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Abstract

As vaccine formulations have progressed from including live or attenuated strains of pathogenic
components for enhanced safety, developing new adjuvants to more effectively generate adaptive
immune responses has become necessary. In this context, polymeric nanoparticles have emerged
as a promising platform with multiple advantages, including the dual capability of adjuvant and
delivery vehicle, administration via multiple routes, induction of rapid and long-lived immunity,
greater shelf-life at elevated temperatures, and enhanced patient compliance. This comprehensive
review describes advances in nanoparticle-based vaccines (i.e., nanovaccines) with a particular
focus on polymeric particles as adjuvants and delivery vehicles. Examples of the nanovaccine
approach in respiratory infections, biodefense, and cancer are discussed.

1 Introduction

Vaccination plays a key role in preventive medicine by protecting individuals against
harmful bacterial and viral diseases as well as for cancer immunotherapy. Recently, vaccine
formulations have shifted away from whole bacteria or their lysates and inactivated viral
particles towards highly purified recombinant protein antigens (Aoshi 2017; Leroux-Roels
2010). While these purified antigens allow for enhanced safety and targeting of the immune
system towards specific epitopes, they are often poorly immunogenic compared to their
live or attenuated counterparts (Aoshi 2017; Leroux-Roels 2010). Thus, adjuvants, or
components that enhance the immune response, are an important consideration in modern
vaccine design.

Adjuvants fulfill a wide variety of functions within vaccine formulations, with an overall
goal to induce a potent immune response capable of providing long-term protection against
future exposures (Montomoli et al. 2011). Adjuvants may act by directly stimulating
immune cells via pattern recognition receptors or modulating the immune response to
prioritize humoral or cell-mediated immunity (Montomoli et al. 2011; Coffman et al. 2010;
Garlapati et al. 2009). Similarly, adjuvants may also be designed to overcome specific
immune defects, such as immunosenescence in older adults, to improve vaccine efficacy
(Leroux-Roels 2010; Montomoli et al. 2011). Another aspect of augmenting vaccine efficacy
is through patient compliance. Adjuvants may not only provide immune stimulation but
function as delivery vehicles capable of sustaining antigen release. The ability to enhance
delivery and provide an antigenic depot allows for a reduction in doses, or the number

of immunizations required, thereby enhancing patient compliance (Montomoli et al. 2011;
Coffman et al. 2010). Furthermore, adjuvant vehicles may increase vaccine stability and
shelf-life, allowing for a cost-effective vaccine to be deployed widely (Chen and Kristensen
2009). Thus, while adjuvants enable a wide variety of functions within vaccine formulations,
multiple aspects must be considered when selecting the most appropriate adjuvant(s) for
each vaccine application.

The focus of this chapter is on polymeric nanoparticle-based adjuvants, which provide
multiple competitive advantages in the rational design of vaccines. By rationally selecting/
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designing polymers based on their physicochemical properties, and considering antigen
and vaccine regimen, it is possible to modulate appropriate immune responses for specific
diseases. We begin with a brief overview of the mechanisms of humoral- and cell-mediated
immunity. In subsequent sections, the various types of polymeric nanoparticles that have
been studied for vaccine use will be summarized and the advantages of natural and
synthetic polymers in modulating immune response phenotypes will be described. Finally,
examples of nanoparticle-based vaccines (or nanovaccines) against multiple diseases as
well as advances in manufacture/scale-up of nanoparticle commercialization and regulatory
considerations will be discussed.

2 Mechanisms of Immunity

2.1 Humoral Immunity

Humoral immunity encompasses the functional capabilities of antibodies, complement
cascade proteins, and antimicrobial peptides to eliminate extracellular and mucosal
pathogens, signal innate immune cells, and enable immune protection. Antibodies have a
wide range of functions including neutralizing virus and secreted toxins (McComb and
Martchenko 2016; Klasse 2014), forming immune complexes to enhance complement
activation, and binding to pathogens to promote cytolysis or phagocytosis by antigen-
presenting cells (APCs) to activate CD4" and CD8* T cells (Wen et al. 2016).

Induction of antibody responses requires stimulation of B cells. B cells can initiate the
production of T cell-independent antibodies in response to APC and T cell-derived cytokine
stimulation or repetitive epitopes that cross-link B cell receptors (BCRs) (MacLennan et al.
2003). While antibodies produced this way can fix complement and are valuable in the early
stages of an immune response, they have limited utility to meet the goals of vaccination due
to their low affinity. These antibodies are not optimized for pathogen neutralization and the
B cells that produce them are less likely to generate long-lived memory B cells and plasma
cells.

Achieving protective and long-lived antibody production requires B cell enhancement by a
subset of CD4* T cells called follicular helper T cells (T¢,). B cells in the germinal centers
(GCs) compete to interact with follicular dendritic cells (FDCs) that present antigens and T+
cells. The cycling of B cell interactions with FDCs and T, cells leads to antibody isotype
class switching and affinity maturation of the BCRs. Those B cells with higher affinity
preferentially repeat this cycle, leading to the production of high affinity, class-switched
antibodies. T, cell interactions also help signal B cells to leave GCs and differentiate into
long-lived memory B cells and plasma cells.

2.2 Cell-Mediated Immunity

Cell-mediated immunity (CMI) involves activation of phagocytes [i.e., dendritic cells (DCs)
and macrophages (M@s)], T helper (Th) cells, cytotoxic T lymphocytes (CTLs), and

natural killer (NK) cells to eliminate pathogens. T cell activation requires interaction of

the MHC: peptide complex on the surface of APCs with a complementary T cell receptor
(TCR), signaling by other surface costimulatory receptor-ligand interactions, and cytokines
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provided by APCs. These cytokines are secreted as a consequence of APC interactions
with the adjuvant during activation, allowing the adjuvant to indirectly determine the T cell
phenotype (Wilson-Welder et al. 2009).

CMI is initiated by the internalization of antigen by DCs and M@s along with concomitant
activation by the adjuvant; these APCs then migrate to the draining lymph nodes, present
antigen to T cells in the context of MHC | and MHC II. Secretion of IL-4 and IL-2 promotes
differentiation of naive CD4* T cells towards a Th2 phenotype, which is subsequently
involved in the humoral response (Saravia et al. 2019). DCs secreting IL-12 induces naive
CD4* T cell differentiation towards a Thy phenotype and naive CD8* T cells towards a CTL
phenotype (Kang et al. 2004). These Thy CD4" cells and CTLs then migrate to the site of
vaccination/infection and interact with APCs capable of secreting IL-12, IFN-y, TNF-a, and
IL-2 (Vesely et al. 2011). Secreted IFN-y activates M@s to enhance pathogen phagocytic
ability, antimicrobial nitric oxide production, and antigen presentation to CD4* and CD8"*

T cells (Pennock et al. 2013). Additionally, differentiated CTLs have increased cytolytic
capabilities through secretion of perforin and granzymes following cognate peptide-MHC |
recognition on infected cells, which results in apoptosis (Annunziato et al. 2015).

3 Traditional Adjuvants

Currently, aluminum-based salts collectively referred to as ‘alum’, are one of the few
adjuvants approved for human use. While alum has a long history of safe use in vaccines, it
is far from a “universal adjuvant’ with a bias towards humoral immunity, a need for multiple
doses, and incompatibility with many antigens (Gupta et al. 1995).

Mechanistically, alum promotes the recruitment of APCs, antigen uptake, and provides for

a ‘depot effect.” Antigen adsorbs onto alum and is slowly released into the surrounding
microenvironment. These depots may persist for a significant amount of time and alum
particles have been observed at the site of injection a year after administration (Gupta

et al. 1995; Awate et al. 2013). Additionally, there is evidence that alum activates the

innate immune system at the injection site. Research suggests alum binds to DC membrane
lipids triggering the release of uric acid, which acts as a potent immunostimulant or damage-
associated molecular pattern (DAMP) (Kool et al. 2008; Flach et al. 2011). Research has
also found that alum may stimulate NLRP3 inflammasomes or induce apoptosis, which
further activates immune responses (Quandt et al. 2015; Franchi and Nufiez 2008).

Alum induces a strong Th, response, thus it is effective for disease platforms that require
a humoral response for clearance. However, alum falls short in inducing Th4 responses, a
crucial response for clearing viral infections (Oleszycka et al. 2018; Igietseme et al. 2004).
Additionally, alum is not a powerful immune stimulator; while not a significant handicap
when working with killed or inactivated pathogens that provide a range of immunogenic
components, this becomes a limitation when recombinant proteins are used for subunit
vaccines. Typically, other immunogenic compounds must be co-administered in order to
induce a protective response (McNeela and Mills 2001; Lavigne et al. 2004).
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In addition to alum, monophosphoryl lipid A (MPLA) emulsions are also approved for
human use (Reed et al. 2013). MPLA, a Toll-like receptor (TLR)-4 agonist, has been
combined with a number of other TLR ligands to generate a wide range of adjuvant systems,
many of which have undergone clinical testing (Table 1). These TLR ligands leverage
specific pathways in the innate immune system rather than generalized inflammation. For
example, the liposome adjuvant ASO1 is a combination of MPLA and saponin QS-21. The
resulting adjuvant system exhibits more balanced humoral and cellular responses than when
either component is given alone (Didierlaurent et al. 2017).

While a complete review of all adjuvants lies beyond the scope of this chapter, it is sufficient
to note that a select subset of adjuvants acts as TLR agonists. These agonists may be
combined with other adjuvants/adjuvant systems or delivered via polymeric nanoparticles

to further tailor the specific immune response elicited by the vaccine platform. Agonists to
additional immune pathways, such as NOD-like receptors, C-type lectin receptors, folate
receptors, and the STING pathway present more tools for fine-tuning the immune-enhancing
capabilities of adjuvant systems (Garlapati et al. 2009; Chavez-Santoscoy et al. 2012;
Narasimhan et al. 2016).

