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Abstract

:

Explosive growth in nanotechnology has merged with vaccine development in the battle against diseases caused by bacterial or viral infections and malignant tumors. Due to physicochemical characteristics including size, viscosity, density and electrostatic properties, nanomaterials have been applied to various vaccination strategies. Nanovaccines, as they are called, have been the subject of many studies, including review papers from a material science point of view, although a mode of action based on a biological and immunological understanding has yet to emerge. In this review, we discuss nanovaccines in terms of CD8+ T cell responses, which are essential for antiviral and anticancer therapies. We focus mainly on the role and mechanism, with particular attention to the functional aspects, of nanovaccines in inducing cross-presentation, an unconventional type of antigen-presentation that activates CD8+ T cells upon administration of exogenous antigens, in dendritic cells followed by activation of antigen-specific CD8+ T cell responses. Two major intracellular mechanisms that nanovaccines harness for cross-presentation are described; one is endosomal swelling and rupture, and the other is membrane fusion. Both processes eventually allow exogenous vaccine antigens to be exported from phagosomes to the cytosol followed by loading on major histocompatibility complex class I, triggering clonal expansion of CD8+ T cells. Advancement of nanotechnology with an enhanced understanding of how nanovaccines work will contribute to the design of more effective and safer nanovaccines.
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1. Introduction


Nanotechnology has been applied to various fields of medical research including vaccine development. It has contributed to the enhancement of efficacy and, more importantly, the safety of vaccine candidates. The advantages of nanosized particles (NPs), including upregulation of immune response, safety with biodegradability, tissue or cell target ability through size modulation, and conjugation with immune-regulatory factors, can be utilized at several stages of vaccine development. By harnessing these features, NPs have been applied to the development of effective vaccine delivery agents or immune-stimulating vaccine adjuvants [1,2].



Nanovaccines, consisting of NPs (as the antigen itself, adjuvant, or material for delivery/targeting), have attracted attention from the scientific community and health industry as they have been known to selectively induce humoral and/or cellular immune responses. Beyond the conventional antibody-inducing effects of vaccines, the role of the cellular immune response, represented by the activation of CD8+ T cells that directly kill infected or abnormal cells, has been highlighted recently in vaccines against viral infections and cancer. In addition, it has been well appreciated that some nanovaccines trigger cellular immunity, including CD8+ T cell responses [3]. On the other hand, it is never too much to emphasize the importance of understanding the working principles of vaccines with respect to enhancing their safety and efficacy and, at the same time, with minimizing their side effects [4]. Although nanovaccines provide a paradigm for the development of new vaccine platforms, their mechanism of action has not been fully elucidated. In this review, we will discuss the role of nanovaccines in inducing CD8+ T cell responses with a detailed mechanism.



Dendritic cells (DCs), one of the most effective professional antigen-processing cells (APCs), are required for bridging innate and adaptive immunities via antigen uptake, and for processing and presenting the epitope to naïve T cells. For appropriate CD8+ T cell responses from an exogenous antigen, DCs present epitopes from the antigen after loading its epitope on major histocompatibility complex (MHC) class I molecules to CD8+ T cells through a mechanism known as “cross-presentation” [5,6,7,8]. As most vaccines used in the field are exogenous to the cell, DCs have a critical role in vaccine inducing activation of cytotoxic T lymphocyte (CTL) responses against viral or cancerous diseases. For this reason, various strategies for nanovaccines have been designed to target DCs [2,9]. Studies have been carried out to unveil the mode of action of nanovaccines by focusing on intracellular components and their roles. Thanks to accumulated proof-of-concept studies of cross-presentation, novel nanovaccines have been suggested and designed to induce protective CTL responses.



Many review articles on nanovaccines dealt primarily with the types and physicochemical properties of nanomaterials. [10,11,12]. Although informative, the immunological context of these reports is not sufficient. In this review, by addressing the key concept of how nanovaccines activate CD8+ T cell responses, we discuss (1) how nanoparticles advance antigenicity and adjuvanticity to enhance effectiveness, (2) nanovaccines which target lymph nodes (LNs) and APCs, and (3) intracellular mechanism to harness cross-presentation of DCs.




2. Nanoparticles Incorporated with Antigens and Adjuvants for CD8+ T Cell Response


2.1. Nanoparticle Incorporated with Antigens


Physicochemical properties, especially the size of the nanomaterial, are important for the delivery and the efficacy of nanovaccines. The size of a nanovaccine and its surface area can improve antigen uptake and increase the probability of interactions with target cells compared with traditional vaccines. The size of the nanomaterial reportedly helps vaccine penetrate mucosal surfaces more easily [9,13] and may determine different immune responses. It has been reported that nanoparticles 20–200 nm in diameter are usually internalized via endocytosis into APCs that induce T cell responses, while 0.5–5 μm particles are mainly internalized by phagocytosis, which favors a humoral immune response [14,15]. Moreover, the surface charge of nanoparticles can also affect internalization of nanovaccines and play a critical role in antigen trafficking [16]. Cationic nanoparticles can be taken up rapidly by APCs and induce more efficient lysosomal escape that is important for cross-presentation [17]. In addition, reverting surface charge of nanoparticle from negative to neutral or positive, potentially induces protonation of the acidic groups on poly(lactide-co-glycolic) acid (PLGA) that can explain the lysosomal escape capacity of PLGA [18]. Managing the size and charge of nanovaccines is therefore important to inducing precise and efficient immune responses. In the same vein, various NP-formulating strategies have been introduced for nanovaccines to induce a CD8+ T cell response [19].



Incorporation of nanoparticles with antigens and/or adjuvants to improve efficacy of both prophylactic and therapeutic vaccines can be achieved by simple physical adsorption or more sophisticated methods, such as chemical conjugation or encapsulation [10,20]. In general, the absorption of an antigen with nanoparticles is based on charge or hydrophobic interactions [21,22]. A physical adsorption based on a simple mixture of a nanoparticle has a relatively weak interaction with the antigen that could easily result in disassociation from the nanoparticle, while chemical conjugation and encapsulations exhibit relatively strong interactions. For chemical conjugation, antigens are chemically cross-linked to the surface of nanoparticles [23]. Encapsulation refers to a form of encapsulating by mixing the interested antigenic molecules as a vaccine candidate with precursors of nanoparticles during synthesis of nanoparticles, resulting in enclosure of the antigen by nanoparticles [24]. For example, chitosan is a promising biomaterial for antigen encapsulation due to its ability to form nanoparticles in mild aqueous conditions that preserve the immunogenicity of loaded polypeptide antigens [25,26]. Encapsulin, originally isolated from thermophile Tehrmotoga maritima, is with inner and outer diameters of 20 nm and 24 nm, respectively, that self-assembles in crystal structures from 60 copies of an identical subunit and has an empty space in the center. Because of the cavity, encapsulin is thought to encapsulate functional proteins [27]. Such nanocarriers containing antigenic peptide showed excellent antigen-specific CTL response and tumor rejection via effective antigen delivery to DCs [28].



NP-facilitating technologies can contribute to enhancing the antigenicity of tumor vaccines, which requires CD8+ T cell responses. For therapeutic cancer vaccines, tumor cell lysate is considered a vaccine candidate because it offers the advantage of tumor-specific antigens from the patient’s own tumor without additional sequencing and/or synthesis of antigens. In addition, a tumor-cell lysate would allow the loading of a wide variety of antigenic molecules [29]. However, a therapeutic vaccine using tumor lysate is often insufficient and too weak to induce tumor-specific T cell responses followed by a low therapeutic effect. To overcome such limitations, incorporation of nanoparticles with tumor lysate has been attempted for tumor vaccines [30]. For instance, a simple method of generating nanovaccines with tumor cell lysate via polyethylene glycol (PEG)ylation, a process for both covalent and noncovalent incorporation with PEG, has been reported. Briefly, using autologous whole tumor cell lysate, tumor cell membranes were formed into monodispersed nanoparticles coated with a surface layer of PEG (PEG-NPs). The PEGylated tumor cell membrane vesicle induced an increase in antigen-specific cytotoxic CD8+ T cell responses after the vaccination as it has an efficient delivery ability into draining LNs and a stability through reducing interactions of PEGlyated antigens with phagocytic cells or serum proteins [31].



The other well-known NP forming strategy uses PLGA, a versatile nanoparticle approved by the US Food and Drug Administration (FDA). Due to its biodegradability and biocompatibility, PLGA has been widely applied as a nanovaccine [2]. It is synthesized through co-polymerization of glycolic acid and lactic acid. Many studies have demonstrated that PLGA incorporates with antigens of nanovaccines to induce CD8+ T cell response from different perspectives, such as size and formulation. PLGA nanoparticles were efficiently taken up by DCs for better MHC class I–mediated antigen presentation, resulting in improved antigen-specific CD8+ T cell responses compared with those of PLGA microparticles. [32]. On the other hand, antigen-encapsulated PLGA exhibited the ability to upregulate MHC I expression, resulting in efficient antigen presentation to CD8+ T cells, while antigen-absorbed PLGA preferred to enhance MHC II expression for helper T cell responses [33]. PLGA also played a role as a carrier of immunostimulators including Toll-like receptor (TLR) agonists such as cytosine-phosphate-guanine (CpG) [33,34], monophosphoryl lipid A (MPL-A) [35] and Poly I:C [32,36].




2.2. Nanoparticles Incorporated with TLR Ligands for Enhanced Adjuvanticity


Adjuvants for vaccine formulation can boost vaccine efficacy. Among them, aluminum salt has been used for approximately 80 years. Recently, two squalene-based oil-in-water adjuvants (AS03; and MF59) were included in FDA-licensed vaccines [37,38]. An in-depth understanding of the mechanisms involved in immunology has contributed to the design of protective and safe vaccines and adjuvants. In particular, the discovery of pathogen-associated molecular patterns (PAMPs) that specifically interact with pattern-recognition receptors (PRRs) on innate immune cells made it possible to design advanced adjuvants such as AS04, which consists of aluminum hydroxide and MPL-A, a TLR4 agonist [39,40,41,42].



Signaling through PRRs can enhance innate immune responses to induce expression of cytokines and co-stimulatory molecules, which are critical for the function of APCs to induce T and B cell responses more efficiently along with antigen presentation. TLR family ligands, which are the most extensively identified PAMPs, have been used to upregulate immune responses as adjuvants. Many researchers have also begun to employ TLR ligands in nanovaccines. At first, immune stimulators such as TLR agonists were introduced for simple mixing with nanovaccines without considering their interactions or administrated independently with antigens [10]. However, in recent studies, TLRs have been incorporated directly into nanoparticles.



