumor 

immunity against poorly immunogenic B16F10 in the skin. Further mechanistic analysis 

showed that CPMV activated neutrophils, which then increased the frequency of tumor-

infiltrating neutrophils [130]. Zanganeh et al showed that an iron oxide nanoparticle, 

ferumoxytol, can act on tumor-associated immune cells, specifically macrophages, causing 

them to adapt an anti-tumor “M1” phenotype, and then inhibit tumor growth and metastasis 

in vivo [131]. Several studies showed the relationship between hydrophobicity of synthetic 

material and innate immune activation [37,132], but the specific mechanism of action 

remains unknown.
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Recently, data have shown that synthetic polymers alone can activate the STING pathway to 

trigger innate immune responses, which drives potent cell-mediated immunity. Carroll et al. 

reported that chitosan can activate dendritic cells by inducing type I interferons (IFNs) and 

initiate Th1 biased immune response in a type I IFN receptor-dependent manner [127]. 

Mechanistic studies showed that this cationic polysaccharide induced mitochondrial damage 

and possible release of mitochondrial DNA into the cell cytosol, which in turn activated the 

cGAS-STING-type I IFNs pathway. Luo et al. reported a STING-activating nanovaccine (29 

nm), by a simple physical mixture of an antigen with a synthetic polymeric nanoparticle, 

PC7A NP, which generated strong T cell response with low systemic cytokine expression 

(Fig. 4) [133]. In animal experiments, this nanovaccine effectively suppressed tumor growth 

and significantly prolonged survival in melanoma, colon cancer, and human papilloma virus 

-E6/E7 tumor models. Mechanistically, PC7A NP allowed stable antigen loading within a 

small size confinement that facilitated antigen delivery to the lymph nodes. pH-specific 

proton sponge effect at early endosomal pH (6.8–7.0) promoted antigen cross-presentation 

via membrane disruption. This nanovaccine stimulated innate cellular immunity through the 

STING-type I IFN pathway. Though the mechanism is not yet fully elucidated, PC7A 

copolymer was able to directly bind the C-terminal domain of STING with a dissociation 

constant of ~1 μM. Nanovaccines that can move beyond acting as a pure antigen delivery 

carrier to acting as innate stimulators in antigen-presenting cells, such as these recent 

examples, will be an exciting direction for future vaccine development.

5. Combination of nanovaccines with other immunotherapy

Combinations of multiple therapies are widely used in the treatment of challenging illnesses. 

To fight against cancer or chronic pathogen infections, therapeutic vaccines may need to 

overcome a variety of suppressive mechanisms, such as immunological ignorance, tolerance, 

and high rates of mutation in tumor cells or pathogens [134]. Though optimized 

nanovaccines alone can efficiently stimulate T cell responses, they are not sufficient to 

maintain the activity and tumor- or tissue- infiltrating ability of those T cells. Nanovaccines 

should be combined with other immune modulators to reach their full therapeutic potential. 

Kuai et al. combined nanodisc vaccine with checkpoint inhibitors anti-PD-1 and anti-

CTLA-4, which could completely eradicate established tumors [103]. Luo et al. combined 

STAMINA with anti-PD-1 in a human papilloma virus-E6/E7 tumor model, which showed 

great synergy with 100% survival over 60 days [133]. Moynihan et al. created a 

multipronged immunotherapy approach that combined a nanovaccines, cytokine, checkpoint 

inhibitor, and a tumor-antigen antibody. The nanovaccine induced a strong tumor-specific T 

cell response, the cytokine IL-2 promoted T cell activation and proliferation, checkpoint 

inhibitors neutralized tumor suppressive signals, and a tumor antigen antibody enhanced 

antigen-dependent phagocytosis of APCs and promoted tumor antigen spreading. This 

combination was able to eradicate large, established melanoma tumors in mice (Fig. 5) 

[135,136]. In the future, combination of nanovaccines with other immune modulators or 

checkpoint inhibitors will be a promising direction, mirroring the success of cocktail therapy 

for HIV in the past 20 years.
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6. Summary and conclusions

T cell activation by nanovaccines is impacted by their size, membrane disruption capability, 

and ability to stimulate innate immunity. Small size and hydrophilic surface coating (such as 

with a PEG shell) will aid in lymph node targeting. Albumin hitchhiking or conjugation of a 

DC receptor-specific ligand will further facilitate targeting of nanovaccines and uptake by 

APCs. Endosomal escape in response to the pH decrease during subcellular trafficking will 

enhance the cytosolic delivery of antigens and cross-presentation on MHC-I in DC cells. 