4 Polymer Nanoparticle Adjuvants

Polymer nanoparticles represent a promising adjuvant platform for a multitude of reasons
(Fig. 1). One advantage of nanoparticle-based vaccines is that their biophysical and
biochemical properties may be manipulated in order to enhance antigen uptake, processing,
and presentation. Furthermore, rational selection of polymer chemistry (either natural or
synthetic) may enhance antigen stability, influence release kinetics, and modulate the
particular type of immune response. In this section, the overall physiochemical properties
(including size, shape, charge, and hydrophobicity) of nanoparticle platforms will be
described. In addition, detailed examples of the unique advantages of particle platforms
(such as controlled release, co-encapsulation, and induction of CMI) will be summarized
below.

4.1 Physiochemical Properties of Polymeric Nanoparticles

4.1.1 Size—Particle size plays a large role in the distribution and cellular internalization
of vaccine formulations. Particles in the 20-200 nm range can successfully enter the
lymphatic system within a few hours of administration (Bachmann and Jennings 2010).
Particles with diameters of 200-500 nm cannot enter the lymphatic system directly but
can be internalized by APCs and reach the lymphatic system within 24 hours (Bachmann
and Jennings 2010). Particle size also affects the mechanism of internalization by APCs.
Generally, sub-micron particles are internalized effectively by APCs and generate robust
immune responses, while particles >10 pm cannot be internalized by APCs (Thomas et
al. 2011; Ramirez et al. 2017). Particles with a diameter of 20-200 nm are internalized
by endocytosis (Silva et al. 2013). In contrast, relatively larger particles (>0.5 pm) are
internalized via micropinocytosis and phagocytosis by APCs (Silva et al. 2013).

4.1.2 Shape—While most studies focus on spherical particles, recent efforts have
analyzed the effect of particle shape on immune responses. Particle shape influences cellular
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internalization, as it is suggested that rod-shaped particles may associate with and be
internalized more readily by APCs than other particle geometries (He and Park 2016;
Gratton et al. 2008). Experiments have shown improved cellular uptake of rod-shaped
particles compared to spherical particles by DCs and M@s (Jindal 2017; Sharma et al. 2010;
Banerjee et al. 2016). Ex vivo studies have shown that rod-shaped nanoparticles can remain
with the gastrointestinal tract for longer periods of time relative to spherical particles (Zhao
etal. 2017). In vivo studies demonstrated that longer rod-shaped nanoparticles circulated in
the blood longer than short-rod and spherical nanoparticles (Zhao et al. 2017).

4.1.3 Surface Charge—Both anionic and cationic particles are efficiently internalized
by APCs, promoting induction of robust immunity (Thomas et al. 2011; Ramirez et al.
2017; Carrillo-Conde et al. 2012). However, intracellular tracking experiments show that
internalized cationic nanoparticles escape from lysosomes in contrast to neutral and anionic
particles that tend to localize within lysosomes ('Yue et al. 2011). Therefore, particle charge
can impact the ability of particles to influence induced immune response phenotype(s)

by influencing the activation of APCs and targeting antigen to specific immune response
pathways, which may mimic that of intracellular pathogens.

4.1.4 Hydrophobicity—Hydrophobicity has been suggested to act as a DAMP for
activating innate immunity (Moyano et al. 2012). During host cell disruption, hydrophobic
cellular materials are exposed to the external environment and trigger an innate immune
response. It is hypothesized that increased surface hydrophobicity of nanoparticles may
promote their interactions with hydrophobic components of cell surfaces to result in
enhanced cellular uptake (Shima et al. 2013). In fact, hydrophobic polymeric particles
synthesized with higher molecular weights tend to be phagocytosed more than their
hydrophilic counterparts (Thomas et al. 2011; Shima et al. 2013; Goodman et al. 2014).

4.2 Unique Advantages of Nanoparticle Vaccines

4.2.1 Controlled Release of Antigens—Polymeric particles can be designed to
enable tunable release kinetics of antigens (Kumari et al. 2010). Depending on the synthesis
method used, polymeric nanoparticles can be synthesized as nanospheres or nanocapsules.
Nanospheres are comprised of a spherical matrix of polymer into which the antigen is
physically entrapped. In nanocapsules, antigen is contained within a cavity surrounded

by a polymer shell. Antigen can be loaded within the particles or onto their surface

to manipulate release and subsequent immune effects. Unlike other delivery systems,
polymeric nanoparticles are capable of encapsulating both hydrophilic and hydrophobic
antigens (Kumari et al. 2010). Numerous factors contribute to antigen release rate from
particles. For example, polymer hydrophobicity determines erosion kinetics, which in turn,
determines antigen release kinetics, with hydrophobic surface eroding polymers exhibiting
much slower release rates (Lopac et al. 2009). Combining physiochemical properties with
chemistry allows for fine-tuned control. For example, short-rod nanoparticles exhibit a
higher specific surface area than long-rod and spherical nanoparticles. When produced with
a surface eroding polymer, the short-rod particles display shorter degradation time scales
than their long-rod and spherical counterparts (Zhao et al. 2017).
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4.2.2 Encapsulation of Co-adjuvants—The ability to encapsulate antigenic payloads
into polymeric nanoparticles has been extensively shown to enhance the antibody response,
allowing for both dose sparing strategies and reduced vaccination schedules (Huntimer

et al. 2013 a; Bershteyn et al. 2012). The physiochemical properties of polymeric
nanosystems encompass both immunostimulatory adjuvant-like properties of the polymer
and its chemical structure. The interplay between these two aspects leads to increased
nanoparticle internalization by APCs, which enhances antigen uptake (Ulery et al. 2009). It
has been demonstrated that some polymeric nanoparticle components are able to signal these
pattern recognition receptors (PRRs) directly (Tamayo et al. 2010; Locatelli et al. 2017), or
incorporate PRR stimulants (Phanse et al. 2017; Liu et al. 2018), to enhance antigenicity.
By targeting various APC types with the right immunostimulatory signals through their
physiochemical properties or by the inclusion of co-adjuvants (via co-administering small
molecule adjuvants, co-encapsulation of adjuvant with antigen, or surface conjugation), it
is possible to further enhance the magnitude of antibody responses, including generating
neutralizing antibodies, as has been demonstrated for influenza and Ebola (Zacharias et

al. 2018; Yang et al. 2017). The synergy in co-administration of multiple adjuvants in
synthetic nanoparticle vaccines generates both increased and longer-lived humoral immune
responses than when either adjuvant is used alone (Ulery et al. 2011; Stieneker et al. 1995;
Wagner et al. 2019). It was demonstrated that co-administration of polymeric nanoparticles
encapsulating TLR-4 and TLR-7 agonists induced neutralizing antibodies to hemagglutinin
that were significantly higher in titer than those induced by either TLR agonist alone, and
which persisted for over 1.5 years following immunization (Kasturi et al. 2011).

4.2.3 Cell-Mediated Immunity—Conventional live-attenuated vaccines or inactivated
vaccines provide limited control over specific types of immune response as their
biochemical properties are largely determined by the conserved nature of the pathogen
itself. Additionally, vaccines using alum- or emulsion-based adjuvant strategies generally
fall into generating either dominant humoral immunity or cause severe adverse reactions
(Bhardwaj et al. 2020). To generate CMI, co-delivery of antigen mediated by both the

MHC I and MHC 11 presentation pathways is key. Subunit antigens are generally poor
inducers of CD8™ T cells by themselves. Multiple polymeric nanoparticle formulations have
demonstrated the ability to induce CD8* T cell responses (Huntimer et al. 2014; Zhang

et al. 2011). This can be achieved through targeting of the nanoparticles to APCs, where
the ability to activate these cells through both MHC 11 and MHC | presentation pathways
can activate CD4* and CD8* T cells, respectively, and further allow CD4* T cells to

secrete pro-inflammatory cytokines (e.g., IFN-y) that enhance CTL responses, as well as
by activating pathogen killing immune responses by innate immune cells. Mechanisms of
nanoparticle adjuvanticity, including increased cellular uptake, enhanced cross-presentation,
and immunogenic cell death (ICD) have been demonstrated to contribute to the induction
of T cell activation (Lu et al. 2017; Urbanavicius et al. 2018). Studies have also shown
induction of CMI by controlling nanoparticle polymer chemistry, hydrophobicity, size,
charge, and pH responsiveness (Goodman et al. 2014; Gu et al. 2019; Rayahin et al. 2015;
Luo et al. 2017). In addition, polymeric nanoparticles can incorporate co-adjuvants (as
described above), which can further enhance CD4* and CD8* T cell responses (Zhang et al.
2011; De Titta et al. 2013; Hamdy et al. 2007).
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5 Types of Polymeric Nanoparticle Adjuvants

Polymers are attractive materials for particle synthesis because of their biocompatibility,
biodegradability, and low toxicity (Peres et al. 2017). Although inorganic particles such

as gold, carbon, or silica have shown promising results as adjuvants, concerns over the
potential risks of utilizing non-biodegradable materials remain (Pati et al. 2018; Tao and
Gill 2015; Niikura et al. 2013; Kim et al. 2014). We next discuss both natural and synthetic
polymers utilized for particle-based adjuvants, as well as hybrid polymer systems. This
information is also summarized in Table 2.

5.1 Natural Polymers

Natural polymers, obtained from renewable, sustainable, and natural resources, are
considered as non-toxic, biocompatible, and biodegradable materials. Chitosan, alginate,
dextran, hyaluronic acid, and inulin are the most common examples of natural polymers that
are used as adjuvants in vaccine formulations (Torres et al. 2019; Bose et al. 2019; Guo et al.
2019; Nevagi et al. 2019a, b). Some of these natural polymers, such as B-glucans, are known
to inherently target APCs and induce cellular and humoral immune responses, while some
others, such as chitosan or alginate, are known for their mucoadhesive properties which

may increase retention time (Petrovsky and Cooper 2011). Despite these advantages, natural
polymers provide limited immune modulation compared to their synthetic counterparts (Guo
et al. 2019). Nevertheless, the presence of specific chemical groups in their structure (i.e.,
amine or carboxyl groups) along with the anionic or cationic nature of these polymers
enable different functionalities via alternative chemical and/or physical modifications.