Among several TLRs and their ligands, CpG oligonucleotide (ODN), one of the TLR9 agonists, has been widely used in nanovaccine formulation to trigger the cellular immune response of CD8+ T cells [43]. Given that TLR3, 7, and 9 reside mainly in endosomal vesicles, rather than on the cell surface membrane of APCs, their ligands fit well with nanovaccines, which are designed to enter through the cell membrane. For instance, polystyrene particles carrying CpG ODN induced different immune responses in DCs depending on their size. With changes in endosomal pH, nano-particulate CpG resulted in both interleukin (IL)-6 and interferon alpha (IFN-α) production, while micro-particulate CpG produced IL-6 only. The initial endosomal pH of DCs, where the larger CpG particulates reside, was higher than that of smaller CpGs. Furthermore, by employing endosomal acidification inhibitors, it became clear that a gradual increase of endosomal pH had a negative correlation with IFN-α production, while IL-6 production remained constant, suggesting that the size of the CpG particulate can affect the profile of cytokines via modulation of endosomal pH [44]. This can be advantageous for inducing a CTL response because type I IFN is known to induce cross-presentation of DCs [45] or directly affect the activation of CD8+ T cells for clonal expansion and memory formation [46].



On the other hand, there are at least four types of CpG ODN, namely D-, P-, K- and C-types. Each type has different backbones, sequences, and immunostimulatory properties [47], leading to both advantages and disadvantages. For example, structurally, D- and P-type CpG ODNs form a higher-order structure that appears to be necessary for localization at the early endosomes to interact with TLR9. However, D- and P-type CpG ODNs show polymorphisms, aggregation, and precipitation in production. So, it has been suggested that only K- and C-type CpG ODNs are preferred for human vaccines [48,49,50]. Because of the ambivalence of each CpG type depending on the purpose (i.e., type of vaccine, expected effector immune response and route of vaccination), efforts have been made to develop a versatile CpG ODN that induce proper immune response without aggregation. A nanoparticulate humanized CpG ODN (K3) wrapped by nonagonistic Dectin-1 ligand, schizophyllan (SPG), K3-SPG, has been reported for the strong induction of CTL responses with type I and type II IFN production. As an influenza vaccine adjuvant, K3-SPG showed protective effects in both murine and a nonhuman primate model [51]. In addition, intravenously injected K3-SPG efficiently induced tumor-specific cytotoxic CD8+ T cell responses further suggesting an anticancer immunotherapeutic effect [52].



With respect to the CTL response induced by nanovaccines, TLR7 and TLR3 agonists have been incorporated into nanoparticles. For example, nanovaccines encapsulating imiquimod, a TLR7 ligand, induced DC maturation by upregulating the co-stimulatory molecules, CD80, CD86, and MHC II [53,54]. Moreover, TLR7 and TLR3 exhibit distinct synergistic effects with other TLRs. Nanoparticulated-adjuvants involving double TLR stimulation had originally been emphasized for enhancing humoral immunity [55]. Synergistic effects of combining different TLR ligands have been reported for the induction of cellular immunity. For example, virus-like nanovaccines loaded with CpG ODN and combining imiquimod showed much greater vaccine efficacy together with effector and memory CD8+ T cell response in melanoma patients [56]. In addition, while no results were shown a T cell response directly, the combination of polyinosinic polycytidylic acid (poly I:C), TLR3 agonist, and CpG-loaded spiky gold nanoparticles (SGNPs) synergistically enhanced maturation of DCs with an increase of cytokine (IL-6 and TNF-α) release and co-stimulatory molecules (CD80, CD86, and CD40) [57]. In addition, a lipid-based nanoparticle containing a poly I:C–imiquimod complex showed excellent efficacy against a melanoma tumor model by triggering a protective immune response via LN-resident DCs provoking robust tumor-specific CD8+ T cell responses [58].



A TLR4 agonist, MPL-A, has also been applied to nanovaccines to induce cellular immune responses. MPL-A, a derivative of lipid A from Salmonella minnesota R595 detoxified via hydrolytic treatment, is the first PRR agonist adjuvant approved for use in human hepatitis B vaccines. [59,60]. Because TLR4 agonists are known to induce pro-inflammatory cytokines, including IL-1β and IL-18, through NK-κB pathway or type I IFN through interferon regulatory factor (IRF)-3 pathway in APCs, they have also been tried with nanovaccines. A co-delivery system using multiple target peptides (TRP180-188 and HGP10025-33) with a MPL-A adjuvant based on lipid-coated zinc phosphate hybrid nanoparticles (LZnP NPs) was investigated for antitumor immunity. In this system, the coordinative binding property of zinc phosphate contributes to the encapsulating ability and, at the same time, the lipid coating enhances incorporation capability of lipid-like adjuvant, MPL-A that showed effective anti-tumor-specific CD8+ T cell responses with IFN-γ expression [61].



Collectively, nanoparticles incorporated with antigens and TLR agonists enhance the efficacy of vaccine, particularly for cellular immune responses. Studies have suggested that the incorporation of nanoparticles with antigens and/or adjuvants could be achieved in various ways, from simple physical adsorption to chemical conjugation and encapsulation. The basic physicochemical properties of the nanoparticles have an important role to play in delivery and improved efficacy of vaccines with respect to the induction of CD8+ T cell responses. In-depth studies including those that specifically target immune cells or organs and harness the intracellular-level mechanisms, are underway.





3. Targeting Strategies with Nanovaccines for CD8+ T Cell Responses


3.1. Nanovaccines Targeting Lymph Nodes


Delivery of an antigen to target tissues and cells is an important element of the efficacy of vaccines and efforts to minimize side effects. Various nanovaccines containing an antigen and adjuvant, including PEGylated nanoparticles, PLGA-nanoparticles [62], and nanoparticles incorporated with TLR agonists [63,64] have shown improved abilities to target the LNs that activated LN-resident immune cells [65]. Cationized gelatin-based nanoparticles containing CpG selectively target LNs and activate the APC, resulting in protective antitumor effects associated with neither widespread systemic inflammation nor immunostimulation caused by free CpG [64]. In addition, poly I:C-encapsulating PLGA showed increased persistence of poly I:C in LNs, leading to prolonged DC activation and enhanced CD8+ T cell responses [62].



In general, effective delivery of vaccines to LNs and increased retention have been considered for appropriate CD8+ T cell responses. Intradermal delivery of functional pluronic-stabilized poly(propylene sulfide) nanoparticles showed an ability to target skin-draining LN and LN-resident DCs [66,67]. When coupled with an antigen and adjuvant, nanovaccines exhibited cross-presentation of DCs leading to enhancement of antigen-specific CD8+ T cell responses [68,69,70]. For example, an anticancer vaccine using a tumor-draining lymph node (tdLN)-targeting nanovaccine consisting of a tumor antigen showed robust cytotoxic CD8+ T cell responses, both locally and systemically, despite the immune-suppressed environment of tdLN [71]. However, how this effect was achieved by the nanovaccines is not fully understood.



It has been suggested that the size of a nanovaccine is strongly correlated with its efficiency to target the LNs. Through the interstitium, vehicles of vaccine enter lymphatic capillaries and then, drain into LNs. Because of the tight junction between endothelial cells, only molecules smaller than 10 nm wide can enter the blood capillaries. On the other hand, larger molecules can enter the lymphatic capillaries since lymphatic vessels have a discontinuous basement and inter-endothelial junction. In addition, for efficient delivery to an LN, its size is limited to 100 nm because molecules smaller than 100 nm can move through the interstitium. Although, molecules smaller than 10 nm easily enter lymphatic as well as blood capillaries, the flow rate is 100–500 times faster in blood capillaries. Therefore, particles between 10 and 100 nm appear to be optimal for delivery to LNs [65]. Given that the size of nanoparticles ranges from 1 to 100 nm in general [72], this interrelationship between the size of the nanovaccine and lymphatic system could explain the high efficiency of LN-targeting nanovaccines. However, molecules larger than 100 nm could still transfer to LNs after being phagocytosed by APCs.



On the other hand, nanovaccines can likely harness the recruitment of immune cells through modulating cytokines and chemokines, enhancing the chance for interactions between APCs and T cells. It has been suggested that ultra-small graphene oxide covalently modified with carnosine (Go-Car) could promote a robust and durable antigen-specific antibody response with proliferation and activation of both CD4+ and CD8+ T cells by modulating the expression of IL-6, chemokine ligands (i.e., CXCL1, CCL2), and CSF3 [73]. A tuberculosis vaccine containing nanoparticle-fusion protein complexes showed an increase of both humoral and cellular immunities, including CD4+ and CD8+ T cell proliferation, and tissue-resident memory T cell populations in the lung. Furthermore, the protective effect of nanoparticle-fusion protein complexes caused by IRF-3-associated APC activation was identified with upregulation of chemokines and receptor expression such as CCR7, CXCL10, and CCL5 [74]. Numerous studies on nanovaccines have dealt with expression of cytokines or chemokines and their receptors. The ability to modulate recruitment of immune cells by LN-targeting nanovaccines could explain its mode of action.



Not only the generation of antigen-specific effector T cells but also their migration to the target site is essential for therapeutic success. Chemokines orchestrate circulation, homing, and retention of immune cells through their chemotactic properties. It can also affect the function of T cells [75]. CCR7 plays an important role in both the homing of T cells and the trafficking patterns in lymphoid organs such as LNs and the spleen [76]. Naïve T cells express CCR7, while LN, Peyer’s patch-associated high endothelial venules and afferent lymphatic vessel constantly express CCL21, which is a CCR7 ligand. Through the chemotactic interaction of CCR7–CCL21, the recruitment of naïve T cells is regulated [77]. In addition, the interaction of CCR7–CCL21 is further engaged with the recruitment of DCs to afferent lymphatic vessels and LN. After the maturation of DCs, expression of CCR7 is upregulated while the expression of tissue-specific chemokine receptors such as CCR1, CCR5, and CCR6 is downregulated [78]. In addition, CCR5 and their ligands, CCL3 and CCL4, regulate naïve CD8+ T cell recruitment toward the site of antigen-specific interaction between DCs and CD4+ T cells. Immunization without CD4+ T cell activation showed a limited accumulation of antigen-specific CD8+ T cells when compared with immunization with CD4+ T cell activation. Both DCs and CD4+ T cells produce CCL3 and CCL4 after activation following the immunization, and CD8+ T cells isolated from draining LNs showed CCR5 expression. Indeed, either the knockout of CCR5 or neutralization of CCL3 and CCL4 abrogated the accumulation of CD8+ T cells to antigen-specific interaction site for DCs and CD4+ T cells [79].




3.2. Nanovaccines Targeting APCs


Despite insufficient understanding of the mode of action, it has been suggested that the effects of LN-targeting nanovaccines are ultimately initiated and mediated through APCs in the LN. For a vaccine to induce a protective immune response, the APCs should recognize the antigen and interact with adaptive immune cells. In other words, bridging the innate and adaptive immune system through proper antigen presentation by APCs is a crucial step toward maximizing vaccine efficacy. DCs, among APCs, specialize in presenting antigens and priming naïve T cells. Thus, there are a large number of studies of nanovaccines with an aim to induce protective immune responses by targeting DCs. For example, one study detailed a polymeric dissolving microneedle array loaded with a nano-encapsulated antigen was designed to specifically target Langerhans cells that showed efficient cross-priming and Th1 immune responses [80]. The cationic dendrimer-like α-d-glucan nanoparticle is reportedly available for adsorption of protein antigens, enhancing delivery of antigen to DCs and activating DCs, including cytokine secretion such as IL-1β and IL-12 [81]. Distribution and clearance of the α-d-glucan nanoparticle and its interaction with immune cells were examined. As a result, α-d-glucan nanoparticles were shown to remain at the injection site and cleared gradually. The α-d-glucan nanoparticle can deliver antigen to APCs, especially targeting immuno-potentiating migratory DCs [82].