Loading innate stimulator or stimulating innate immune responses by the particle itself will 

induce all three signals necessary to bias the Th1 immune response and enhance CD8+ T 

cell response.

Many questions remain for therapeutic vaccine development. For example, it is critical to 

determine how to promote a T effector response, but not a T regulatory response, in an 

immunosuppressive microenvironment. Fine-tuning the balance between the strong T cell 

responses and auto-immune side effects will also be a key challenge. Finally, the ideal 

antigens for nanovaccines to differentiate cancer cells from normal tissue must be identified. 

Recently, several new epitopes have been discovered by new exome-guided technologies and 

high resolution mass spectrometry [137]. These epitopes, also known as neoantigens, are 

formed by peptides that are entirely absent from the normal human genome, but arise from 

mutated proteins in tumor cells. Incorporation of these neoantigens into cationic lipids or 

nanoparticles can stimulate antigen-specific anti-tumor effects [103,133,138], which is 

important to overcome the relatively low immunogenicity of these neoantigens.

From the biotechnology standpoint, different formulations provide a broad platform for 

nanovaccine design. For the antigen, it can be nucleic acids, peptides, or proteins; for the 

immune stimulator, it can be nucleic acids, small molecules, lipids or the particle itself; for 

the carrier, it can be natural virus-like particles or synthetic nanoparticles. Much work is still 

necessary to establish a highly efficient, minimalist nanovaccine with a simplified chemical 

design. This will be important in reducing the technical barriers for chemistry, 

manufacturing and quality controls, as well as keeping the production cost low. Until now, 

few nanovaccines have been tested in clinical trials. One limiting factor is that, although 

some correlations between human patients and mouse models were shown in checkpoint 

inhibitor therapy, current animal models such as transplanted tumor models, genetically 

engineered tumor models, or humanized mouse tumor models do not mimic the natural 

process of human tumor development, and are not always predictive of outcomes in human 

patients [139]. This is exemplified by the different responses to cytokines or CpG in mouse 

and human experiments as we previously mentioned. Another reason limiting the translation 

of nanovaccines is the relatively short history of synthetic nanoparticles in medicine. More 

knowledge of the fate of nanoparticles at the cellular and tissue levels is needed to establish 

a more thorough safety profile to aid in future clinical trials [140]. Approval of nanovaccines 

by the FDA or other regulatory agencies is key future steps to validate efficacy and safety. 

Continued progress in immunology and material science, and further collaboration between 

the two fields, will catalyze the rapid development of future generations of nanovaccines 

against cancer and infectious diseases.
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Figure 1. 
T cell activation by antigen presenting cells (e.g., dendritic cells). Orchestration of (1) 

antigen presentation by MHC molecule to the T-cell receptor, (2) CD80/86 co-stimulation, 

and (3) cytokine signals is necessary to achieve antigen-specific T cell activation.
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Figure 2. 
Relationships between particle size and lymph node targeting pathway. Particles less than 

100 n m can directly travel to lymph nodes and be taken up by lymph node-resident APCs. 

Particles bigger than 100 n m are mainly taken up by peripheral APCs, which migrate to 

lymph nodes to initiate subsequent T cell activation. Reprinted with permission from Ref. 

38.

Luo et al. Page 24

J Control Release. Author manuscript; available in PMC 2018 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Composition of sHDL nanodisc cancer vaccine. (a) Antigen peptides and adjuvant Cp G are 

conjugated on nanodiscs. (b) After subcutaneous injection, this nanovaccine can migrate 

efficiently into draining lymph nodes, and activate tumor-specific T cell response. Reprinted 

with permission from Ref. 103.
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Figure 4. 
A STING-activating minimalist nanovaccine (STAMINA) inhibits tumor growth and 

prolongs survival in tumor bearing mice. (a) Schematic of STAMINA to boost tumor-

specific T cell immunity. A single polymer, PC7A NP, was able to achieve STING 

activation, lymph node targeting, and cytosolic delivery of antigen in APCs in one 

composition with robust T cell production against tumors. In the HPV tumor model, tumor 

growth inhibition (b) and survival data (c) in C57BL/6 mice showed strong antitumor 

immunity after tumor inoculation with TC-1 tumor cells. Reprinted with permission from 

Ref. 132.
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Figure 5. 
Schematic illustration of a combined anti-tumor approach that included nanovaccine, 

cytokine, checkpoint inhibitor and a tumor-antigen antibody. Reprinted with permission 

from Ref.123.
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