Thus, natural polymers can be modified by targeting ligands and receptors or loaded

with antigens and other active agents to provide an adjuvanting effect and enhance

immune response. Antigens and other active agents, such as nucleic acids, can be loaded

via physical encapsulation, chemical adsorption, or electrostatic interactions to obtain
natural polymer-based adjuvants and vaccine carriers in the forms of micro/nanoparticles,
nanogels, nanofibers, and hydrogel capsules/nanoparticles. Numerous methods can be used
to obtain these formulations, including solvent evaporation, emulsification-solvent diffusion,
nanoprecipitation (Rao and Geckeler 2011), self-assembly, electrostatic complexation, ionic
gelation, chemical crosslinking, template-assisted nanofabrication (Ferreira et al. 2013),
electrospinning, (Jahantigh et al. 2014) or layer-by-layer assembly (Highton et al. 2015).
These approaches are mainly used to provide high antigen loading and stability, which in
turn improve delivery and immune response stimulation (Highton et al. 2015; Leleux and
Roy 2013). Additionally, natural polymers can be used in combination with other synthetic
or inorganic materials (i.e., synthetic polymers or inorganic particles) to develop hybrid
systems with improved properties. These overall features of natural polymers make them
attractive candidates as vaccine adjuvants (Han et al. 2018). We next describe some well-
studied natural polymers that have been used in nanoparticle-based vaccine formulations.

5.1.1 Chitosan—Chitosan, obtained through deacetylation of chitin in shrimp and
crustaceans, is a natural polymer commonly studied as a vaccine adjuvant. Highly acetylated
chitosan is cationic in nature and is generally considered to be biodegradable, biocompatible
and non-toxic. The main hurdle with chitosan is its insoluble nature at physiological pH.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2021 August 31.
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This may be addressed by additional deacetylation or chemical modification of amino
moieties to obtain soluble derivatives of chitosan (i.e., trimethyl chitosan) (Moran et al.
2018).

Chitosan and its derivatives demonstrate inherent adjuvanting properties and
immunomodulatory effects resulting in induction of both humoral and cellular immune
responses (Nevagi et al. 2019a, b; Bose et al. 2019; Malik et al. 2018; Moran et al. 2018).
Chitosan-based formulations have been reported to interact with various receptors on APCs
(e.g., Dectin-1) and induce different signaling pathways involving NLRP3 inflammasome or
cGAS-STING activation. These interactions trigger a cascade of different cellular events
such as dendritic cell activation via type | interferon (IFN) resulting in secretion of
chemokines (e.g., CXCL10/IP-10) and/or cytokines (e.g., TNF-a, IL-12, IL-4, and IL-10)
and promoting Th1/Th2 immune response (Lampe et al. 2019). In addition, it has also been
demonstrated that chitosan-based formulations can activate M@s (Malik et al. 2018; Moran
et al. 2018), promote DC maturation, and enhance IgG and IgA antibody titers (Sui et al.
2010).

Chitosan and its derivatives can be used as nanoparticle adjuvants loaded with specific
proteins, antigens, or active agents via ionic gelation. A study demonstrated that a chitosan
nanoparticle-based Rift Valley Fever Virus vaccine formulation enhanced humoral and
cellular immune responses by increasing cytokine secretion compared to its alum based
counterparts (El-Sissi et al. 2020). Another study reported that a chitosan nanoparticle-
based pneumococcal conjugate vaccine formulation provided enhanced immune responses
by increasing 19gG1, 1gG2a, 1gG2b, and 1gG3 antibody titers compared to liposome
nanoparticle-based formulations (Haryono et al. 2017). In classical approaches, chitosan
nanoparticle formulations encapsulating proteins acted as vaccine adjuvants by boosting
cytokine secretion, promoting Th1/Th2 responses, increasing natural killer cells activity and
humoral/cellular immune response (Wen et al. 2011).

Chitosan based nanovaccine formulations have demonstrated mucoadhesive and adjuvanting
properties (Xia et al. 2015). Considering this, a study developed chitosan and trimethyl
chitosan adjuvants for intranasal H5N1 influenza vaccines which resulted in significant
antibody responses. They also reported that the formulation with trimethyl chitosan
demonstrated no clinical signs post-challenge (Mann et al. 2014). With this perspective,
another study intranasally administered early secreted antigenic target 6-kDa protein
(ESAT-6) encapsulated in trimethyl chitosan (TMC) nanoparticles which induced 1gG
against Mycobacterium tuberculosis (Amini et al. 2017). As a new approach, a study used
mast cell activator C48/80 in combination with chitosan nanoparticles as an alternative
vaccine adjuvant for Hepatitis B via the nasal route (Bento et al. 2019). Finally,
encapsulation of antigens in chitosan-based vaccine formulations also provides stability and
antigenicity in the gastrointestinal tract following oral immunization (Farhadian et al. 2015).

5.1.2 Alginate—Alginate is a biodegradable, biocompatible, muchoadhesive, natural
polymer, and is commonly used as an adjuvant in vaccine formulations. The
nanoparticle form of hydrophilic alginate provides efficient antigen release and improved
immunogenicity particularly via nasal and oral administration (Guo et al. 2019; Nevagi
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et al. 2019a; Sarei et al. 2013). It has been reported that alginate incorporated influenza
vaccine formulations induced cytokine production, increased antibody titers, activated DCs,
and enhanced cellular immunity (Ge et al. 2018; Dehghan et al. 2018). Negatively charged
alginate was also used to coat chitosan nanoparticles loaded with inactivated influenza
virus to modulate immunostimulatory properties. Intranasal administration of this vaccine
formulation resulted in an increased Th1 immune response (Mosafer et al. 2019). Similar
strategies have also been used to develop alginate-based vaccines for hepatitis B and

A providing improved humoral and cellular immune responses (AbdelAllah et al. 2016;
AbdelAllah et al. 2020).

5.1.3 Dextran—Dextran and its derivatives [e.g., diethylaminoethyl (DEAE)-dextran

or acetylated dextran (Ac-DEX)] are hydrophilic and water-soluble natural polymers,
demonstrating adjuvant properties and providing robust immune responses (Moreno-
Mendieta et al. 2017; Bachelder et al. 2017). It was reported that dextran nanoparticles
incorporating ovalbumin and lipopolysaccharide promoted mannose receptor-dependent
APC stimulation, inducing both cellular and humoral immune responses in mice (Shen

et al. 2013; De Geest et al. 2012). In a recent study, ovalbumin encapsulated Ac-DEX
microparticles demonstrated controlled release of active cargo accompanied by efficient
antibody and cytokine production (Chen et al. 2018a). The same group also developed Ac-
DEX, matrix protein 2, and 3"3"-cyclic GMP-AMP (cGAMP)-based vaccine formulation
and reported enhanced humoral and cellular responses resulting in protection against lethal
influenza (Chen et al. 2018b). In a follow-up study, the same group encapsulated STING
agonist cGAMP and soluble Toll-like receptor 7/8 (TLR7/8) agonist resiquimod (R848) into
Ac-DEX microparticles that enabled enhanced cellular and humoral responses (Collier et al.
2018). Similar approaches with Ac-DEX and cGAMP were also used by the same group

to further support their findings (Junkins et al. 2018). Another group also used Ac-DEX

to encapsulate TLR-7 agonist imiquimod and deliver it to intracellular TLR-7 receptors
resulting in an increase of IL-1p, IL-6, and TNF-a (Bachelder et al. 2010). Chemical
conjugation of dextran with type B CpG DNA, a TLR-9 agonist, was also conducted
resulting in enhanced APC internalization, improved CpG accumulation in lymph node, and
improved CD8* T cell responses in mice (Zhang et al. 2017a).

5.1.4 Hyaluronic Acid—Hyaluronic acid, a hydrophilic, biocompatible, and
biodegradable natural mucopolysaccharide (Ekici et al. 2011) can be used as a adjuvant
stabilizer and delivery vehicle to be applied via the transdermal route due to its involvement
in skin extracellular matrix and ability to penetrate the skin due to its small size
(Nashchekina and Raydan 2018; Bussio et al. 2019). Hyaluronic acid also improves
solubility of adjuvants or antigens, such as MPLA and alum adjuvanted hepatitis B vaccine,
enhancing both cellular and humoral immune responses (Moon et al. 2015).

5.1.5 Inulin—Inulin is another biocompatible and biodegradable natural biopolymer
demonstrating vaccine adjuvant properties (Barclay et al. 2016; Cooper et al. 2013; Cooper
and Petrovsky 2011; Cooper et al. 2015; Kumar and Tummala 2013). Acetylated inulin
(Ace-IN) is most commonly used in vaccine formulations and has been shown to trigger
cytokine secretion, DC maturation, antibody titer production (Rajput et al. 2018). An Ace-
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IN-based pathogen-mimicking vaccine delivery system was reported to improve antigen
delivery to APCs and simultaneously activate TLR-4 on APCs (Kumar et al. 2017; Kumar et
al. 2016).

5.1.6 DNA—Nucleic acids or DNA-based nanomaterials have also been used as vaccine
adjuvants through functionalization with short immunogenic sequences. For example, it
was reported that CpG-containing dendrimer like-DNA showed shape and size-dependent
immunostimulatory activity (Mohri et al. 2015; Mohri et al. 2014). Differently, self-
assembled single-stranded DNA sequences (e.g., immune nanoflowers) as well as DNA
hydrogels have also been developed to provide cytokine secretion and antigen delivery
(Zhang et al. 2015; Ishii-Mizuno et al. 2017). Recently, DNA origami-based approaches
have been developed to provide immune stimulation based on different origami geometries
and shapes (Hong et al. 2017; Bila et al. 2019; Bastings et al. 2018). It was reported that
compact shapes possessing low-aspect ratios are efficiently internalized while non-compact
shapes remained on the cell surface, demonstrating the ability to affect DC uptake and
activation by rational design (Bastings et al. 2018).