DCs express cell surface-associated mannose receptors to efficiently internalize extracellular antigen via mannosylation, which leads to enhanced activation of CD4+ and CD8+ T cell response [83]. A vaccine strategy using mannose receptor-mediated internalization has become a well-established option for DC-target vaccination [84,85]. For CD8+ T cell response, nanosized dextran (DEX) particles have been applied to a DC-targeting nanocarrier platform due to the mannose receptor-mediated uptake ability of DCs. A DEX-based nanovaccine with lipopolysaccharide (LPS), a TLR4 agonist, showed robust antigen-specific CD4+ and CD8+ T cell responses. It showed a stronger induction of CD8+ T cell responses compared with a soluble form of the antigen and LPS [86]. In addition, beyond the general mannosyl ligands, gold nanoparticles that contained mannose-mimicking shikimoyl for targeting DCs, showed enhanced vaccine efficacy compared with mannosyl ligand to deliver vaccines to DCs via mannose receptor-mediated manner after the immunization. This nanovaccine significantly inhibited melanoma growth and enhanced overall survival rate in melanoma-challenged mice in a therapeutic vaccination strategy [87]. Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), a well-characterized C-type lectin receptor, also has a specificity to high mannose and Lewis-type glycan. Targeting DC-SIGN on DCs by using its ligands has improved the uptake and processing of antigen together with the presentation of the epitope to antigen-specific T-cells [88]. Furthermore, Langerin (CD207) is exclusively expressed on Langerhans cells, which are a subset of DCs residing in the epidermis of the skin. Langerin-mediated targeting showed improvement of the endocytosis and cross-presentation, leading to CTL responses [89]. In a recent study, a novel specific glycomimetic Langerin ligand, which is conjugated with liposomes showed an ability to induce specific and efficient targeting of Langerhans cell in human skin [90].



As discussed above, several nanovaccines have been designed to target LNs and APCs. In fact, nanovaccine targeting of APCs has also been established with relatively rational modes of actions using distinct receptors, such as the mannose receptor, DC-SIGN and Langerin. Indeed, LN-target nanovaccines are well established and studied, but how their target abilities are achieved remains unclear. Although the size of the nanovaccine plays a critical role in delivery of vaccines to LN, it does not explain the mechanism of nanovaccines and their efficacy. A more comprehensive understanding based on immunology can provide a better explanation, leading to potent and safe nanovaccines. Further studies that reveal the exact mode of action for the tissue-targeting ability of nanovaccines are required.





4. Cross-Presentation and Cytosolic Exportation of Nanovaccines


Beyond delivering antigens to specific tissues and cells, nanovaccines could modulate intracellular antigen delivery, securing the position of the epitopes during antigen processing and presentation by APCs. Nanovaccines may induce a change of property on DCs to present exogenous antigenic molecules to CD8+ T cells via a distinct pathway called “cross-presentation”. Generally, exogenous antigens are loaded onto MHC class II molecules resulting in CD4+ T cell responses while endogenous antigens loaded on MHC class I molecules result in CD8+ T cell responses. However, through cross-presentation, exogenous antigens are loaded onto the pocket of MHC class I molecules, resulting in the activation of CD8+ T cells. In other words, exogenous antigens can be presented not only via classical MHC class II pathways but also, under certain circumstances, MHC class I through cross-presentation (Figure 1). Considering that most vaccines are administrated as exogenous antigen, cross-presentation can play a major role in the initiation of CD8+ T cell responses especially against cancers and other infectious diseases caused by intracellular pathogens [5,8]. Major cross-presentation occurs via the cytosolic pathway, where processing of an antigenic molecule onto an MHC pocket occurs in the cytosol. In this pathway, exogenous antigens are exported from endosomal vesicles to the cytosol for degradation by the proteasome in the cytosolic pathway [5,7]. Originally, cytosolic delivery was focused in order to increase the efficiency of transfection of plasmids or nucleotide vaccines by delivering them to the cytosol of target cells [91,92,93]. In recent years, due to improved understanding of immunological mechanisms, including cross-presentation and antigen-trafficking in intracellular compartments, cytosol exportation of antigenic molecules has attracted attention in the area of vaccinology, where activation of CD8+ T cells is essential [8]. As a result, nanovaccines that can induce cytosol exportation for proper cellular immune responses have been designed. Among them, some polymer-based nanovaccines that induce endosomal swelling and rupture and liposome-based pH-sensitive nanovaccines showed notable achievements against viral or cancerous diseases in which the CD8+ T cell response is an integral part (Table 1).



4.1. Proton Sponge Effect and Photochemical Internalization of Polymer-Based Nanovaccines


4.1.1. Proton Sponge Effect


Polyethylenemine (PEI) is a nonviral vector for the transfection of nucleotides (i.e., DNA, RNA, siRNA, and plasmids). PEI’s ability to buffer influent protons, thereby inducing osmotic swelling and rupture of endosomes, is called the proton sponge effect. [107,108,109,110,111]. Briefly, protons, supplied by a proton pump (v-ATPase), are sequestered via protonation of profound unsaturated amino groups. The sequestering of protons results in retention of chloride ions and water, eventually leading to osmotic swelling and rupture of endosomes (Figure 2a). Swelling and rupture of endosomes that contain antigens by the proton sponge effect exposes the antigens to cytosol. The proton sponge effect has therefore been suggested as a candidate for increasing cross-presentation. A PEI-based approach to vaccine delivery and making adjuvants is often presented as a promising strategy for the formulation of a vaccine that induces proper CD8+ T cell responses [94,95,96].



PEI could form nanoparticles with antigens via electrostatic interaction, enhancing the cross-presentation ability of DCs. [94], Moreover, cationic alginate PEI (AP) nanogels can be stabilized with 3,3′-dithiobis(sulfosuccinimidylpropionate), a disulfide-containing cross-linker (SS) to reduce toxicity of PEI, generating a bioreducible AP nanogel (AP-SS). Both AP-SS and AP nanogel without a disulfide bond showed facilitated antigen uptake with enhanced MHC II antigen presentation. However, only the AP-SS appeared to induce upregulation of MHC I antigen presentation and CD8+ T cell mediated tumor protection, along with enhanced antigen-specific antibody production. [95]. This indicates that bioreducibility is an important property of PEI-based nanovaccines with respect to its mode of action, including antigen degradation and cytosolic release in DCs. In addition, PEI-modified aluminum hydroxide nanoparticles showed an increase of internalization and the release of antigen into cytoplasm of DCs with enhanced expression of co-stimulatory molecules (CD80 and CD86) and cytokine (IL-12) secretion. Combined with tumor-derived autophagosomes (dribbles) as antigens, enhanced tumor-specific T cell responses have been seen in both in murine and human T cells [96]. Another PEI-based nanovaccine, polysorbitor transporter (PST), which is prepared from sorbitol diacrylate and low-molecular-weight PEI via nasal vaccination, showed a safe and efficient immune response against respiratory syncytial virus and pneumonia infection. PST in particular exhibited a long-term immune response of more than 200 days for antigen-specific antibody formation [97]. Such an immune response of PST, causing proton sponge effects, induced DCs to interact with follicular helper T cells [98]. Furthermore, via the proton sponge effect, PST can enhance cross-presentation and antigen-specific CD8+ T cell immune responses. In this regard, studies are underway to apply PST as a novel vaccine agent to anticancer therapy. In addition to PEI-based nano-materials, other polycations can induce the proton sponge effect [109]. Endosomal swelling and rupture by proton sponge effects could be used in other polycation-based vaccine strategies for intracellular delivery. For example, a dual-sensitive, micelle-tailored vaccine (ovalbumin-loaded pH/redox dual-sensitive micellar vaccine, OLM-D) designed by conjugation of the antigen with amphiphilic poly(l-histidine)-poly(ethylene glycol) showed a proton sponge effect similar to that of PEI. It appears that cascade delivery of an antigen by OLM-D occurs in three steps: (1) fast redox-triggered antigen release from lysosomes; (2) increase of micelle disassembly; (3) rapid lysosome escape via the proton sponge effect. Through cascade delivery, including proton sponge effects, OLM-D induced upregulated and prolonged LN accumulation with enhanced CD8+ T cell responses, including IFN-γ secretion [99].




4.1.2. Photochemical Internalization


Photochemical internalization (PCI) is another efficient and specific strategy for cytosolic exportation via endosomal rupture induced by light [112,113]. Delivering a photosensitizer to the endocytic vesicle of a cell is a key factor for PCI. The photosensitizer responds to specific wavelengths of light, leading to the initiation of reactive oxygen species and the rupturing of endosomes and cytosolic exportations [114,115] (Figure 2b).



Tetraphenyl chlorine disulfonate (TPCS2a), a well-established photosensitizer, has been utilized for PCI-meditated cytosolic antigen export. Through the PCI ability, TPCS2a can shift antigen processing and presentation from MHC class II to class I using various strategies such as TPCS2a-OVA complex, TPCS2a-liposome, and TPCCS2a-loading PLGA. This upregulation of cross-presentation using TPCS2a-enhanced CD8+ T cell response and IFN-γ expression and showed antitumor effects. [100,101,102,116,117]. In addition, pheophorbide A (PheoA), a hydrophobic photosensitizer, has been reported as a PCI-inducing nanovaccine. The nanovaccine consisting of a PheoA-PEI complex and OVA (PheoA-PEI/OVA NPs) exhibited enhanced of antigen exportation to cytosol following by light irradiation. When applied to DC2.4 cells, its cross-presentation ability to antigen-specific B3Z T cells was upregulated after light irradiation. It also showed an inhibitory effect on an in vivo tumor model [103]. In addition, arginine- and phenylalanine-based polyester amides (Arg-Phe-PEA(AP) nanoparticles) formed an electrostatic complex with AlPcS2, another photosensitizer that has been suggested for PCI to enhance CD8+ T cell responses. Indeed, AlPcS2 induced an increase of antigen uptake and photochemical interruption of endocytic compartments that enabled light-facilitated endosomal export of antigen, leading to an enhanced CD8+ T cell response [118].



These polymer-based vaccines, having proton sponge effects or photochemical internalization, can induce cytosolic transport of antigens through endosomal swelling and rupturing that accelerates upregulation of cross-presentation and therefore CD8+ T cell responses. Practical use of nanovaccines that induce endosomal swelling and rupturing via proton sponge effects or PCI could be a feasible strategy for vaccines against cancer and infectious diseases caused by intracellular pathogens where the CTL response is crucial.





4.2. Membrane Fusion of Liposome-Based pH-Sensitive Nanovaccines


Liposome-based nanomaterials have been used as vaccine delivery agents since 1974 [119]. As liposomes are nontoxic, biodegradable, and available in various sizes and capable of encapsulation, they have been regarded as excellent candidates for delivery agents for both vaccine and adjuvant [2,120]. Moreover, liposome-based nanomaterials can induce cytosolic export of antigens via either membrane fusion or membrane disruption [121]. Although some studies have suggested that liposome-based nanomaterials can display both fusion and disruption effects, the majority dealt mainly with the membrane fusion. Indeed, membrane fusion could be considered as unique property of liposome-based nanovaccines because the endosomal disruption effect originated from in other proteins or nanoparticles involved in liposomes, while membrane fusion effects result from the property of the liposome itself.



