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Abstract: Nanoparticles are components of many vaccines, helping to make them more stable and
immunogenic. They protect antigens—or the genetic material encoding them —from degradation,
target them to particular tissues or cells, promote their uptake into antigen-presenting cells, and
activate the immune response (in the form of adjuvants). Nanoparticles come in many different
kinds, some with uniform composition and some with elaborate core-and-shell structures, including
lipid membranes. The antigen is usually retained inside, and the surface can be functionalized by
targeting or activating proteins and carbohydrates. This minireview provides a general introductory
overview to vaccination and a survey of nanoparticles, their types, production, characteristics, and
individual applications in vaccines, and finally, a brief look into the world of artificial antigen-pre-
senting cells.
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1. Vaccination

In the current pandemic caused by the novel coronavirus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Abbreviations: aAPC, artificial APC; ABC, am-
phiphilic block copolymer; APC, antigen-presenting cell; AuNP, gold nanoparticle; BCR,
B cell receptor; CAR, chimeric antigen receptor; CTL, cytotoxic T lymphocyte; DCs, den-
dritic cells; HA, hemagglutinin; HBV, hepatitis B virus; HIV, human immunodeficiency
virus; HPV, human papillomavirus; ISCOM, immunostimulating complex; LPN, lipo-
some-polycation nanoparticle;, MHC, major histocompatibility complex; MSN, mesopo-
rous silica nanoparticles; NFAT, nuclear factor of activated T cells; NP, nanoparticle;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SiNP, silica nanoparti-
cles; SVP, subviral particle; TCR, T cell receptor; Treg, regulatory (inhibitory) T cell; VLP,
virus-like particles; VSP, variant-specific surface protein; ZIKV, ZIKA virus), the need for
the development of effective vaccines has again come to the forefront of public attention [1].
Of course, vaccines against infectious diseases or cancer have been a predominant medical
concern throughout history and will remain so in the future [2]. This review focuses on the
contribution of nanoparticle technology to vaccine development in recent years, providing
introductions into both fields for the non-specialized reader. For deeper information, the
reader is referred to the considerable body of detailed recent reviews [3-19].

The mammalian immune system includes stationary cells such as macrophages and
dendritic cells (DCs) in the skin and the mucosal tissues of the airways and intestines that
act as guards wherever pathogens (mainly bacteria, viruses, or fungi) can enter the body
[3,20]. Should this happen, the macrophages trigger an inflammation, which constitutes a
so-called ‘innate’ (rapid but low-specificity) immune response (Figure 1). Such an inflam-
matory reaction usually requires whole (entire) pathogens, whose typical surface patterns
of cell wall molecules are recognized by the innate receptors of macrophages. These then
endocytose the pathogens or attack them with reactive oxygen species and other sub-
stances, simultaneously secreting cytokines to attract more immune cells. At the same
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time, DCs also become activated through innate receptors, take up the pathogens by re-
ceptor-mediated or fluid-phase endocytosis, and travel to lymph nodes to present pro-
cessed protein antigens, i.e., fragments of the pathogen proteins, to the T cells of the adap-
tive immune system. Activated T helper cells then activate macrophages (to kill endocy-
tosed pathogens) or B cells (to secrete antibodies), and activated cytotoxic T lymphocytes
(CTL) kill virus-infected or tumor cells. The generation of activated effector B and T cells
is called the adaptive immune response [20].

Pathogen (virus, bacterium) enters body

L4
Innate immune cells (e.g., macrophages) recognize pathogen by molecular patterns and trigger inflammation through cytokines

v

Inflammation attracts more immune cells
v

Dendritic cells take up pathogen and move to lymph nodes
L4
Dendritic cells present antigens (pathogen fragments) to activate T cells

Activated effector T cells kill infected cells
or stimulate effector B cells to make antibodies

-
* Memory T and B cells stay in reserve
Effector cells die once pathogen disappears for next pathogen encounter

Figure 1. The course of an antiviral or antibacterial immune response is simplified. The pathogen
enters the body and is recognized by the innate immune cells through its specific molecular patterns,
the cytokines then triggering an inflammation. This inflammation attracts more immune cells, with
the pathogen being taken up by dendritic cells and moved to the lymph nodes. The dendritic cells
then present antigens that activate effector T cells and memory T cells. The effector T cells either kill
the infected cells or stimulate effector B cells to make antibodies, with the effector cells dying after
the pathogen is eliminated. In contrast, memory T and B cells remain in reserve to be used in the
future encounter of the same pathogen.

Antibodies are soluble proteins that are produced by activated B cells (the humoral
adaptive immune response), and they bind to epitopes (molecular regions) on antigens,
which can be proteins, nucleic acids, or lipids of the pathogen [20]. Therefore, antibodies
are especially suitable for detecting pathogens in the blood, the extracellular space, and
the interior (mucosal) surfaces of the body, such as the lungs or the intestines [20,21]. The
binding of antibodies to their epitopes on the surface of pathogens leads to their inactiva-
tion, cell death, or phagocytosis by immune cells [20]. Antibodies can only survey the ex-
ternal surface of a pathogen or an infected cell, but not its interior [22].