5.1.7 Other Natural Polymers—Cellulose-based materials have also been used in
vaccine formulations as adjuvants for proteins, antigens, or DNA in the form of particles,
nanowires, or nanofibers to enhance the immune response via increasing the secretion of
pro-inflammatory cytokines (Song et al. 2014; Bin et al. 2018; Catalan et al. 2010; Coli¢ et
al. 2015; Tomic et al. 2016; Vartiainen et al. 2011; Pereira et al. 2013).

Antigen-containing natural, biodegradable, biocompatible, and non-toxic anionic
poly(glutamic acid), y-PGA, nanoparticles have also shown significant antigen-specific
immune responses by activation of CD8* T cells (Uto et al. 2013) and human monocyte-
derived DCs (Broos et al. 2010). The -y-PGA particles are generally modified with L-PAE
and are potential antigen carriers with excellent adjuvant properties via TLR-4, activation
enhancing both humoral and cellular immunity (Uto et al. 2015; Ikeda et al. 2018).

Other biopolymers demonstrating adjuvant effects in vaccine formulations are mannan
(Apostolopoulos et al. 2013), lentinan (Zhang et al. 2017b), zymosan (Ainai et al. 2006),
pullulan (Singh et al. 2017), and carrageenan (Zhang et al. 2010) which all provided
immunomodulation via of different signaling pathways that enhanced humoral and cellular
immune responses.

5.2 Synthetic Polymers

Synthetic polymers serve as a promising vaccine adjuvant materials because of their
biocompatibility, biodegradability, and low cost. The following sections will discuss
polymeric platforms such as polyesters, polyanhydrides, and synthetic micelles.

5.2.1 Polyesters—Numerous polyesters have been studied for nanoparticle vaccines;
however, poly (lactic-co-glycolic acid) (PLGA) is the most well-studied because it is
biodegradable and exhibits high biocompatibility (Silva et al. 2016; Danhier et al. 2012).
Due to a favorable safety profile, PLGA has received FDA approval for various biomedical
applications, including sutures and drug and vaccine delivery (Silva et al. 2016; Danhier

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2021 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grego et al.

Page 12

et al. 2012). The release rate of the cargo and hydrophobicity of PLGA particles can be
directly manipulated by varying the ratio of lactic acid to glycolic acid monomers (Allahyari
and Mohit 2016). PLGA particles release encapsulated material through a bulk erosion
mechanism, resulting in burst-like release profiles. PLGA particles with higher amounts of
glycolic acid result in a larger and more rapid burst release of antigen (Thomas et al. 2011,
Allahyari and Mohit 2016).

When considering the effects of PLGA particles on the immune system, PLGA particles
have shown success in presenting antigen to stimulate both humoral and cellular immunity
(Nicolete et al. 2011). Multiple studies have shown successful internalization of PLGA
particles by DCs and M@s (Danhier et al. 2012; Semete et al. 2010; Liu et al. 2015).
Following internalization by DCs, PLGA particles release antigen for presentation through
the MHC | pathway to elicit CD8* T cell responses (Liu et al. 2015). Studies have shown
PLGA enhanced numbers of CD4* and CD8* T cells in the spleen when compared to
administration of antigen alone (Liu et al. 2015). These findings were also supported by
other studies that showed activation of CD4" and CD8* T cells by antigen-encapsulated in
PLGA nanoparticles (Demento et al. 2012).

PLGA particles also result in enhanced cytokine secretion profiles from DCs. Hepatitis

B antigen-encapsulated into PLGA particles showed a significant increase in IL-2 and
IFN-y when compared to antigen alone (Thomas et al. 2011). Antigen-encapsulated PLGA
particles also induced higher amounts of IL-1pB, IL-6, and IFN-a (Demento et al. 2012).
Mice immunized with Bordetella pertussis encapsulated in PLGA particles showed a
significant enhancement of IFN-y and IL-17, suggesting a mixed Thy and Thy7 immune
response (Li et al. 2016).

With respect to humoral immunity, PLGA nanoparticles have shown efficacy at eliciting
significant levels of systemic 1gG and mucosal IgA. Mice injected with OVA-loaded PLGA
particles reached a peak concentration of antigen-specific IgG antibodies at week 6 post-
immunization that was maintained for 13 weeks (Demento et al. 2012). Orally administered
PLGA particles co-loaded with OVA and the immunostimulant, MPLA, maintained an
8-fold increase in IgG titers for 5 weeks when compared to OVA alone (Sarti et al.

2011). PLGA nanoparticles loaded with OVA and CpG elicited enhanced production of
OVA-specific 1gG2a antibodies when compared to OVA and CpG alone (Joshi et al. 2013).
In addition, enhanced titers of mucosal IgA were observed upon administration of hepatitis
B antigen-encapsulated in PLGA particles (Thomas et al. 2011).

5.2.2 Polyanhydrides—Polyanhydrides are another class of biodegradable polymers
with high biocompatibility (Huntimer et al. 2013b). This class of polymers has been
approved for human use in medical controlled release products such as Gliadel® and
Septacin (Roy et al. 2016; Wafa et al. 2019). Polyanhydrides degrade by surface erosion
into non-toxic and easily metabolized carboxylic by-products (Lopac et al. 2009). During
erosion, polyanhydride particles degrade only at the surface and exclude water from the
bulk material, in contrast to the bulk erosion exhibited by polyesters (Silva et al. 2013).
This surface erosion phenomenon contributes to tunable and sustained release profiles of
encapsulated payloads. Polyanhydride hydrophobicity (and antigen release kinetics) can
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be directly manipulated by varying the ratio of its copolymer constituents. For example,
copolymers rich in 1,6-bis(o-carboxyphenoxy)hexane (CPH) are largely hydrophobic and
release antigen over a period of months (Kipper et al. 2002). In contrast, copolymers rich

in 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) or sebacic anhydride (SA) degrade
more quickly (ca. days-weeks).

Polyanhydride particles are also advantageous in terms of their enhanced antigen stability
(Determan et al. 2006; Carrillo-Conde et al. 2010; Haughney et al. 2013; Ross et al. 2014;
Vela Ramirez et al. 2016; McGill et al. 2018), sustained antigen release, and activation of B
cells and T cells (inherent adjuvanticity), all of which lead to induction of robust humoral
and cell-mediated immunity (Vela Ramirez et al. 2016; Huntimer et al. 2013a, 2014;
Ramirez et al. 2014; Vela Ramirez 2015). Another significant benefit of polyanhydride
nanovaccines is their superior thermal stability at room temperature for extended periods of
time (Shen et al. 2001; Petersen et al. 2011; Wagner-Mufiiz et al. 2018).

Polyanhydride particles are internalized by and activate APCs (Ulery et al. 2009). CPH,
CPTEG, and SA-based particles have been shown to be internalized by bone marrow-
derived DCs and M@s (Wafa et al. 2019; Torres et al. 2011). Generally, hydrophobic
particles are internalized more readily by APCs (Ramirez et al. 2017; Petersen et al. 2011;
Phanse et al. 2016). DCs or M@s exposed to polyanhydride particles upregulated MHC | and
I1, costimulatory molecules such as CD40, CD80, and CD86, and cytokine secretion (e.g.,
IL-6, IL-12p70, IL-1B, TNF-a) (Wafa et al. 2019; Torres et al. 2011; Phanse et al. 2016;
Wafa et al. 2017).

Polyanhydride nanovaccines have been shown to induce robust humoral and cell-mediated
immunity. For example, it was shown that a single dose of a polyanhydride nanovaccine
with a 64-fold less dose of antigen as compared to soluble antigen induced similar antibody
titers (Huntimer et al. 2013a). Studies have demonstrated the successful formation of

GCs by a single administration of CPTEG:CPH nanoparticles (Vela Ramirez et al. 2016).
Polyanhydride nanovaccines have been shown to induce sustained levels of both antigen-
specific 1gG and IgA antibodies (Zacharias et al. 2018; Wafa et al. 2017; Haughney et al.
2014). Finally, a single dose of polyanhydride nanovaccine was able to induce neutralizing
antibodies against influenza virus in mice and pigs (Ross et al. 2015; Dhakal et al. 20173,
b; 2019). Polyanhydride nanovaccine formulations have been shown to promote both CD4*
and CD8* T cell responses (Zacharias et al. 2018; Huntimer et al. 2013a, 2014). Following
intranasal immunization, these studies demonstrated the induction of tissue-resident memory
phenotypes that are believed to be important in conferring heterosubtypic protective
immunity against influenza virus infection (Zacharias et al. 2018).

Another advantage of polyanhydride particles is their easily functionalized surfaces. Studies
have shown that attachment of sugars to polyanhydride nanoparticles assist in targeting
CLRs on APCs (Carrillo-Conde et al. 2012). Functionalization of polyanhydride particles
with di-mannose significantly enhanced particle internalization by DCs (Ramirez et al.
2014; Phanse et al. 2013). In addition, these di-mannose functionalized particles upregulated
MHC I, CD86, and CD40 expression on DCs (Carrillo-Conde et al. 2011). Further studies
determined that di-mannose functionalized polyanhydride particles also upregulated CD2086,
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a CLR, on bone marrow-derived DCs (Ramirez et al. 2014). Functionalized nanoparticles
were also shown to elevate IL-6 and TNF-a secretion from DCs (Carrillo-Conde et al.
2011).

5.2.3 Micelles—Synthetic polymers may also be used to produce micelles. Micelles
contain a hydrophobic core (for holding payloads) and a hydrophilic shell/corona. Similar to
polymeric particles, micelles are capable of delivering antigen while maintaining adjuvant-
like properties (Trent et al. 2015).

Micelles can be synthesized from di-block or multi-block copolymers. Typical polymers
used to form the hydrophilic shell include polyethylene glycol (PEG) and polyethylene
oxide (PEO). Polymers used to form the hydrophobic core include poly(L-amino acids),
polyesters, and phospholipids. Phospholipids can be produced through both synthetic

and natural means. When exposed to block-selective solvents, block copolymers undergo
spontaneous self-assembly to form micelles (Abetz 2005). The specific shape of the micelle
is determined by the type of block copolymer used and interactions between the micelle core
and block-selective solvent (Abetz 2005).