Membrane fusion is initiated by the recognition or contact of membranes, which pull closer and destabilize, initiating a mixing of lipids from both membranes. Not only intracellular process during subcellular compartmentalization, cell growth, and secretion of hormones and neurotransmitters but also invasion of target cells by enveloped viruses requires rapid, targeted, and regulated membrane fusion. It could occur between the cells, between intracellular compartments, plasma membranes, and/or between lipid-associated structures such as viral particles and cellular membranes [122]. Enveloped viruses utilize various proteins to induce membrane fusion for invading target cells. For instance, influenza virus hemagglutinin, viral fusion protein fuses with the endosome to form a fusion active trimeric structure [123]. Other viral fusion proteins have been introduced to liposome modification, resulting in enhanced membrane fusion of nanovaccines. The viral fusion protein-containing the liposome showed an ability to merge with endosomal membranes and induce cytosolic export of antigen leading antigen-specific cellular immunity [121,124,125]. However, vaccines containing these viral proteins may have been able to induce off-target effects, such as unintentional immune responses originating from viral molecules [105,126]. Considering both safety and efficiency, various synthetic molecules have been applied in various ways in hopes of improving the membrane fusion effect to make it adjustable for liposome-based nanovaccines [104,127,128,129,130].



Liposomes combined with a pH-sensitive nanoparticle, that destabilized in acidic condition and induces membrane fusion have been considered for a potential strategy for vaccine delivery. They are known to protect entrapped antigens against extracellular environment such as proteases and other serum proteins until being taken up by APCs. [105,126,131]. Early endosomes or phagosomes containing internalized antigens go through a maturation process in which endosomal or phagosomal pH decreases and proteolytic activity increases [132,133]. Such conditions could induce membrane fusion after a decrease of endosomal pH, leading to effective and adjustable cytosolic export of antigens (Figure 2c).



Among the various pH-sensitive liposomes, surface modification of egg yolk phosphatidylcholine liposome with a pH-sensitive poly(glycidol) derivative can generate distinct pH-sensitive membrane fusion abilities in weakly acidic condition because of carboxylation of poly(glycidol) together with various kinds of acid anhydrides [104,128,134,135]. A poly(glycidol) derivative based pH-sensitive liposome, 3-methylgultarylated poly(glycidol) (MGlu-PG), containing carboxyl groups with hydrophobic spacer moiety could generate potent pH-sensitive liposomes as cytosolic delivery agents via their powerful fusion ability [104]. MGlu-PG has been studied as a delivery agent in vaccine strategies for cytosolic export in many ways, including modification of the backbone structure, cationic lipid inclusion, and incorporation of polysaccharides. Results of a study that constructed MGlu-PG with two different backbone structures such as a hyperbranched form (MGlu-HPG) and linear form (MGlu-LPG), suggested that the backbone structure of pH-sensitive polymers can affect its interaction ability with membranes and its pH sensitivity [134,135]. Another study that modified pH-sensitive liposomes with cationic lipid incorporation using 3, 5-didodecyloxybenzamidine showed improved pH sensitivity in weakly acidic conditions in DCs. The cationic, lipid-incorporated, pH-sensitive liposome could deliver entrapped antigens to an endosome/lysosome as well as cytosol, leading to upregulation of both MHC class I- and II-mediated antigen presentation [106]. A pH-sensitive polymer has also been applied to polysaccharides such as dextran. Generation of pH-sensitive dextran with 3-methylglutarylated residue (MGlu-Dex) produced a highly pH-sensitive liposome with cytosolic export ability. Subcutaneous administration of the MGlu-Dex modified pH-sensitive liposome efficiently induced both humoral and cellular immunity with antigen specificity [105]. These modifications of an MGlu-based, pH-sensitive liposome commonly showed an efficient antigen delivery to cytosol and antitumor effects when administrated for cancer immunotherapy.



For cross-presentation in DCs, modulation of the maturation process is essential because excessive proteolysis does not favor cross-presentation but facilitates presentation via MHC class II [133,136]. Mild and limited degradation favors cross-presentation via cytosolic export for extended periods [5,6,137,138]. From this perspective, using a pH-sensitive-liposome with fusion ability in weakly acidic conditions could induce cytosolic escape before excessive maturation of the endosome or phagosome in more acidic conditions. It could therefore prevent excessive degradation of an antigen and simply transport it to cytosol. Although no studies connect this phenomenon directly to the pH-sensitive-liposome, it could be considered as harnessing the physiological condition such as maturation of endosome and phagosome. Moreover, the range of the acidity at, during, and after membrane fusion should be considered an important parameter. DCs are known to have a relatively decreased proteolytic capacity among APCs and a lower speed of endosomal maturation compared with that of other phagocytes, such as macrophages and neutrophils, which are much more specialized in phagocytosis and clearance of extracellular macromolecules rather than cross-presentation. Such tendencies are more apparent in distinct DC subtypes that have a specialized intracellular machinery for cross-presentation, such as CD8+ DCs or CD103+ DCs [5,6,7,8]. However, a majority of the reported studies dealt with pH-sensitive liposomes or other nanovaccines harnessing the cross-presentation and did not report a correlation with such a distinct subtype of DCs or its intracellular properties. While several studies of nanovaccines aimed at the CTL response suggest cross-presentation of DCs as its mechanism and a key role for the enhancement of efficacy, an in-depth understanding of DC subsets for cross-presentation, its intracellular pathways and key regulatory factors is still needed for the better design of nanovaccines.





5. Conclusions


Emerging nanovaccine studies have prompted the scientific community to understand the immunological actions needed to improve vaccine efficiency and safety, and to prevent the side effects that dictate the therapeutic success of a nanovaccine. Application of nanotechnology to vaccinology has succeeded in enhancing the effectiveness of vaccines, and the introduction of nanovaccines has produced a new paradigm for vaccine development. However, studies of their function and the precise mechanisms are relatively insufficient. Undoubtedly, maximizing safety and minimizing all possible side effects stem can form a comprehensive understanding of their action mechanism.



Recently, the fields of both immunology and nanotechnology have grown rapidly in recent years, and efforts to reveal a mode of action for nanovaccines in a context of protection at the molecular and cellular level have significantly increased. Studies for inducing CD8+ T cell responses against viral or cancerous diseases are especially notable. With the sincere hope that these efforts will lead to better and safer vaccine development, in this review, we discussed the application principle of nanovaccines that aim at the CTL responses by harnessing the properties of nanoparticles to enhance antigenicity and adjuvanticity or specifically target the lymph nodes and APCs. Furthermore, we suggest cross-presentation as the key mechanism for the activation of CTL when exogenous antigens are an option for the vaccine candidate. Given that most vaccines use exogenous antigens, the cross-presentation of DCs is the most important and valuable target for CTL response. Remarkable scientific understanding with advancement of technologies in the area of immunology together with nanomaterials is the major contributor to vaccine development. In the near future, the concept of cross-presentation in APCs in conjunction with CD8+ T cell activation will likely consolidate effective vaccines against devastating incurable cancers and intracellular pathogens.







Funding


This work was carried out with the support of Cooperative Research Program for Agriculture Science and Technology Development (PJ01336401), Rural Development Administration, Republic of Korea. This work was also supported by the Basic Science Research Program through the National Research Foundation of Korea (2018R1A2B2006793), Republic of Korea, and Korea Institute of Planning and Evaluation for Technology in Food, Agriculture and Forestry (IPET) through Animal Disease Management Technology Development Program, funded by Ministry of Agriculture, Food and Rural Affairs (MAFRA) (319081-03). Cheol Gyun Kim was supported by the BK21 Plus Program of the Department of Agricultural Biotechnology, Seoul National University, Seoul, Republic of Korea.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Oyewumi, M.O.; Kumar, A.; Cui, Z. Nano-microparticles as immune adjuvants: Correlating particle sizes and the resultant immune responses. Expert Rev. Vaccines 2010, 9, 1095–1107. [Google Scholar] [CrossRef] [PubMed]

	



Roopngam, P.E. Liposome and polymer-based nanomaterials for vaccine applications. Nanomed. J. 2019, 6, 1–10. [Google Scholar]

	



Nakamura, T.; Harashima, H. Integration of nano drug-delivery system with cancer immunotherapy. Ther. Deliv. 2017, 8, 987–1001. [Google Scholar] [CrossRef] [PubMed]

	



Pulendran, B.; Ahmed, R. Immunological mechanisms of vaccination. Nat. Immunol. 2011, 12, 509–517. [Google Scholar] [CrossRef] [PubMed]

	



Joffre, O.P.; Segura, E.; Savina, A.; Amigorena, S. Cross-presentation by dendritic cells. Nat. Rev. Immunol 2012, 12, 557–569. [Google Scholar] [CrossRef]

	



Alloatti, A.; Kotsias, F.; Magalhaes, J.G.; Amigorena, S. Dendritic cell maturation and cross-presentation: Timing matters! Immunol. Rev. 2016, 272, 97–108. [Google Scholar] [CrossRef]

	



Embgenbroich, M.; Burgdorf, S. Current concepts of antigen cross-presentation. Front. Immunol. 2018, 9, 10. [Google Scholar] [CrossRef]

	



Gros, M.; Amigorena, S. Regulation of antigen export to the cytosol during cross-presentation. Front. Immunol. 2019, 10, 9. [Google Scholar] [CrossRef]

	



Mumper, R.J.; Cui, Z.; Oyewumi, M.O. Nanotemplate engineering of cell specific nanoparticles. J. Dispers. Sci. Technol. 2003, 24, 569–588. [Google Scholar] [CrossRef]

	



Zhao, L.; Seth, A.; Wibowo, N.; Zhao, C.X.; Mitter, N.; Yu, C.; Middelberg, A.P. Nanoparticle vaccines. Vaccine 2014, 32, 327–337. [Google Scholar] [CrossRef]

	



Kim, M.-G.; Park, J.Y.; Shon, Y.; Kim, G.; Shim, G.; Oh, Y.-K. Nanotechnology and vaccine development. Asian J. Pharm. Sci. 2014, 9, 227–235. [Google Scholar] [CrossRef]

	



Pati, R.; Shevtsov, M.; Sonawane, A. Nanoparticle vaccines against infectious diseases. Front. Immunol. 2018, 9, 2224. [Google Scholar] [CrossRef] [PubMed]

	



Wendorf, J.; Singh, M.; Chesko, J.; Kazzaz, J.; Soewanan, E.; Ugozzoli, M.; O’Hagan, D. A practical approach to the use of nanoparticles for vaccine delivery. J. Pharm. Sci. 2006, 95, 2738–2750. [Google Scholar] [CrossRef] [PubMed]

	



Falcone, S.; Cocucci, E.; Podini, P.; Kirchhausen, T.; Clementi, E.; Meldolesi, J. Macropinocytosis: Regulated coordination of endocytic and exocytic membrane traffic events. J. Cell Sci. 2006, 119, 4758–4769. [Google Scholar] [CrossRef]