Activated cytotoxic T lymphocytes (CTL), in contrast, recognize peptide fragments
of intracellular proteins presented to them by MHC (major histocompatibility complex)
class I proteins (the cellular adaptive immune response). Such MHC class I epitope pep-
tides can originate from any protein that is synthesized in the cell, including nuclear or
cytoplasmic proteins, and so CTL are especially suitable for detecting pathogen-infected
or tumor cells [4]. Recognition by a CTL leads to the death of the presenting cell by in-
duced apoptosis, which limits the spread of the virus or the propagation of the tumor.
CTL responses against tumor cells are in principle similar to those against virus-infected
cells, but inefficient initiation of the response (in the absence of inflammation) and the
immunosuppressive microenvironment of the tumor (which employs suppressive signal-
ing or mechanical barriers) imposes additional barriers.

After clearing the pathogens or tumor cells, T and B cells undergo programmed cell
death, leaving the immune system with a small number of antigen-specific memory cells
that can be rapidly reactivated and expanded if the same pathogen is encountered again.
The purpose of a vaccine is, therefore, to present the antigens to the adaptive immune
system such that it will generate memory B and T cells that warrant a rapid immune re-
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sponse [3,20,23]. For this, the vaccine formulation must contain the right antigen; for ex-
ample, if the purpose of the vaccine is to generate antibodies to the surface proteins of a
virus, then these surface proteins, or their most exposed parts that are most likely to be
the epitope of antibodies, are the antigenic epitopes to be used in the vaccine. These anti-
gens (or indeed their genetic information, as in a nucleic acid vaccine) must be contained
in a vaccine in a physical form that is effectively taken up, processed, and presented by
the DCs [24], [25]. The vaccine should also contain an adjuvant that causes mild inflam-
mation in order to activate the DCs in the first place; such adjuvants are mineral salts,
saponins, emulsions, polymers, cytokines, liposomes, or nanoparticles (see below) [4,26].
Sometimes, the antigen itself can function as an adjuvant [3,27]. The vaccine may be for-
mulated to ensure a slow and sustained release of the antigen since a strong adaptive
response might take days to weeks to develop [27].

Many successful vaccines have been designed, especially against pathogens that
cause acute infections such as tetanus, polio, smallpox, and measles [3,25]; in contrast,
there are no effective vaccines yet for diseases that cause chronic infections such as HIV
[25]. Another focus of development is therapeutic vaccines for cancer or autoimmune dis-
eases and allergies [25]. In the past, the development of vaccines that contained the actual
pathogen often took many years; for therapy or to rapidly deal with newly emerging path-
ogens, faster development cycles and universally usable technical platforms are highly
desirable, and with synthetic vaccine formulations, these aims can be achieved, as the
many vaccines against SARS-CoV-2 demonstrate [1]; in this endeavor, artificial nanopar-
ticles play a central role.

2. Forms of Antigen in a Vaccine

In principle, the best immune response is elicited by a vaccine that is as similar as
possible to the actual pathogen and that mimics its route and mechanism of infection [5].
Thus, many successful vaccines against viruses and bacteria consist of inactivated (killed)
or attenuated (chemically or genetically disabled) pathogens [15], [5]. Such formulations
have drawbacks, though: their development (e.g., by a repeated passage in non-human
host organisms or cell lines) might take many years, and their production can be difficult
and time-consuming [5,28].

For these reasons, vaccines have been developed that present the most important
epitopes, or their genetic information, to the immune system by other means. Subunit
vaccines use purified antigen molecules such as proteins or bacterial cell wall polysaccha-
rides [29], though the latter can only induce antibodies but not CTL [30]. Nucleotide vac-
cines do not contain actual antigen molecules but instead RNA or DNA that encodes them,
leaving it to the cells in the vicinity of the injected vaccine to produce the antigenic protein;
macrophages and/or dendritic cells then process the antigen and initiate an immune re-
sponse [1].

Since in an infection, the immune system usually encounters whole pathogens, i.e.,
particles that may contain many copies of the antigens on its surface or in its interior [17],
the innate immune response is naturally optimized for particulate antigens. Compared to
soluble antigens, they are phagocytosed better by the immune cells and give stronger re-
sponses. Particulate antigens such as whole bacteria more strongly activate the intracellu-
lar signaling pathways of the innate immune cells, such as the inflammasome and the
calcineurin/NFAT pathway, resulting in better cytokine production and immune stimu-
lation. Starting the humoral adaptive immune response, in turn, requires endocytosis of
antigen by B cells, which is more efficient with particulate antigens since the crosslinking
(induced proximity) of several B cell receptor molecules by a multivalent particulate anti-
gen yields stronger B cell activation with better antigen presentation to T helper cells [17].