In vivo studies have shown that administration of antigen-loaded micelles elicits an immune
response similar to antigen administered with a TLR-2 ligand (Trent et al. 2015). In
addition, it was shown that the adjuvanticity of the micelle-peptide formulation was directly
related to the delivery of the peptide as opposed to induction of cytokines or costimulatory
molecule upregulation. Micelles, which are typically less than 100 nm, are successful at
delivering antigen to DCs (Trent et al. 2015). Due to their relatively small size, micelles are
capable of both interacting with DCs at the site of delivery and transiting lymphatic vessels
directly to the lymph nodes (Facciola et al. 2019).

A family of amphiphilic pentablock copolymers with controlled architectures possessing
different cationic end blocks has been reported as potential vaccine carriers for subunit
vaccines (Adams et al. 2014, 2015, 2019). Particularly, a pentablock copolymer, composed
of a temperature-responsive Pluronic F127 middle block and two pH-responsive poly(diethyl
aminoethyl methacrylate) end blocks, demonstrated temperature and pH-responsive
micellization and gelation which forms a depot for controlled delivery of proteins and
genes (Adams et al. 2014, 2015, 2019). The amphiphilic central block, Pluronic F127, is an
effective vaccine adjuvant promoting cellular entry and contributes to gene delivery while
the cationic outer blocks spontaneously condense negatively charged DNA via electrostatic
interactions for sustained combinational therapy. This polymer was also further modified
with mannose to enhance interactions with CD206, improving its adjuvanting properties
for DNA-based vaccine delivery (Adams et al. 2014). In addition, this pentablock polymer
demonstrated in vivo persistence at the injection site for over 50 days providing sustained
protein release and five-fold enhancement in the antigen-specific antibody titer compared
to soluble protein alone (Adams et al. 2015). Recently, the high biocompatibility of these
injectable Pluronic-PDEAEM micelle adjuvants was demonstrated, further enhancing their
potential as components of next-generation vaccines (Adams et al. 2019).
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5.3 Hybrid Polymer Adjuvants

Hybrid systems composed of different classes of materials, such as natural/synthetic
polymers and lipids have been developed as adjuvants for vaccine formulations. Using

PEG as surfactant is one of the most commonly applied approaches enhancing the stability
and stealth properties of the systems. To increase mucoadhesive and mucopenetrating
properties of vaccines via nasal administration, a study modified the surface of chitosan-
based nano-emulsions with PEG (Di Cola et al. 2019). Another common approach is to
synergistically use carbohydrates to coat synthetic polymer surfaces to enhance cellular
uptake. For example, mannosylated poly(beta-amino esters) (PBAES), free of inflammatory
co-adjuvants, provided enhanced gene delivery resulting in improved APC activation and
immune response (Jones et al. 2015). In another example, alginate was used to form cationic
nanogels disulfide cross-linked with polyethylenimine (PEI) for delivery of OVA. It was
reported that the OVA-containing nanogels significantly improved the induction of tumor-
specific CD8* T cells and antigen-specific antibody production (Li et al. 2013).

The cationic nature of chitosan and its derivatives can be used to coat synthetic polymer
particles to increase antigen loading efficiency and/or adjuvanticity (Wusiman et al. 2019).
For example, PLGA nanoparticles, loaded with Heptatis B surface antigen (HBsAg) and
coated with trimethyl chitosan (TMC), were reported to provide efficient absorption and
increase antibody titers via nasal route (Pawar et al. 2010). Similarly, chitosan-coated

PLA particles enhanced antigen adsorption capacity and macrophage uptake resulting
upregulation of MHC | and MHC 1l and secretion of pro-inflammatory cytokines (Chen

et al. 2014). In comparison to a commercially available vaccine, another study demonstrated
that coating poly-e-caprolactone (PCL) with chitosan resulted in elevated 1gG responses
against HBsAg while avoiding the induction of IgE (Jesus et al. 2018). Furthermore, the
nanoparticle formulation induced CMI against HBsAg leading to IL-17 and IFN-y secretion.
Along these lines, B and T cell epitope-containing peptides were coupled with PGA and
mixed with TMC to produce self-adjuvanting nanovaccines (Nevagi et al. 2019b).

Hybrid polymer systems can also combine disparate polymer systems to achieve synergistic
immune responses for a wide range of pathogens and delivery routes. In a recent study,

an increased humoral immune response upon oral delivery was achieved by developing a
hybrid delivery system in which self-assembled lipopetides nanoparticles were coated with
alginate and TMC layers via electrostatic interactions (Bartlett et al. 2020). Similarly, a
cationic liposome and natural hyaluronic acid-based hybrid nanoparticle system was shown
to provide improved stability and antigen release characteristics that significantly enhanced
the serum 1gG response to Y/ pestis F1-V following intranasal administration (Fan et al.
2015). In another study, liposome-PEG-PEI complex-based adjuvant demonstrated enhanced
uptake, expression of surface markers, induction of pro-inflammatory cytokines, and antigen
presentation (Chen et al. 2012). It was also shown that intranasal immunization with
chitosan-coated, lipid-polymer hybrid nanoparticles enhanced mucosal immune responses
via induction of both humoral and cell mediated immunity (Rose et al. 2018). Liposomes,
modified with pH-sensitive polymers, could also serve as a delivery system for the induction
of antigen-specific CD8" T cells. For example, inclusion of cationic lipids into polymer-
modified liposomes promoted costimulatory molecule expression and secretion of 1L-12
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and TNF-a from DCs and induced antigen-specific secretion of IFN-y from splenocytes
('Yoshizaki et al. 2017).

6 Polymeric Nanovaccines Against Diseases

Polymeric nanovaccines have demonstrated great potential as vaccine adjuvants against both
viral and bacterial pathogens. In this section, we include examples of the use of polymeric
nanovaccines against infectious diseases, biodefense pathogens, and cancer. These examples
demonstrate how nanovaccines can be tailored to be effective countermeasures against each
of these significant health challenges.

Infectious Diseases

Infectious diseases such as influenza, coronavirus disease, and infections caused by
respiratory syncytial virus (RSV) continue to pose great threats to public health. These
pathogens are often highly contagious or can be transmitted from natural reservoirs, which
makes disease eradication extremely difficult. Their high mutation rate and variety of
subtypes render traditional inactivated or live-attenuated vaccines unlikely to provide long-
term protection to susceptible populations that vary by age, immune heritage, and underlying
health conditions. The COVID-19 pandemic has underlined the need for development of
novel vaccination strategies capable of inducing long-lasting, heterosubtypic (i.e., cross-
protective) immunity. In this regard, nanovaccines demonstrate unique advantages because
of their flexibility with respect to administration routes, ability to co-deliver multiple
payloads, enhanced thermal stability, and induction of rapid and long-lived immunity in

a single dose, as described below.

6.1.1 Influenza—Influenza remains a serious source of morbidity and mortality
worldwide despite decades of research towards developing a vaccine for both seasonal

and pandemic strains. Typical “flu shots’ can successfully build strain-specific humoral
immunity, but fail to initiate robust CMI necessary for clearing heterologous viral
infections (Ho et al. 2011; Muruganandah et al. 2018). The performance of seasonal
vaccinations is affected by the high mutation rate of influenza strains, with tetravalent
vaccines rarely reaching 50% efficacy, compounded with poor immune responses in at-
risk populations, immunosenescence in older adults and immunocompromised individuals
(Demicheli et al. 2018; Ohmit et al. 2013; Della Bella et al. 2007). In addition to
immunological shortcomings, current vaccines are also limited by manufacturing capacity,
antigenic changes (i.e., glycosylation) and specificity associated with 70-year old egg-based
technologies, and dependence on a cold chain for both storage and distribution (Wu et al.
2017; Zost et al. 2017).

Polymeric nanovaccines present a powerful alternative to current influenza vaccinations.
Acting in a dual capacity as adjuvants and delivery systems for diverse payloads (influenza
virus antigens such as hemagglutinin, nucleoprotein, neuraminidase, etc. and additional
co-adjuvants), polymeric nanovaccines can deliver multiple formulations of vaccines tailored
to either specific age groups, or particular patient needs (Ross et al. 2019). These
nanovaccines benefit from rapid and large-scale production, delivering a thermostable
product that is cost-effective to produce, stockpile, and deploy (Kelly et al. 2020). To this
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end, polymers composed of polysaccharides, polyesters, and polyanhydrides have been used
to formulate nanoparticles to deliver influenza virus antigens (Ross et al. 2015; Dhakal

et al. 20173, b; Renu et al. 2020). These versatile nanovaccines have been successfully
delivered intranasally, intramuscularly, and subcutaneously. For respiratory pathogens, such
as influenza virus, intranasal immunizations with nanovaccines have been shown to generate
local tissue-resident T cell immunity, which leads to protection against heterologous
challenge. This is a distinct advantage over current influenza vaccines (Lau et al. 2012),
setting the stage for a “universal flu vaccine”. Intranasal vaccinations mimic both the natural
site and route of infection, leveraging the natural immune response to protect the body from
future infections (Ross et al. 2015).

6.1.2 Respiratory Syncytial Virus—Human respiratory syncytial virus (RSV) infects
epithelial cells of the lungs to cause potentially severe upper and lower respiratory
infections in newborns, young children, immunosuppressed, and the aged with no approved
vaccines available (Gilbert et al. 2018; Tang et al. 2019; Swanson et al. 2020). RSV

has multiple surface proteins (attachment glycoprotein (G) and fusion (F) glycoprotein)
which are necessary for viral cell attachment and fusion to epithelial cells for successful
infection. These proteins are viable vaccine targets due to their necessity for infection and
multiple epitopes for neutralization (Swanson et al. 2020). However, these proteins are
poorly immunogenic, complicating the formulation of a successful vaccine (McGill et al.
2017). Although the FDA has approved a monoclonal antibody, palivizumab, solely as a
preventative treatment reserved for high-risk infants, the use of palivizumab can promote the
escape of mutant RSV strains resistant to neutralization (Gilbert et al. 2018).