	



Xiang, S.D.; Scholzen, A.; Minigo, G.; David, C.; Apostolopoulos, V.; Mottram, P.L.; Plebanski, M. Pathogen recognition and development of particulate vaccines: Does size matter? Methods 2006, 40, 1–9. [Google Scholar] [CrossRef]

	



Jia, J.B.; Zhang, Y.; Xin, Y.; Jiang, C.J.; Yan, B.; Zhai, S.M. Interactions between nanoparticles and dendritic cells: From the perspective of cancer immunotherapy. Front. Oncol. 2018, 8, 11. [Google Scholar] [CrossRef]

	



Gao, S.; Yang, D.J.; Fang, Y.; Lin, X.J.; Jin, X.C.; Wang, Q.; Wang, X.Y.; Ke, L.Y.; Shi, K. Engineering nanoparticles for targeted remodeling of the tumor microenvironment to improve cancer immunotherapy. Theranostics 2019, 9, 126–151. [Google Scholar] [CrossRef]

	



Silva, J.M.; Vandermeulen, G.; Oliveira, V.G.; Pinto, S.N.; Rodrigues, C.; Salgado, A.; Afonso, C.A.; Viana, A.S.; Jerome, C.; Silva, L.C.; et al. Development of functionalized nanoparticles for vaccine delivery to dendritic cells: A mechanistic approach. Nanomedicine 2014, 9, 2639–2656. [Google Scholar] [CrossRef]

	



Fifis, T.; Gamvrellis, A.; Crimeen-Irwin, B.; Pietersz, G.A.; Li, J.; Mottram, P.L.; McKenzie, I.F.; Plebanski, M. Size-dependent immunogenicity: Therapeutic and protective properties of nano-vaccines against tumors. J. Immunol. 2004, 173, 3148–3154. [Google Scholar] [CrossRef]

	



Di Marco, M.; Shamsuddin, S.; Razak, K.A.; Aziz, A.A.; Devaux, C.; Borghi, E.; Levy, L.; Sadun, C. Overview of the main methods used to combine proteins with nanosystems: Absorption, bioconjugation, and encapsulation. Int. J. Nanomed. 2010, 5, 37–49. [Google Scholar] [CrossRef]

	



Henriksen-Lacey, M.; Christensen, D.; Bramwell, V.W.; Lindenstrom, T.; Agger, E.M.; Andersen, P.; Perrie, Y. Liposomal cationic charge and antigen adsorption are important properties for the efficient deposition of antigen at the injection site and ability of the vaccine to induce a CMI response. J. Control. Release 2010, 145, 102–108. [Google Scholar] [CrossRef] [PubMed]

	



Mody, K.T.; Popat, A.; Mahony, D.; Cavallaro, A.S.; Yu, C.; Mitter, N. Mesoporous silica nanoparticles as antigen carriers and adjuvants for vaccine delivery. Nanoscale 2013, 5, 5167–5179. [Google Scholar] [CrossRef] [PubMed]

	



Slutter, B.; Soema, P.C.; Ding, Z.; Verheul, R.; Hennink, W.; Jiskoot, W. Conjugation of ovalbumin to trimethyl chitosan improves immunogenicity of the antigen. J. Control. Release 2010, 143, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



He, Q.; Mitchell, A.R.; Johnson, S.L.; Wagner-Bartak, C.; Morcol, T.; Bell, S.J.D. Calcium phosphate nanoparticle adjuvant. Clin. Diagn. Lab. Immunol. 2000, 7, 899–903. [Google Scholar] [CrossRef]

	



Koppolu, B.; Zaharoff, D.A. The effect of antigen encapsulation in chitosan particles on uptake, activation and presentation by antigen presenting cells. Biomaterials 2013, 34, 2359–2369. [Google Scholar] [CrossRef]

	



Koppolu, B.P.; Smith, S.G.; Ravindranathan, S.; Jayanthi, S.; Suresh Kumar, T.K.; Zaharoff, D.A. Controlling chitosan-based encapsulation for protein and vaccine delivery. Biomaterials 2014, 35, 4382–4389. [Google Scholar] [CrossRef]

	



Moon, H.; Lee, J.; Min, J.; Kang, S. Developing genetically engineered encapsulin protein cage nanoparticles as a targeted delivery nanoplatform. Biomacromolecules 2014, 15, 3794–3801. [Google Scholar] [CrossRef]

	



Choi, B.; Moon, H.; Hong, S.J.; Shin, C.; Do, Y.; Ryu, S.; Kang, S. Effective delivery of antigen-encapsulin nanoparticle fusions to dendritic cells leads to antigen-specific cytotoxic T cell activation and tumor rejection. ACS Nano 2016, 10, 7339–7350. [Google Scholar] [CrossRef]

	



Gonzalez, F.E.; Gleisner, A.; Falcon-Beas, F.; Osorio, F.; Lopez, M.N.; Salazar-Onfray, F. Tumor cell lysates as immunogenic sources for cancer vaccine design. Hum. Vaccin Immunother. 2014, 10, 3261–3269. [Google Scholar] [CrossRef]

	



de Gruijl, T.D.; van den Eertwegh, A.J.; Pinedo, H.M.; Scheper, R.J. Whole-cell cancer vaccination: From autologous to allogeneic tumor- and dendritic cell-based vaccines. Cancer Immunol. Immunother. 2008, 57, 1569–1577. [Google Scholar] [CrossRef]

	



Ochyl, L.J.; Bazzill, J.D.; Park, C.; Xu, Y.; Kuai, R.; Moon, J.J. Pegylated tumor cell membrane vesicles as a new vaccine platform for cancer immunotherapy. Biomaterials 2018, 182, 157–166. [Google Scholar] [CrossRef]

	



Silva, A.L.; Rosalia, R.A.; Varypataki, E.; Sibuea, S.; Ossendorp, F.; Jiskoot, W. Poly-(lactic-co-glycolic-acid)-based particulate vaccines: Particle uptake by dendritic cells is a key parameter for immune activation. Vaccine 2015, 33, 847–854. [Google Scholar] [CrossRef] [PubMed]

	



Zupancic, E.; Curato, C.; Paisana, M.; Rodrigues, C.; Porat, Z.; Viana, A.S.; Afonso, C.A.M.; Pinto, J.; Gaspar, R.; Moreira, J.N.; et al. Rational design of nanoparticles towards targeting antigen-presenting cells and improved T cell priming. J. Control. Release 2017, 258, 182–195. [Google Scholar] [CrossRef] [PubMed]

	



San Roman, B.; Irache, J.M.; Gomez, S.; Tsapis, N.; Gamazo, C.; Espuelas, M.S. Co-encapsulation of an antigen and CpG oligonucleotides into PLGA microparticles by TROMS technology. Eur. J. Pharm. Biopharm. 2008, 70, 98–108. [Google Scholar] [CrossRef] [PubMed]

	



Hamdy, S.; Molavi, O.; Ma, Z.; Haddadi, A.; Alshamsan, A.; Gobti, Z.; Elhasi, S.; Samuel, J.; Lavasanifar, A. Co-delivery of cancer-associated antigen and toll-like receptor 4 ligand in PLGA nanoparticles induces potent CD8+ T cell-mediated anti-tumor immunity. Vaccine 2008, 26, 5046–5057. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.R.; Lee, Y.H.; Im, S.A.; Yang, I.H.; Ahn, G.W.; Kim, K.; Lee, C.K. Biodegradable nanoparticles containing TLR3 or TLR9 agonists together with antigen enhance MHC-restricted presentation of the antigen. Arch. Pharm. Res. 2010, 33, 1859–1866. [Google Scholar] [CrossRef]

	



Barker, C.I.S.; Snape, M.D. Pandemic influenza A H1N1 vaccines and narcolepsy: Vaccine safety surveillance in action. Lancet Infect. Dis. 2014, 14, 227–238. [Google Scholar] [CrossRef]

	



Wilkins, A.L.; Kazmin, D.; Napolitani, G.; Clutterbuck, E.A.; Pulendran, B.; Siegrist, C.-A.; Pollard, A.J. AS03- and MF59-adjuvanted influenza vaccines in children. Front. Immunol. 2017, 8, 943. [Google Scholar] [CrossRef]

	



Palm, N.W.; Medzhitov, R. Pattern recognition receptors and control of adaptive immunity. Immunol. Rev. 2009, 227, 221–233. [Google Scholar] [CrossRef]

	



Jones, L.H. Recent advances in the molecular design of synthetic vaccines. Nat. Chem. 2015, 7, 952–960. [Google Scholar] [CrossRef]

	



Gause, K.T.; Wheatley, A.K.; Cui, J.; Yan, Y.; Kent, S.J.; Caruso, F. Immunological principles guiding the rational design of particles for vaccine delivery. ACS Nano 2017, 11, 54–68. [Google Scholar] [CrossRef] [PubMed]

	



Del Giudice, G.; Rappuoli, R.; Didierlaurent, A.M. Correlates of adjuvanticity: A review on adjuvants in licensed vaccines. Semin Immunol. 2018, 39, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, H.; Wang, Q.; Li, L.; Zeng, Q.; Li, H.; Gong, T.; Zhang, Z.; Sun, X. Turning the old adjuvant from gel to nanoparticles to amplify CD8+ T cell responses. Adv. Sci. 2018, 5, 1700426. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.C.; Sun, B.; Tran, K.K.; Shen, H. Effects of particle size on toll-like receptor 9-mediated cytokine profiles. Biomaterials 2011, 32, 1731–1737. [Google Scholar] [CrossRef]

	



Spadaro, F.; Lapenta, C.; Donati, S.; Abalsamo, L.; Barnaba, V.; Belardelli, F.; Santini, S.M.; Ferrantini, M. IFN-α enhances cross-presentation in human dendritic cells by modulating antigen survival, endocytic routing, and processing. Blood 2012, 119, 1407–1417. [Google Scholar] [CrossRef]

	



Kolumam, G.A.; Thomas, S.; Thompson, L.J.; Sprent, J.; Murali-Krishna, K. Type I interferons act directly on CD8 T cells to allow clonal expansion and memory formation in response to viral infection. J. Exp. Med. 2005, 202, 637–650. [Google Scholar] [CrossRef]

	



Vollmer, J.; Krieg, A.M. Immunotherapeutic applications of CpG oligodeoxynucleotide TLR9 agonists. Adv. Drug Deliv. Rev. 2009, 61, 195–204. [Google Scholar] [CrossRef]

	



Puig, M.; Grajkowski, A.; Boczkowska, M.; Ausin, C.; Beaucage, S.L.; Verthelyi, D. Use of thermolytic protective groups to prevent G-tetrad formation in CpG ODN type D: Structural studies and immunomodulatory activity in primates. Nucleic Acids Res. 2006, 34, 6488–6495. [Google Scholar] [CrossRef]

	



McHutchison, J.G.; Bacon, B.R.; Gordon, S.C.; Lawitz, E.; Shiffman, M.; Afdhal, N.H.; Jacobson, I.M.; Muir, A.; Al-Adhami, M.; Morris, M.L.; et al. Phase 1B, randomized, double-blind, dose-escalation trial of CpG 10101 in patients with chronic hepatitis C virus. Hepatology 2007, 46, 1341–1349. [Google Scholar] [CrossRef]