Multiple studies have shown robust immune response in mice and rats promoted by F
protein encapsulated polyanhydride nanoparticles (Gilbert et al. 2018; Stephens et al. 2019,
2020). Other studies have shown the success of co-encapsulating G and F proteins into
polyanhydride nanoparticles and administered to neonatal calves to induce protection from
bovine respiratory syncytial virus (BRSV) (McGill et al. 2017, 2018). Calves serve as an
excellent animal model because BRSV infection in calves mimics RSV infection in humans
(McGill et al. 2017). All of these studies attest to the strong potential of RSV antigen-based
nanovaccines as a viable approach to protect against RSV infections.

6.1.3 Coronavirus—Coronaviruses are responsible for multiple respiratory infections,
including severe acute respiratory syndrome (SARS-CoV), Middle East Respiratory
Syndrome (MERS-CoV), and most recently, SARS-CoV-2, which causes coronavirus
disease (COVID-19) (Coleman and Frieman 2014; Rothan and Byrareddy 2020). These
infections are responsible for severe complications in older adults and the immune-
compromised. Coronaviruses are characterized by surface spike proteins responsible for
viral entry (Coleman et al. 2014). The spike protein also serves as a promising target for
vaccines. Due to the contagious nature of SARS-CoV-2 transmission between humans, there
is an immediate need to develop a safe and effective vaccine.

Recent studies evaluating intranasal delivery of SARS-CoV S DNA encapsulated within
polyethylimine nanoparticles demonstrated induction of antigen-specific humoral and
cellular immune responses in mice (Shim et al. 2010). The DNA-containing nanoparticles
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induced enhanced production of IgA as well as CD80, CD86, and MHC Il expression on
DCs that likely contributed to an increase in polyfunctional CD4* and CD8" T cells. These
studies present a promising avenue to combat coronaviruses, including the development of a
COVID-19 nanovaccine.

6.1.4 Pneumonia—Strepfococcus pneumoniae is the biological agent that causes
pneumococcal pneumonia. Pneumococcal infections are high-risk to both young and aged
populations, and among the deadliest in children under the age of five. The capsular
polysaccharide of this organism is highly variable, accounting for 98 serotypes, making

it difficult to develop a ‘universal’ vaccine (Masomian et al. 2020). Although there
currently are three licensed vaccines for pneumococcal pneumonia, namely PPV23, PCV10,
and PCV13, their introduction has inadvertently increased disease prevalence caused by
strains expressing non-vaccine serotypes. This has led to renewed interest in developing a
vaccine that more broadly protects individuals (Masomian et al. 2020). Recent approaches
include the pneumococcal surface protein A (PspA) for which there are only three families
representing six clades (Piao et al. 2014). Strains expressing family 1 of 2 PspA represent
approximately 96% of clinical isolates. For this reason, vaccines incorporating PspA
proteins may overcome the challenges posed by the use of capsular vaccines. In this regard,
polyanhydride nanoparticles encapsulating PSpA induced high titer antigen-specific 19G
and demonstrated the ability to protect mice from pneumococcal challenge (Wagner-Mufiiz
et al. 2018). Compared to PspA alone, this vaccine formulation provided a high level

of protection using a 25-fold dose reduction and was shelf-stable for at least 60 days at
room temperature. Chitosan nanoparticles have also been used to intranasally deliver DNA
encoding pneumococcal PsaA, demonstrating the ability to induce mucosal and systemic
antibody responses to PsaA, as well as reduced bacterial burden in the nasopharynx of
challenged mice (Xu et al. 2011). Chitosan-based nanoparticles containing PspA have been
shown to induce antigen-specific IgA and IgG as well as CMI; following challenge, mice
were protected against otitis media and against intraperitoneal challenge with both serotypes
3and 14 (Xu et al. 2015).

6.2 Biodefense Pathogens

Developing new vaccines to counteract biodefense pathogens is a high priority. Of these
pathogens, tier 1 select agents pose the greatest risk to military and civilian populations.
These include numerous toxins, viral and bacterial organisms, including Yersinia pestis,
Bacillus anthracis, and Ebola virus. Polymeric nanoparticles represent an attractive vaccine
platform against these deadly biological agents. Subunit vaccines are ideal biodefense
vaccines due to concerns of adverse reactions or incomplete inactivation of dangerous
biological organisms. However, subunit antigens are generally poorly immunogenic.
Hence, the physiochemical characteristics of nanoparticles enable the design of vaccine
formulations that can adjuvant subunit antigens and induce protective immune responses
through activating multiple arms of adaptive immunity. The following is a brief overview of
nanovaccine development against multiple biodefense pathogens.

6.2.1 Pneumonic Plague— Yersinia pestisis a tier 1 select agent that causes plague,
which can manifest as pneumonic, bubonic, and septicemic forms (Riedel 2005). F1-V,
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a fusion protein of the F1 capsular and the V antigen (part of the type 11l secretion
appendage) of Y/ pestis, has been investigated as a subunit vaccine candidate. Our laboratory
has previously reported on polyanhydride nanoparticles encapsulating F1-V that induced
high avidity 1gG1 responses in immunized mice, which persisted over 280 days post-
immunization and protected vaccinated mice against lethal challenge (Ulery et al. 2011).

We have also reported on a combination adjuvant-based nanovaccine containing F1-V
encapsulated into polyanhydride nanoparticles co-adjuvanted with cyclic di-GMP (cdG),
which also protected mice against lethal challenge with Y, pestis CO92 in as early as 14 days
post-immunization (Wagner et al. 2019).

6.2.2 Anthrax—B. anthracisis a tier 1 select agent that is the causative agent of
anthrax. This organism can form durable spores that can infect humans through multiple
routes, including inhalation, subcutaneous, and gastrointestinal (WHO 2008). Studies

using polyanhydride nanoparticles encapsulating the B. anthracis protective antigen (PA)
demonstrated the ability to maintain the structural stability of encapsulated PA (Petersen et
al. 2012). The conformational stability of PA is important for generating toxin-neutralizing
antibody responses. This stability was maintained for at least four months following storage
at temperatures up to 40 °C (Petersen et al. 2012). Additionally, PLGA nanoparticles
encapsulating domain IV of PA have been shown to induce a mixed Th1/Th, immune
response as evidenced by the in vitro secretion of IL-1 and IFN-y (Manish et al. 2013).

6.2.3 Ebola Virus—Ebola virus is a tier 1 select agent that causes Ebola virus disease.
This disease is zoonotic, and can be transmitted from person-to-person via direct contact,
infected bodily fluids, or contaminated fomites (Jacob et al. 2020). Polymeric nanoparticles
have been used as a DNA vaccine adjuvant and delivery platform against Ebola (Yang

et al. 2017). Ebola DNA (EboDNA) was coated onto cationic PLGA-poly-L-lysine/poly-
y-glutamic acid nanoparticles and administered to mice using a microneedle patch or
through intramuscular injection. The microneedles dissolve within five minutes, allowing the
particles to disseminate and induce immune responses, resulting in an enhanced magnitude
of neutralizing IgG antibodies to Ebola virus.

6.2.4 Brucella abortus—Brucella abortus is a select agent that causes brucellosis. Its
primary host species are cattle, and it is capable of infecting humans as an incidental host,
usually through direct contact or consumption of animal products such as non-pasteurized
dairy products (De Figueiredo et al. 2015). PLGA nanoparticles have been investigated

as a vaccine platform against B. abortus (Singh et al. 2015). Nanoparticles encapsulating
rL7/L12 ribosomal protein demonstrated the ability to induce high IgG1 antibody responses
as well as secretion of IFN-y from lymphocytes following ex vivo stimulation. This resulted
in protection from bacterial challenge, as demonstrated by decreased bacterial load in the
spleen.

6.3 Cancer

Both therapeutic and prophylactic cancer vaccines need immune-stimulatory adjuvants that
can break tolerance and induce humoral and cell-mediated immune responses to tumor-
associated antigens (TAASs). To overcome the challenges of immune dysfunction associated
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with the tumor microenvironment, various small molecule adjuvants or nano-adjuvanted
therapies have been tested in clinical and preclinical settings. The first examples of FDA-
approved or late-stage clinical nanotherapeutic endeavors were liposome-based platforms.
The applications of nano-enabled therapies have been pioneered by liposome-based drug
delivery systems, as discussed by excellent reviews (Shi et al. 2017; Wicki et al. 2015; Nam
et al. 2019). Here, we focus on translational examples of adjuvant molecules and polymeric
nanoparticulate systems with the potential for cancer vaccines.

6.3.1 Breast Cancer—Breast cancer is the most common malignancy worldwide. There
are many recently concluded or ongoing clinical trials for the application of granulocyte-
monocyte colony-stimulating factor (GM-CSF), one of the most widely used cytokine-based
adjuvants, in vaccines for breast cancer patients. Many of these efforts are focused on

the HER2 antigen that is expressed in about 15-30% of invasive breast cancer. In a

series of clinical trials with HER2 derived peptide, the GM-CST adjuvanted vaccine

was used as an adjunct therapy to prevent tumor recurrence after the completion of
standard-of-care therapies. These vaccines, incorporating HER2 peptides E75, GP2, AE37,
augmented CD8* or CD4* T lymphocyte responses and demonstrated acceptable safety

and tolerability (Clifton et al. 2015). All three vaccines were advanced into phase 11 or 111
clinical investigations and revealed increased but not significant disease-free 5-year survival
compared to control patients (Mittendorf et al. 2014, 20164, b).

Nanogel delivery vehicles formulated with adjuvants have been designed to aid HER2
vaccine immunotherapy (Neamtu et al. 2017). The nanogels release polypeptide payload
upon swelling in water and induce improved T cell activation via enhanced cellular
internalization and cytosolic antigen presentation (Gu et al. 1998). In phase | clinical trial,
self-assembled amphiphilic cholesteryl pullulan nanogels encapsulating truncated HER2
antigen were formulated with GM-CSF or OK-432 adjuvant. It was demonstrated that
five out of nine patients with various types of solid tumors were characterized with HER2-
specific CD8*/CD4™" T cell responses (Kitano et al. 2006). A similar nanogel was used

in another phase | clinical trial characterizing humoral immunity. In 14 of the 15 patients
studied, HER2-specific IgG antibodies were measurable in patient sera (Kageyama et al.
2008).

More nanovaccine formulations are being tested for breast cancer in preclinical animal
models (Allahverdiyev et al. 2018). One example describes the activation of DCs and the
induction of tumor-specific CD8* T cells following administration of CpG-coated PLGA
nanoparticles loaded with tumor antigen (Kokate et al. 2016). This functional co-delivery
system (i.e., tumor antigen and TLR agonist) was suggested to specifically interact with DCs
in a bacteriomimetic manner (Kokate et al. 2015). The multifunctional immunostimulatory
capability of these nanoformulations distinguishes them from conventional vaccination.

6.3.2 Lung Cancer—Liposome-based lung cancer vaccines have been advanced into
clinical study. Tecemotide (L-BLP25) is a MUC1 glycoprotein immunotherapy liposomal
vaccine combined with MPLA that is capable of inducing antigen-specific T cell responses
(Mehta et al. 2012). The vaccine formulation was proven to induce a dominant Thy response
and CTL specific to MUCL. Multiple phase Il clinical studies were carried out with
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systemic analysis of disease prognosis from late-stage unresectable non-small lung cancer
(NSCLC) patients (Bultts et al. 2005, 2010, 2011; Wu et al. 2011). Although phase 111 trials
concluded similar performance after L-BLP25 administration as placebo, in contrast to the
mild adverse reactions and improved median survival observed in phase 1 trials (Butts et
al. 2014). Thus, more liposomal vaccine studies are worth pursuing depending upon the
stage of cancer relative to the treatment regimen employed. In a recent example using a
murine model, hyaluronic acid nanoparticles loaded with microRNA-125b were used to
reprogram M2 phenotype M@s in a NSCLC model. These particles were previously shown
to target CD44* Mds and modified to enable negatively charged nucleotide encapsulation
(Jain et al. 2015). Nanoparticle accumulation in lung tissue was confirmed. Repolarization
of tumor-associated M@s to M1 phenotype was demonstrated by altered surface biomarker
expression.

6.3.3 Pancreatic Cancer—Pancreatic cancer (PC) is characterized by a dense stromal
barrier and dysregulated immune cells, causing resistance to traditional therapies and
immunomodulation. Immunoadjuvant nanoparticulate systems have been applied to counter
such barriers and sensitize PC for immunotherapy. Lu et al. prepared a lipid bilayer
encapsulating mesoporous silica nanoparticles that co-deliver an immunogenic cell death
(ICD) inducing drug and indoleamine 2,3-dioxygenase (IDO) pathway inhibitor to induce
anti-tumor immunity (Lu et al. 2017). The nano-delivery formulation was proposed to
prolong ICD potency and simultaneously reverse immunosuppression mediated by the

IDO signaling pathway. Improved survival of tumor-bearing mice was demonstrated along
with increased numbers of tumor-infiltrating immune cells. Shen et al. reported on the
design of lipid-protamine nanoparticles loaded with DNA encoding trap proteins for IL-10
and CXCL12, two major proteins that contribute to the tumor immunosuppression (Shen

et al. 2018). The perivascular delivery of nanoparticles induced local expression of trap
proteins and reversal of immunosuppression, also indicated by increased numbers of tumor-
infiltrating DCs, CD8" T cells, and NK cells. This nanoformulation showed improved
survival in a KPC murine model, further underlining the potential of nano-therapies to treat
PC.

6.3.4 Brain Cancer—Glioblastoma multiforme (GBM) is the most common and deadly
glioma with an incidence rate of 4-5 per 100,000 persons and a dismal 5% five-year
survival rate (Ostrom et al. 2014). While surgical removal of the tumor can delay disease
progression, residual cancerous cells often result in tumor reoccurrence. Attempts to
address these cells with systemically administered chemotherapeutics have been limited
by bioavailability across the blood-brain barrier (BBB), short circulation half-life, and
toxic off-target effects, leading to brief and irregular dosage at the tumor site (Wait et al.
2015). The Stupp method combines resection, external beam radiation, and systemically
administered temozolomine (TMZ), and has become the standard of care for GBM.
However, mean survival of patients was about 14 weeks as reported in 2005 (Stupp et

al. 2005).

To overcome these limitations, a local sustained release platform was developed using
polyanhydride (CPP:SA) wafers loaded with carmustine (Tamargo et al. 1993). This
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product, known as the GLIADEL® wafer, is placed by the surgeon directly into the tumor
bed post-resection. The surface eroding properties of the wafer protect carmustine from
degradation and produce a sustained release, while direct placement in the intracerebral
cavity circumvents the BBB and avoids systemic, off-target toxicity (Tamargo et al. 1993;
Brem et al. 1994). These advantages have borne out in clinical trials where carmustine-
loaded wafers increase mean survival of both recurrent and newly diagnosed high-grade
glioma patients, either as a monotherapy or in combination therapy (Wait et al. 2015).

While the GLIADEL® wafer is a great example of a polymer-based drug delivery system,

it has some limitations. First, the wafer must be placed directly in the brain, limiting

its application to immediate use after surgery. To address this, nanoparticles capable of
crossing the BBB and delivering carmustine to target locations are necessary (Wadajkar et
al. 2017). Second, the GLIADEL® wafer does not enhance the immune response to GBM

or contribute to long-term protective immunity. Several nanoformulations target DCs to
enhance antigen presentation and CTL activation, leading to successful treatment in glioma
animal models. Poly (B-L-malic acid) based nanoscale immunoconjugates (NICs) covalently
linked to anti-PD-1 and anti-CLTA-4 monoclonal antibodies have been evaluated for their
ability to deliver checkpoint therapy across the BBB. In rats treated with the NICs, there was
an increase of CTLs, NK cells, and M1 M@s in the tumor accompanied by a decrease in
Treg cells, and an increase in the length of survival (Galstyan et al. 2019). These studies
demonstrated the feasibility of delivering nanoscale immunodrugs across the BBB to treat
brain tumors and other neurodegenerative diseases.

7 Manufacturing, Scale-up, and Regulatory Considerations

While nanoparticle adjuvants clearly demonstrate immunological and delivery benefits, it is
important to consider all aspects of vaccine development for translation from research and
development to commercialization. A crucial aspect of vaccine development is the ability
to maintain stability and viability over long periods of time and/or variable temperatures.
Exposure of vaccines to elevated temperatures may result in denaturation of proteins and
loss of potency (Kumru et al. 2014; Lloyd and Cheyne 2017). Similarly, exposure to
freezing temperatures can be just as destructive, inducing agglomeration of adjuvants and
precipitation (Kumru et al. 2014; Lloyd and Cheyne 2017; Hanson et al. 2017). Thus, the
vaccine cold chain, a network of maintaining refrigerated temperatures (2-8 °C) through
manufacturing, storage, and distribution, is required for most vaccines.

The vaccine cold chain, while largely successful, is not without its challenges. Power
outages, failing, and outdated equipment, as well as transportation delays, may result in
exposure to increased temperatures (Chen and Kristensen 2009). Traditionally, vaccine

vial monitors indicate storage exceeded elevated temperatures, which consequently leads

to vaccine wastage (Chen and Kristensen 2009; Kumru et al. 2014; Lloyd and Cheyne
2017). However, freeze exposure is often less obvious and undetected, despite an estimate
of at least 75% of vaccine shipments being exposed to freezing temperatures (Chen and
Kristensen 2009). In addition, maintaining the vaccine cold chain is increasingly expensive,
accounting for up to 80% of the cost of each dose (Chen and Kristensen 2009; Lee et al.
2017). As such, countries in need of basic vaccines often lack the resources or infrastructure
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to be able to successfully maintain the cold chain (Chen and Kristensen 2009; Lee et al.
2017).

Recently, researchers have turned their focus to designing thermostable vaccines through
the use of particle adjuvants and delivery vehicles. Although liquid formulations have

thus far been preferred due to ease of manufacturing and packaging, dry formulations

via spray drying are an increasingly appealing option to enhance vaccine thermostability.
As an example, Saboo et al. demonstrated that a spray-dried virus-like particle (VLP)
vaccine maintained stability and immunogenicity after storage at 37 °C for up to 14 months
(Saboo et al. 2016). Similarly, adsorption to or encapsulation of vaccines within polymer
matrices may enhance vaccine thermostability. Recently, a vaccine for Ebola virus coated
onto PLGA particles was found to maintain stability for six weeks at 37 °C (Yang et

al. 2017). Additionally, PLGA particles have been demonstrated to preserve the stability

of encapsulated inactivated poliovirus (Tzeng et al. 2016). Furthermore, polyanhydride
nanoadjuvants have demonstrated the ability to maintain the stability of multiple subunit
vaccine antigens (Carrillo-Conde et al. 2010; Haughney et al. 2013; Ross et al. 2014). In
contrast to alum, Petersen et al. showed encapsulation into polyanhydride nanoparticles
preserved PA from B. anthracis over a wide range of temperatures (—20 to 40 °C) for up to
four months (Petersen et al. 2012). Thus, nanoadjuvants are a promising platform to enhance
the thermostability of vaccines and eliminate the vaccine cold chain.

Despite their improved thermostability, commercial manufacturing of nanovaccines includes
many challenges. Current vaccine production facilities are highly specific to a single,

unique product and new manufacturing facilities would be needed (Hosangadi et al. 2020).
Although this may require significant capital upfront, many nanovaccines offer a “plug-and-
play” platform approach which lends flexibility to the manufacturing process of different
vaccine formulations (Hosangadi et al. 2020). In addition, current dry vaccines utilize
lyophilization, a lengthy, high energy, and expensive process which requires reconstitution
before administration (Amorij et al. 2008; Clements and Wesselingh 2005; McAdams et al.
2012; Plotkin et al. 2017). High throughput, cost-effective production of nanovaccines could
be achieved via spray drying (McAdams et al. 2012; Jin and Tsao 2013). However, unlike
the food and pharmaceutical industries, current good manufacturing practices (cGMP) are
not yet established for vaccine production (McAdams et al. 2012; Jin and Tsao 2013).