	



Bode, C.; Zhao, G.; Steinhagen, F.; Kinjo, T.; Klinman, D.M. CpG DNA as a vaccine adjuvant. Expert Rev. Vaccines 2011, 10, 499–511. [Google Scholar] [CrossRef]

	



Kobiyama, K.; Aoshi, T.; Narita, H.; Kuroda, E.; Hayashi, M.; Tetsutani, K.; Koyama, S.; Mochizuki, S.; Sakurai, K.; Katakai, Y.; et al. Nonagonistic dectin-1 ligand transforms CpG into a multitask nanoparticulate TLR9 agonist. Proc. Natl. Acad. Sci. USA 2014, 111, 3086–3091. [Google Scholar] [CrossRef]

	



Kitahata, Y.; Kanuma, T.; Hayashi, M.; Kobayashi, N.; Ozasa, K.; Kusakabe, T.; Temizoz, B.; Kuroda, E.; Yamaue, H.; Coban, C.; et al. Circulating nano-particulate TLR9 agonist scouts out tumor microenvironment to release immunogenic dead tumor cells. Oncotarget 2016, 7, 48860–48869. [Google Scholar] [CrossRef]

	



Homhuan, A. Maturation of dendritic cells induced by nano-liposomes containing imiquimod. Asian Biomed. 2008, 2, 233–239. [Google Scholar]

	



Jimenez-Sanchez, G.; Pavot, V.; Chane-Haong, C.; Handke, N.; Terrat, C.; Gigmes, D.; Trimaille, T.; Verrier, B. Preparation and in vitro evaluation of imiquimod loaded polylactide-based micelles as potential vaccine adjuvants. Pharm. Res. 2015, 32, 311–320. [Google Scholar] [CrossRef]

	



Kasturi, S.P.; Skountzou, I.; Albrecht, R.A.; Koutsonanos, D.; Hua, T.; Nakaya, H.I.; Ravindran, R.; Stewart, S.; Alam, M.; Kwissa, M.; et al. Programming the magnitude and persistence of antibody responses with innate immunity. Nature 2011, 470, 543–547. [Google Scholar] [CrossRef]

	



Goldinger, S.M.; Dummer, R.; Baumgaertner, P.; Mihic-Probst, D.; Schwarz, K.; Hammann-Haenni, A.; Willers, J.; Geldhof, C.; Prior, J.O.; Kundig, T.M.; et al. Nano-particle vaccination combined with TLR-7 and -9 ligands triggers memory and effector CD8+ T-cell responses in melanoma patients. Eur. J. Immunol. 2012, 42, 3049–3061. [Google Scholar] [CrossRef]

	



Nam, J.; Son, S.; Moon, J.J. Adjuvant-loaded spiky gold nanoparticles for activation of innate immune cells. Cell Mol. Bioeng 2017, 10, 341–355. [Google Scholar] [CrossRef]

	



Bocanegra Gondan, A.I.; Ruiz-de-Angulo, A.; Zabaleta, A.; Gomez Blanco, N.; Cobaleda-Siles, B.M.; Garcia-Granda, M.J.; Padro, D.; Llop, J.; Arnaiz, B.; Gato, M.; et al. Effective cancer immunotherapy in mice by polyic-imiquimod complexes and engineered magnetic nanoparticles. Biomaterials 2018, 170, 95–115. [Google Scholar] [CrossRef]

	



Giannini, S.L.; Hanon, E.; Moris, P.; Van Mechelen, M.; Morel, S.; Dessy, F.; Fourneau, M.A.; Colau, B.; Suzich, J.; Losonksy, G.; et al. Enhanced humoral and memory B cellular immunity using HPV16/18 L1 VLP vaccine formulated with the MPL/aluminium salt combination (AS04) compared to aluminium salt only. Vaccine 2006, 24, 5937–5949. [Google Scholar] [CrossRef]

	



Duthie, M.S.; Raman, V.S.; Piazza, F.M.; Reed, S.G. The development and clinical evaluation of second-generation leishmaniasis vaccines. Vaccine 2012, 30, 134–141. [Google Scholar] [CrossRef]

	



Zhuang, X.; Wu, T.; Zhao, Y.; Hu, X.; Bao, Y.; Guo, Y.; Song, Q.; Li, G.; Tan, S.; Zhang, Z. Lipid-enveloped zinc phosphate hybrid nanoparticles for codelivery of H-2Kb and H-2Db-restricted antigenic peptides and monophosphoryl lipid a to induce antitumor immunity against melanoma. J. Control. Release 2016, 228, 26–37. [Google Scholar] [CrossRef] [PubMed]

	



Jewell, C.M.; Lopez, S.C.; Irvine, D.J. In situ engineering of the lymph node microenvironment via intranodal injection of adjuvant-releasing polymer particles. Proc. Natl. Acad. Sci. USA 2011, 108, 15745–15750. [Google Scholar] [CrossRef] [PubMed]

	



de Jong, S.; Chikh, G.; Sekirov, L.; Raney, S.; Semple, S.; Klimuk, S.; Yuan, N.; Hope, M.; Cullis, P.; Tam, Y. Encapsulation in liposomal nanoparticles enhances the immunostimulatory, adjuvant and anti-tumor activity of subcutaneously administered cpg odn. Cancer Immunol. Immunother. 2007, 56, 1251–1264. [Google Scholar] [CrossRef] [PubMed]

	



Bourquin, C.; Anz, D.; Zwiorek, K.; Lanz, A.L.; Fuchs, S.; Weigel, S.; Wurzenberger, C.; von der Borch, P.; Golic, M.; Moder, S.; et al. Targeting CpG oligonucleotides to the lymph node by nanoparticles elicits efficient antitumoral immunity. J. Immunol. 2008, 181, 2990–2998. [Google Scholar] [CrossRef]

	



Jiang, H.; Wang, Q.; Sun, X. Lymph node targeting strategies to improve vaccination efficacy. J. Control. Release 2017, 267, 47–56. [Google Scholar] [CrossRef]

	



van der Vlies, A.J.; O’Neil, C.P.; Hasegawa, U.; Hammond, N.; Hubbell, J.A. Synthesis of pyridyl disulfide-functionalized nanoparticles for conjugating thiol-containing small molecules, peptides, and proteins. Bioconjugate Chem. 2010, 21, 653–662. [Google Scholar] [CrossRef]

	



Kourtis, I.C.; Hirosue, S.; de Titta, A.; Kontos, S.; Stegmann, T.; Hubbell, J.A.; Swartz, M.A. Peripherally administered nanoparticles target monocytic myeloid cells, secondary lymphoid organs and tumors in mice. PLoS ONE 2013, 8, e61646. [Google Scholar] [CrossRef]

	



Hirosue, S.; Kourtis, I.C.; van der Vlies, A.J.; Hubbell, J.A.; Swartz, M.A. Antigen delivery to dendritic cells by poly(propylene sulfide) nanoparticles with disulfide conjugated peptides: Cross-presentation and t cell activation. Vaccine 2010, 28, 7897–7906. [Google Scholar] [CrossRef]

	



Nembrini, C.; Stano, A.; Dane, K.Y.; Ballester, M.; van der Vlies, A.J.; Marsland, B.J.; Swartz, M.A.; Hubbell, J.A. Nanoparticle conjugation of antigen enhances cytotoxic T-cell responses in pulmonary vaccination. Proc. Natl. Acad. Sci. USA 2011, 108, E989–E997. [Google Scholar] [CrossRef]

	



de Titta, A.; Ballester, M.; Julier, Z.; Nembrini, C.; Jeanbart, L.; van der Vlies, A.J.; Swartz, M.A.; Hubbell, J.A. Nanoparticle conjugation of CpG enhances adjuvancy for cellular immunity and memory recall at low dose. Proc. Natl. Acad. Sci. USA 2013, 110, 19902–19907. [Google Scholar] [CrossRef]

	



Jeanbart, L.; Ballester, M.; de Titta, A.; Corthesy, P.; Romero, P.; Hubbell, J.A.; Swartz, M.A. Enhancing efficacy of anticancer vaccines by targeted delivery to tumor-draining lymph nodes. Cancer Immunol. Res. 2014, 2, 436–447. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2017. [Google Scholar] [CrossRef]

	



Meng, C.; Zhi, X.; Li, C.; Li, C.; Chen, Z.; Qiu, X.; Ding, C.; Ma, L.; Lu, H.; Chen, D.; et al. Graphene oxides decorated with carnosine as an adjuvant to modulate innate immune and improve adaptive immunity in vivo. ACS Nano 2016, 10, 2203–2213. [Google Scholar] [CrossRef] [PubMed]

	



Hart, P.; Copland, A.; Diogo, G.R.; Harris, S.; Spallek, R.; Oehlmann, W.; Singh, M.; Basile, J.; Rottenberg, M.; Paul, M.J.; et al. Nanoparticle-fusion protein complexes protect against mycobacterium tuberculosis infection. Mol. Ther. 2018, 26, 822–833. [Google Scholar] [CrossRef] [PubMed]

	



Franciszkiewicz, K.; Boissonnas, A.; Boutet, M.; Combadière, C.; Mami-Chouaib, F. Role of chemokines and chemokine receptors in shaping the effector phase of the antitumor immune response. Cancer Res. 2012, 72, 6325–6332. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, N.; Benechet, A.P.; Lefrancois, L.; Khanna, K.M. CD8 T cells enter the splenic T cell zones independently of CCR7, but the subsequent expansion and trafficking patterns of effector T cells after infection are dysregulated in the absence of CCR7 migratory cues. J. Immunol. 2015, 195, 5227–5236. [Google Scholar] [CrossRef] [PubMed]

	



Gunn, M.D.; Tangemann, K.; Tam, C.; Cyster, J.G.; Rosen, S.D.; Williams, L.T. A chemokine expressed in lymphoid high endothelial venules promotes the adhesion and chemotaxis of naive T lymphocytes. Proc. Natl. Acad. Sci. USA 1998, 95, 258–263. [Google Scholar] [CrossRef]

	



Sallusto, F.; Lanzavecchia, A. Understanding dendritic cell and T-lymphocyte traffic through the analysis of chemokine receptor expression. Immunol. Rev. 2000, 177, 134–140. [Google Scholar] [CrossRef]

	



Castellino, F.; Huang, A.Y.; Altan-Bonnet, G.; Stoll, S.; Scheinecker, C.; Germain, R.N. Chemokines enhance immunity by guiding naive CD8+ T cells to sites of CD4+ T cell–dendritic cell interaction. Nature 2006, 440, 890–895. [Google Scholar] [CrossRef]

	



Zaric, M.; Lyubomska, O.; Poux, C.; Hanna, M.L.; McCrudden, M.T.; Malissen, B.; Ingram, R.J.; Power, U.F.; Scott, C.J.; Donnelly, R.F.; et al. Dissolving microneedle delivery of nanoparticle-encapsulated antigen elicits efficient cross-priming and th1 immune responses by murine langerhans cells. J. Investig. Derm. 2015, 135, 425–434. [Google Scholar] [CrossRef]