Thus, further exploration is needed to translate nanovaccines from laboratory benchtop to
commercial scale.

Commonly employed techniques for nanoparticle synthesis include emulsion-based
methods, nanoprecipitation, salting out, microfluidics, and spray drying (Paliwal et al.

2014; Sosnik and Seremeta 2015). Benchtop methods such as single and double emulsion
methods, as well as nanoprecipitation, have traditionally been widely employed in the design
of polymeric nanoparticles encapsulating a wide variety of payloads, however, there are
issues with its scalability, including batch-to-batch variability and high cost due to the
requirement of large solvent volumes, and extensive drying following synthesis to ensure
loss of solvent, all of which can become costly on the material and processing end and
require large containers to accommodate such volumes (Martinez Rivas et al. 2017; Truong-
Dinh Tran et al. 2016). These limitations, as well as investor skepticism about the feasibility
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of scaling up emulsion-based methods and nanoprecipitation, have made it difficult to
scale-up for commercial use.

As mentioned above, spray drying is an alternative method for nanoparticle synthesis that is
gaining interest for large-scale production. This method is used to synthesize polymeric
micro- and nanoparticles encapsulating proteins in a variety of polymer chemistries,
including the widely used PLGA (Brenza et al. 2015; Arpagaus 2019; Sharma et al.

2015), but also for emulsions and micelles. Spray drying is a method of forming particles
through atomization of a liquid containing polymer and protein, either co-dissolved in
solution, emulsified, or as a solid/oil suspension. The main advantages of spray drying over
conventional polymeric nanoparticle syntheses are that it is rapid, continuous, low energy,
easily scalable, has high ease of operation, is versatile to multiple formulations, single-step,
and does not require any purification or further processing (Sosnik and Seremeta 2015;
Arpagaus et al. 2018). In addition, multiple studies have documented high yields using this
process, capable of achieving yields well above 50% (Schmid et al. 2011; Draheim et al.
2015; Li et al. 2010; Shi et al. 2020).

Currently, the ability to spray dry nanoparticles on a commercial scale is limited. For
benchtop nanoparticle synthesis, the Buchi Nano Spray Dryer B-90 HP is capable of
spray drying particles = 200 nm by atomizing particles via ultrasonic vibrating nozzle

and collected via an electrical precipitator (Wisniewski 2015). However, translation of

this technology to pilot and eventually commercial scale is challenging as industrial-scale
spray dryers of this nature do not currently exist. That being said, microparticle spray
drying is a much more developed field of study with technology established to commercial
scale. Several options for laboratory benchtop models exist, including the Biichi B-290
Mini Spray Dryer which atomizes particles via a two-fluid nozzle and collects particles
with a cyclone. In addition, Buichi Corporation published a report on the scalability from
the B-290 Micro Spray Dryer to the pilot plant spray dryer Niro MOBILE (Arpagaus

and Schwartzbach 2008). A previous study demonstrated the scalability of influenza virus-
derived hemagglutinin microparticle (5-10 um) formulation from the B-290 to the pilot-
scale spray dryer BLD-1 (0.5-30 pm) (Zhu et al. 2014). Therefore, the avenue exists

to scale the production of smaller sized microparticles, which is required by the United
States Food and Drug Administration (FDA), and there is a great need for research into
developing similar pathways for spray dryers that can produce nanoparticles on a pilot-scale
and beyond.

It is also important to partner with regulatory agencies to more carefully understand scale-
up and manufacturing of nanovaccines. Whereas much effort has been placed toward

the research and development of nanovaccines, regulatory guidance and processes for
nanoparticles are still evolving. Indeed, any changes in vaccine manufacturing induce new
regulatory requirements. Often, even small changes require re-validation of clinical trials
before licensing the vaccine product (Plotkin et al. 2017; Hua et al. 2018; Zehrung et

al. 2017), demonstrating a need for standardized rapid, in vitro assays that can ensure
nanoparticle safety and efficacy (Hua et al. 2018). Similarly, new administration devices
will also need to meet regulatory agency requirements and may need different pathways for
approval (Zehrung et al. 2017).
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Although commercialization of nanovaccines presents some challenges, it is important to
realize the full impact nanovaccines may have on preserving health worldwide. In recent
years, pandemics have highlighted a need for preparedness. As mentioned, the “plug-and-
play” manufacturing of nanovaccines offers flexibility, allowing facilities to be easily
modified to meet urgent needs (Hosangadi et al. 2020). Needle-free administration would
enable the ability to self-vaccinate without highly trained healthcare professionals, providing
a cost-effective method for rapid vaccination (Hosangadi et al. 2020; Jin and Tsao 2013;
Zehrung et al. 2017; Lee et al. 2015). As an example, the ability to self-administer an
influenza vaccine has been reported to increase the intent to vaccinate by approximately
20%, and reduce societal costs by $2.6 billion US dollars (Lee et al. 2015). Furthermore,
the enhanced thermostability of nanovaccines would allow for large, inexpensive stockpiles
ready for deployment in critical public health crises, such as pandemics (Hosangadi et al.
2020; Amorij et al. 2008; McAdams et al. 2012; Lee et al. 2015).

8 Conclusions and Perspectives

Nanovaccines represent a promising platform for many of today’s vaccines and for future
vaccines. In particular, polymeric adjuvants offer multiple advantages in designing novel
vaccines to help counter emerging and re-emerging pathogens (including ones that can
cause pandemics), non-communicative diseases such as cancer, and biodefense pathogens in
both humans and animals. As described in this review, polymeric nanovaccines can reduce
the dose and number of immunizations for many vaccines, provide rapid and long-lived
immunity in a single dose, activate humoral and cell-mediated immunity, provide for room
temperature storage for long periods of time, and enhanced patient compliance. Many of
these advantages also translate very effectively to the design and development of novel
vaccines for livestock and companion animal vaccines. With the advent of the data science
revolution, new approaches can be developed for rational design of novel nanovaccine
formulations using artificial intelligence and data analytics. Challenges that still need

to be overcome include translation from lab to clinic, scale-up/manufacturing/costs, and
regulatory approvals. Altogether, polymeric nanovaccines represent a platform technology
with great promise to enhance public health and pandemic preparedness.
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° Nanoparticle § Pathogenic anll-gen}/:. B cell receptor W Vaccine antigen ﬁl DNA/RNA Y Representative ligand

Fig. 1.
Schematic illustration of advantages provided by polymeric nanoparticle adjuvant systems

for vaccination. Clockwise left to right: nanoparticle enhanced T cell activation,

showing antigen cross-presentation; APC internalization of vaccine payload carried by
nanoparticles versus free diffusion; nanoparticle-enabled infection mimicking inducing
immune recognition and pro-inflammatory responses; immune activation by immunogenic
cell death; nanoparticle-enabled B cell receptor (BCR) crosslinking; nanoparticle trafficking
to lymph node; and complement activation by nanoadjuvants
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Table 1

List of adjuvants that have undergone clinical testing
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Adjuvant Components Formulation M echanism

Alhydrogel (aluminum Alum Aluminum adsorption Depot effect, Recruitment
hydroxide)

Alum (aluminum phosphate Alum Aluminum adsorption Depot effect, Recruitment

salts)

AS01 MPL and QS-21 in liposomes AS01g/AS01g | Liposome TLR-4, Recruitment
includes DOPC and cholesterol in phosphate
buffered saline
AS02 MPL and QS-21 in liposomes O/W emulsion TLR-4
AS03 Oil-in-water emulsion with a-tocopherol O/W emulsion IREla
AS04 MPL adsorbed onto aluminum hydroxide or | Aluminum adsorption TLR-4
aluminum phosphate
AS15 MPL, QS-21 and CpG 7909 Liposome TLR-4, TLR-9, Recruitment
AS25/AS50 AS02 without QS-21 O/W emulsion TLR-4
CAF01 dimethyl dioctadecyl ammonium delivery Liposome Recruitment
vehicle
CpG 7909 Soluble TLR-9
CRM197 A modified diphtheria toxin Soluble Recruitment
dmLT Proteins derived from £. coli enterotoxin Soluble TLR-4
GLA-AF Aqueous glucopyranosyl lipid adjuvant O/W emulsion TLR-4
GLA-SE Stable-oil-in-water-emulsion with O/W emulsion TLR-4
glucopyranosyl lipid adjuvant
GM-CSF Soluble Recruitment
IC31 Synthetic oligodeoxynuclotide and Soluble TLR-9 (Olafsdottir et al.
antibacterial peptide 2009)
Type | interferon Soluble Recruitment
IL-12 pDNA Soluble Recruitment (Jalah et al.
2012)
IL-2 Soluble Recruitment (Nunberg et al.
1989)
ISCOMATRIX Saponin and lipid complex Immunostimulatory complex | Recruitment (Pearse and
Drane 2005)
1sdB Recombinant S. aureus protein Soluble component TLR-7 (Wu et al. 2014;

Bagnoli et al. 2015)

KLH carrier protein

Immunogenic carrier protein

Soluble component

Recruitment

LT Adjuvant patch Transcutaneous immunostimulatory patch External microneedle Recruitment (Mkrtichyan et
al. 2011)

Matrix-M1 Saponins Soluble component Antigen uptake and
Recruitment (Magnusson et
al. 2013)

MF59 Squalene based emulsion O/W emulsion MyD88, ASC

Montanide ISA

Incomplete Freund’s adjuvant in mannide
monooleaste and mineral oil

W/O emulsion

Depot effect, Recruitment

MPL

O/W emulsion

TLR-4
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Adjuvant Components Formulation M echanism
MPL-SE MPL plus glycerol, phosphatidylcholine and | O/W emulsion TLR-4
squalene
poly-ICLC Double stranded RNA complex Soluble Component TLR-3 (Saxena et al. 2019)

QS-21 (or OBI-821,
OPT-821 or QS-DG all

of which are equivalent
derivatives or derived from
different sources)

Saponins

Soluble component

Recruitment (Kensil and
Kammer 2010)

rCTB

Cholera endotoxins

Soluble component

Recruitment (Isaka et al.
2004)
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