	



Lu, F.; Mencia, A.; Bi, L.; Taylor, A.; Yao, Y.; HogenEsch, H. Dendrimer-like alpha-d-glucan nanoparticles activate dendritic cells and are effective vaccine adjuvants. J. Control. Release 2015, 204, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Lu, F.; Mosley, Y.C.; Rodriguez Rosales, R.J.; Carmichael, B.E.; Elesela, S.; Yao, Y.; HogenEsch, H. Alpha-d-glucan nanoparticulate adjuvant induces a transient inflammatory response at the injection site and targets antigen to migratory dendritic cells. NPJ Vaccines 2017, 2, 4. [Google Scholar] [CrossRef] [PubMed]

	



Gazi, U.; Martinez-Pomares, L. Influence of the mannose receptor in host immune responses. Immunobiology 2009, 214, 554–561. [Google Scholar] [CrossRef] [PubMed]

	



Irache, J.M.; Salman, H.H.; Gamazo, C.; Espuelas, S. Mannose-targeted systems for the delivery of therapeutics. Expert Opin. Drug Deliv. 2008, 5, 703–724. [Google Scholar] [CrossRef]

	



Zhang, Y.; Fu, J.; Shi, Y.; Peng, S.; Cai, Y.; Zhan, X.; Song, N.; Liu, Y.; Wang, Z.; Yu, Y.; et al. A new cancer immunotherapy via simultaneous DC-mobilization and DC-targeted IDO gene silencing using an immune-stimulatory nanosystem. Int. J. Cancer 2018, 143, 2039–2052. [Google Scholar] [CrossRef]

	



Shen, L.; Higuchi, T.; Tubbe, I.; Voltz, N.; Krummen, M.; Pektor, S.; Montermann, E.; Rausch, K.; Schmidt, M.; Schild, H.; et al. A trifunctional dextran-based nanovaccine targets and activates murine dendritic cells, and induces potent cellular and humoral immune responses in vivo. PLoS ONE 2013, 8, e80904. [Google Scholar] [CrossRef]

	



Gulla, S.K.; Rao, B.R.; Moku, G.; Jinka, S.; Nimmu, N.V.; Khalid, S.; Patra, C.R.; Chaudhuri, A. In vivo targeting of DNA vaccines to dendritic cells using functionalized gold nanoparticles. Biomater. Sci. 2019, 7, 773–788. [Google Scholar] [CrossRef]

	



Arosio, D.; Chiodo, F.; Reina, J.J.; Marelli, M.; Penades, S.; van Kooyk, Y.; Garcia-Vallejo, J.J.; Bernardi, A. Effective targeting of DC-sign by α-fucosylamide functionalized gold nanoparticles. Bioconjugate Chem. 2014, 25, 2244–2251. [Google Scholar] [CrossRef]

	



Fehres, C.M.; Duinkerken, S.; Bruijns, S.C.M.; Kalay, H.; van Vliet, S.J.; Ambrosini, M.; de Gruijl, T.D.; Unger, W.W.J.; Garcia-Vallejo, J.J.; van Kooyk, Y. Langerin-mediated internalization of a modified peptide routes antigens to early endosomes and enhances cross-presentation by human langerhans cells. Cell. Mol. Immunol. 2017, 14, 360–370. [Google Scholar] [CrossRef]

	



Wamhoff, E.C.; Schulze, J.; Bellmann, L.; Rentzsch, M.; Bachem, G.; Fuchsberger, F.F.; Rademacher, J.; Hermann, M.; Del Frari, B.; van Dalen, R.; et al. A specific, glycomimetic langerin ligand for human langerhans cell targeting. ACS Cent. Sci. 2019, 5, 808–820. [Google Scholar] [CrossRef]

	



Oishi, M.; Kataoka, K.; Nagasaki, Y. pH-responsive three-layered PEGylated polyplex micelle based on a lactosylated ABC triblock copolymer as a targetable and endosome-disruptive nonviral gene vector. Bioconjug Chem. 2006, 17, 677–688. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Hu, H.; Sun, Y.; Qiu, L.; Zhang, J.; Guan, G.; Zhao, X.; Qiao, M.; Cheng, L.; Cheng, L.; et al. A pH-sensitive gene delivery system based on folic acid-PEG-chitosan—Pamam-plasmid DNA complexes for cancer cell targeting. Biomaterials 2013, 34, 10120–10132. [Google Scholar] [CrossRef] [PubMed]

	



Tambe, P.; Kumar, P.; Karpe, Y.A.; Paknikar, K.M.; Gajbhiye, V. Triptorelin tethered multifunctional PAMAM-histidine-PEG nanoconstructs enable specific targeting and efficient gene silencing in LHRH overexpressing cancer cells. ACS Appl. Mater. Interfaces 2017, 9, 35562–35573. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Li, Z.; Huang, H.; Yang, Y.; Ding, Q.; Mai, J.; Guo, W.; Xu, Y. Improved antigen cross-presentation by polyethyleneimine-based nanoparticles. Int. J. Nanomed. 2011, 6, 77–84. [Google Scholar] [CrossRef]

	



Li, P.; Luo, Z.; Liu, P.; Gao, N.; Zhang, Y.; Pan, H.; Liu, L.; Wang, C.; Cai, L.; Ma, Y. Bioreducible alginate-poly(ethylenimine) nanogels as an antigen-delivery system robustly enhance vaccine-elicited humoral and cellular immune responses. J. Control. Release 2013, 168, 271–279. [Google Scholar] [CrossRef]

	



Dong, H.; Wen, Z.F.; Chen, L.; Zhou, N.; Liu, H.; Dong, S.; Hu, H.M.; Mou, Y. Polyethyleneimine modification of aluminum hydroxide nanoparticle enhances antigen transportation and cross-presentation of dendritic cells. Int. J. Nanomed. 2018, 13, 3353–3365. [Google Scholar] [CrossRef]

	



Firdous, J.; Islam, M.A.; Park, S.M.; Cheon, I.S.; Shim, B.S.; Yoon, H.S.; Song, M.; Chang, J.; Choi, Y.J.; Park, Y.M.; et al. Induction of long-term immunity against respiratory syncytial virus glycoprotein by an osmotic polymeric nanocarrier. Acta Biomater. 2014, 10, 4606–4617. [Google Scholar] [CrossRef]

	



Kye, Y.C.; Park, S.M.; Shim, B.S.; Firdous, J.; Kim, G.; Kim, H.W.; Ju, Y.J.; Kim, C.G.; Cho, C.S.; Kim, D.W.; et al. Intranasal immunization with pneumococcal surface protein a in the presence of nanoparticle forming polysorbitol transporter adjuvant induces protective immunity against the streptococcus pneumoniae infection. Acta Biomater. 2019, 90, 362–372. [Google Scholar] [CrossRef]

	



Jiang, D.; Mu, W.; Pang, X.; Liu, Y.; Zhang, N.; Song, Y.; Garg, S. Cascade cytosol delivery of dual-sensitive micelle-tailored vaccine for enhancing cancer immunotherapy. ACS Appl. Mater. Interfaces 2018, 10, 37797–37811. [Google Scholar] [CrossRef]

	



Hakerud, M.; Waeckerle-Men, Y.; Selbo, P.K.; Kundig, T.M.; Hogset, A.; Johansen, P. Intradermal photosensitisation facilitates stimulation of mhc class-I restricted CD8 T-cell responses of co-administered antigen. J. Control. Release 2014, 174, 143–150. [Google Scholar] [CrossRef]

	



Hakerud, M.; Selbo, P.K.; Waeckerle-Men, Y.; Contassot, E.; Dziunycz, P.; Kundig, T.M.; Hogset, A.; Johansen, P. Photosensitisation facilitates cross-priming of adjuvant-free protein vaccines and stimulation of tumour-suppressing CD8 T cells. J. Control. Release 2015, 198, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Bruno, C.; Waeckerle-Men, Y.; Hakerud, M.; Kundig, T.M.; Gander, B.; Johansen, P. Photosensitizer and light pave the way for cytosolic targeting and generation of cytosolic CD8 T cells using PLGA vaccine particles. J. Immunol. 2015, 195, 166–173. [Google Scholar] [CrossRef] [PubMed]

	



Hjalmsdottir, A.; Buhler, C.; Vonwil, V.; Roveri, M.; Hakerud, M.; Wackerle-Men, Y.; Gander, B.; Johansen, P. Cytosolic delivery of liposomal vaccines by means of the concomitant photosensitization of phagosomes. Mol. Pharm. 2016, 13, 320–329. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Zhang, J.; Shi, G.; Song, H.; Shi, S.; Zhang, X.; Huang, P.; Wang, Z.; Wang, W.; Wang, C.; et al. A light responsive nanoparticle-based delivery system using pheophorbide a graft polyethylenimine for dendritic cell-based cancer immunotherapy. Mol. Pharm. 2017, 14, 1760–1770. [Google Scholar] [CrossRef] [PubMed]

	



Sakaguchi, N.; Kojima, C.; Harada, A.; Kono, K. Preparation of pH-sensitive poly(glycidol) derivatives with varying hydrophobicities: Their ability to sensitize stable liposomes to pH. Bioconjug Chem. 2008, 19, 1040–1048. [Google Scholar] [CrossRef] [PubMed]

	



Yuba, E.; Harada, A.; Sakanishi, Y.; Kono, K. Carboxylated hyperbranched poly(glycidol)s for preparation of pH-sensitive liposomes. J. Control. Release 2011, 149, 72–80. [Google Scholar] [CrossRef]

	



Yuba, E.; Harada, A.; Sakanishi, Y.; Watarai, S.; Kono, K. A liposome-based antigen delivery system using pH-sensitive fusogenic polymers for cancer immunotherapy. Biomaterials 2013, 34, 3042–3052. [Google Scholar] [CrossRef]

	



Yuba, E.; Tajima, N.; Yoshizaki, Y.; Harada, A.; Hayashi, H.; Kono, K. Dextran derivative-based pH-sensitive liposomes for cancer immunotherapy. Biomaterials 2014, 35, 3091–3101. [Google Scholar] [CrossRef]

	



Yoshizaki, Y.; Yuba, E.; Sakaguchi, N.; Koiwai, K.; Harada, A.; Kono, K. Potentiation of pH-sensitive polymer-modified liposomes with cationic lipid inclusion as antigen delivery carriers for cancer immunotherapy. Biomaterials 2014, 35, 8186–8196. [Google Scholar] [CrossRef]

	



Behr, J.P. The proton sponge: A trick to enter cells the viruses did not exploit. Chimia 1997, 51, 34–36. [Google Scholar]

	



De Smedt, S.C.; Demeester, J.; Hennink, W.E. Cationic polymer based gene delivery systems. Pharm. Res. 2000, 17, 113–126. [Google Scholar] [CrossRef] [PubMed]

	



Benjaminsen, R.V.; Mattebjerg, M.A.; Henriksen, J.R.; Moghimi, S.M.; Andresen, T.L. The possible “proton sponge” effect of polyethylenimine (PEI) does not include change in lysosomal pH. Mol. Ther. 2013, 21, 149–157. [Google Scholar] [CrossRef] [PubMed]

	



El-Sayed, A.; Futaki, S.; Harashima, H. Delivery of macromolecules using arginine-rich cell-penetrating peptides: Ways to overcome endosomal entrapment. AAPS J. 2009, 11, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.Q.; Xu, X.; Bertrand, N.; Pridgen, E.; Swami, A.; Farokhzad, O.C. Interactions of nanomaterials and biological systems: Implications to personalized nanomedicine. Adv. Drug Deliv Rev. 2012, 64, 1363–1384. [Google Scholar] [CrossRef] [PubMed]

	



Norum, O.J.; Selbo, P.K.; Weyergang, A.; Giercksky, K.E.; Berg, K. Photochemical internalization (PCI) in cancer therapy: From bench towards bedside medicine. J. Photochem. Photobiol. B 2009, 96, 83–92. [Google Scholar] [CrossRef] [PubMed]

	



Selbo, P.K.; Bostad, M.; Olsen, C.E.; Edwards, V.T.; Hogset, A.; Weyergang, A.; Berg, K. Photochemical internalisation, a minimally invasive strategy for light-controlled endosomal escape of cancer stem cell-targeting therapeutics. Photochem. Photobiol. Sci. 2015, 14, 1433–1450. [Google Scholar] [CrossRef]

	



Adigbli, D.K.; MacRobert, A.J. Photochemical internalisation: The journey from basic scientific concept to the threshold of clinical application. Curr. Opin. Pharm. 2012, 12, 434–438. [Google Scholar] [CrossRef]

	



Martinez de Pinillos Bayona, A.; Moore, C.M.; Loizidou, M.; MacRobert, A.J.; Woodhams, J.H. Enhancing the efficacy of cytotoxic agents for cancer therapy using photochemical internalisation. Int. J. Cancer 2016, 138, 1049–1057. [Google Scholar] [CrossRef]

	



Waeckerle-Men, Y.; Mauracher, A.; Hakerud, M.; Mohanan, D.; Kundig, T.M.; Hogset, A.; Johansen, P. Photochemical targeting of antigens to the cytosol for stimulation of MHC class-I-restricted T-cell responses. Eur. J. Pharm. Biopharm. 2013, 85, 34–41. [Google Scholar] [CrossRef]

	



Ji, Y.; Zhao, J.; Chu, C.-C. Enhanced MHC-I antigen presentation from the delivery of ovalbumin by light-facilitated biodegradable poly(ester amide)s nanoparticles. J. Mater. Chem. B 2018, 6, 1930–1942. [Google Scholar] [CrossRef]

	



Allison, A.C.; Gregoriadis, G. Liposomes as immunological adjuvants. Nature 1974, 252, 252. [Google Scholar] [CrossRef] [PubMed]

	



Immordino, M.L.; Dosio, F.; Cattel, L. Stealth liposomes: Review of the basic science, rationale, and clinical applications, existing and potential. Int. J. Nanomed. 2006, 1, 297–315. [Google Scholar]

	



Bungener, L.; Serre, K.; Bijl, L.; Leserman, L.; Wilschut, J.; Daemen, T.; Machy, P. Virosome-mediated delivery of protein antigens to dendritic cells. Vaccine 2002, 20, 2287–2295. [Google Scholar] [CrossRef]

	



Jahn, R.; Lang, T.; Sudhof, T.C. Membrane fusion. Cell 2003, 112, 519–533. [Google Scholar] [CrossRef]

	



Bullough, P.A.; Hughson, F.M.; Skehel, J.J.; Wiley, D.C. Structure of influenza hemagglutinin at the pH of membrane-fusion. Nature 1994, 371, 37–43. [Google Scholar] [CrossRef]

	



Kunisawa, J.; Nakanishi, T.; Takahashi, I.; Okudaira, A.; Tsutsumi, Y.; Katayama, K.; Nakagawa, S.; Kiyono, H.; Mayumi, T. Sendai virus fusion protein mediates simultaneous induction of MHC class I/II-dependent mucosal and systemic immune responses via the nasopharyngeal-associated lymphoreticular tissue immune system. J. Immunol. 2001, 167, 1406–1412. [Google Scholar] [CrossRef]

	



Yoshikawa, T.; Okada, N.; Tsujino, M.; Gao, J.Q.; Hayashi, A.; Tsutsumi, Y.; Mayumi, T.; Yamamoto, A.; Nakagawa, S. Vaccine efficacy of fusogenic liposomes containing tumor cell-lysate against murine B16BL6 melanoma. Biol. Pharm. Bull. 2006, 29, 100–104. [Google Scholar] [CrossRef]

	



Reddy, R.; Zhou, F.; Huang, L.; Carbone, F.; Bevan, M.; Rouse, B.T. pH sensitive liposomes provide an efficient means of sensitizing target-cells to class-I restricted ctl recognition of a soluble-protein. J. Immunol. Methods 1991, 141, 157–163. [Google Scholar] [CrossRef]

	



Seki, K.; Tirrell, D.A. pH-dependent complexation of poly(acrylic acid) derivatives with phospholipid vesicle membranes. Macromolecules 1984, 17, 1692–1698. [Google Scholar] [CrossRef]

	



Kono, K.; Igawa, T.; Takagishi, T. Cytoplasmic delivery of calcein mediated by liposomes modified with a pH-sensitive poly(ethylene glycol) derivative. Biochim. Et Biophys. Acta-Biomembr. 1997, 1325, 143–154. [Google Scholar] [CrossRef]

	



Murthy, N.; Robichaud, J.R.; Tirrell, D.A.; Stayton, P.S.; Hoffman, A.S. The design and synthesis of polymers for eukaryotic membrane disruption. J. Control. Release 1999, 61, 137–143. [Google Scholar] [CrossRef]

	



Nakamura, T.; Moriguchi, R.; Kogure, K.; Shastri, N.; Harashima, H. Efficient MHC class I presentation by controlled intracellular trafficking of antigens in octaarginine-modified liposomes. Mol. Ther. 2008, 16, 1507–1514. [Google Scholar] [CrossRef] [PubMed]

	



Tachibana, R.; Harashima, H.; Shono, M.; Azumano, M.; Niwa, M.; Futaki, S.; Kiwada, H. Intracellular regulation of macromolecules using pH-sensitive liposomes and nuclear localization signal: Qualitative and quantitative evaluation of intracellular trafficking. Biochem. Biophys. Res. Commun. 1998, 251, 538–544. [Google Scholar] [CrossRef] [PubMed]

	



Vieira, O.V.; Botelho, R.J.; Grinstein, S. Phagosome maturation: Aging gracefully. Biochem. J. 2002, 366, 689–704. [Google Scholar] [CrossRef]

	



Samie, M.; Cresswell, P. The transcription factor TFEB acts as a molecular switch that regulates exogenous antigen-presentation pathways. Nat. Immunol. 2015, 16, 729–736. [Google Scholar] [CrossRef]

	



Wilson, N.S.; Villadangos, J.A. Regulation of antigen presentation and cross-presentation in the dendritic cell network: Facts, hypothesis, and immunological implications. In Advances in Immunology; Alt, F.W., Ed.; Academic Press: Cambridge, MA, USA, 2005; Volume 86, pp. 241–305. [Google Scholar]

	



Ackerman, A.L.; Kyritsis, C.; Tampe, R.; Cresswell, P. Early phagosomes in dendritic cells form a cellular compartment sufficient for cross presentation of exogenous antigens. Proc. Natl. Acad. Sci. USA 2003, 100, 12889–12894. [Google Scholar] [CrossRef]

	



Delamarre, L.; Mellman, O.I.; Trombetta, S. Differential lysosomal proteolysis in antigen presenting cells determines antigen fate and immunogenicity. Cell Struct. Funct. 2005, 30, 74. [Google Scholar]








[image: Pharmaceutics 11 00612 g001 550] 





Figure 1. Schematic diagram for the presentation of an exogenous antigen in DCs. The exogenous antigen, in a general process, is presented by an MHC class II loading pathway (cyan color background). After endocytosis, the endosome-containing antigen goes through the process of maturation, including acidification. Then, MHC class II-containing intracellular vesicles called the MHC class II compartment fuses with the endosome. Through this process, the antigen degraded by proteolytic enzymes and loaded onto MHC class II leads to the presentation to CD4+ T cells. Alternatively, an exogenous antigen could be presented with MHC class I via cross-presentation (yellow background). After endocytosis, the antigen could be exported into cytosol via various pathways (see details in Figure 2). The exported antigens (epitopes) degraded by proteasome are transported to endoplasmic reticulum via transporter associated with antigen processing (TAP). Then, the epitope is loaded onto the pocket of MHC class I resulting in recognition by and activation of CD8+ T cells. 
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Figure 2. Schematic representation of the mechanism of a nanovaccine inducing cytosolic exportation, leading to cross-presentation: (a) proton sponge effect, (b) photochemical internalization, (c) membrane fusion effect of pH-sensitive liposome. (a) After cationic PEI-based nanovaccines are taken up, and an unsaturated amino group buffers the influxing proton, supplied by a proton pump, v-ATPase. The proton pump continuously transports the protons into endosomes, which results in retention of chloride ions and water. Eventually, osmotic swelling and rupture of endosomes expose the antigen and vaccine compartment to the cytosol; (b) Photochemical internalization based nanovaccines contain a photosensitizer responding to a specific wavelength of light. After light irradiation, the photosensitizer initiates of reactive oxygen species, leading to rupturing of endosomes and cytosolic exports; (c) After endocytosis of liposomes combine with pH-sensitive nanoparticles, early endosome become acidic along with endosomal maturation. The acidic condition destabilizes the pH-sensitive liposomes, leading to enhanced membrane fusion with export of antigens into cytosol. 
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Table 1. Nanovaccines inducing cytosol exportation for cellular immune response.
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Applied Nanomaterial

	
Targeted Antigen

	
Host Species

	
Type of Evaluation Model

	
Delivery Method

	
Ref.






	
Proton sponge effect

	
PEI

	
Ovalbumin (OVA)

	
Mouse

	
In vitro

	

	
[94]




	
Cationic alginate PEI nanogel with 3,3′-dithiobis (AP-SS)

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.p.

	
[95]




	
PEI-modified aluminum hydroxide

	
Tumor derived autophagosomes (DRibbles)

	
Mouse

	
In vitro/In vivo

	
s.c. (DC-based vaccine)

	
[96]




	
PEI-based polysorbitor transpoter (PST)

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.n.

	
[97]




	
PEI-based polysorbitor transpoter (PST)

	
Pneumococcal surface protein A (PspA)

	
Mouse

	
In vitro/In vivo

	
i.n.

	
[98]




	
Amphiphilic poly(l-histidine)−poly(ethylene glycol)

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.p./s.c.

	
[99]




	
Photochemical internalization

	
TPCS2a

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.d.

	
[100]




	
TPCS2a-PLGA

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.v.

	
[101]




	
TPCS2-Liposome

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.d.

	
[102]




	
PheoA-PEI

	
OVA

	
Mouse

	
In vitro/In vivo

	
i.v. (DC-based vaccine)

	
[103]




	
AlPcS2

	
OVA

	
Mouse

	
In vitro/In vi