Pathogens have used such strong immune reactions to particulate antigens for their
own purpose, namely to subvert the immune response directed against them. For exam-
ple, hepatitis B virus (HBV) triggers infected cells to produce virus-like entities called sub-
viral particles (SVPs) of about 25 nm diameter (compared to 42 nm for the HBV virion)



Appl. Sci. 2021, 11, 11898

4 of 13

that display the viral surface antigen (sAg) but contain no viral genome. SVPs vastly out-
number the real virions, and being highly immunogenic, they deflect the immune re-
sponse, enabling chronic HBV infection [31]. Because of their strong immunogenicity,
these SVPs have indeed been used as carriers for vaccine epitopes from other pathogens
[7] as a kind of natural vaccine nanoparticle. The HBsAg SVPs are glycosylated lipopro-
tein particles stabilized by a network of intramolecular and intermolecular disulfide
bonds, and they allow targeted modifications of both the glycan content and the level of
disulfide bonding. HBsAg SVPs accept and present foreign antigenic sequences to yield a
chimeric particulate delivery platform that led to the development of the Mosquirix vac-
cine against malaria and other potential preclinical vaccines against infectious diseases
[7].

In the development of vaccines with all-synthetic components, it makes sense to use
synthetic nanoparticles (NPs) to emulate the strong immunogenicity of polyvalent bacte-
ria, viruses, and SVPs [3,5,6,8,16,21,32,33]. In principle, synthetic NPs might contain the
antigen on the inside or on the outside, and they might be modified with additional mol-
ecules at their surface; thus, they might be constructed to deliver peptides or proteins to
specific tissues and generate location-specific immune responses [3,23,32,34]; to enter in-
nate immune cells through fluid-phase endocytosis [35]; to protect antigens from enzy-
matic degradation, which is particularly important in case of mucosal vaccination
[18,21,35]; to carry several components in one particle, such as both the antigen and the
adjuvant; to be made biodegradable, biocompatible (i.e., not producing an adverse reac-
tion in the living organism), and easy to produce [3,5,6,8,16,21,23,26,32,34,35]. In prophy-
lactic and therapeutic studies, synthetic NPs are now used as immunostimulant adjuvants
in order to activate or enhance immunity or as delivery systems to enhance antigen pro-
cessing [32]. Through their influence on innate and adaptive immune responses, NPs
might also be designed to boost the production of memory T and B cells, which is vital for
a vaccine to be successful (see above) [35].

In principle, therapeutic nanoparticles can be used both in the prophylactic and in
the therapeutic context. While therapeutic nanoparticle vaccines are mainly used in cancer
treatments and more recently also for the treatment of other diseases such as hypertension
or Alzheimer’s, prophylactic nanoparticle vaccines have been applied to the prevention
of various infections such as human papillomavirus (HPV) infections [7,35-37].

3. Types and Uses of Nanoparticles in Vaccines

The nanoparticles currently used in vaccine development can be loosely grouped into
six categories (Table 1, Figure 2) [5,35].

Table 1. Summary of the six types of nanoparticles used in vaccine development, their main characteristics and sizes.

Particle Type Characteristics Size
Emulsions Oil-in-water or water-in-oil. Used as adjuvants in vaccine delivery. 50-600nm
ISCOMS Made of saponin, phospholipids, and cholesterol. Cage-like particles. 40-60 nm
Liposomes Biodegradable lipidic NPs. Encapsulation and controlled release of antigens. 200-1000 nm

Inorganic NPs

Controllable synthesis and rigid structure. Non- biodegradable 2-150 nm

Synthetic or natural polymers. Biodegradable. Allows controlled release of

Polymeric NPs . Variable
antigens
VLPs and
S an . Self-assembling viral capsids lacking genetic material. Variable
Self-assembled protein .
Fold into complex quaternary structures. 10-40 nm

cages
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Figure 2. Types of nanoparticles used in vaccines. The images are schematic and do not depict the
size relationships of the particles to their components. (a) Oil-in-water (top left), water-in-oil (top
right), and water-in-oil-in-water emulsion (bottom, with reverse micelle enlarged). The antigen is
usually adsorbed to the phase interface that is stabilized by the emulsifier (not shown). (b) Three-
dimensional view (top) and cross-section schematic (bottom) of an ISCOM. (c) Liposome with pro-
tein antigens in the aqueous center (top) and with nucleic acids complexed to cationic lipids inside
(bottom). (d) Gold nanoparticles decorated with antigen and adjuvants (top) and mesoporous silica
nanoparticle functionalized with antibodies for targeting (bottom). (e) Isotropic PLGA nanoparticle
(top) and layer-by-layer polyelectrolyte microcapsule (bottom). (f) Virus-like particles with (top)
and without (bottom) enveloping membrane.

3.1. Emulsions

Emulsions are the simplest two-phase structures used in vaccine delivery. Though
they are entirely made of liquids, they share some properties with solid particles. In addi-
tion to the aqueous phase, they usually consist of a hydrophobic oil phase and an am-
phiphilic emulsifier detergent that stabilizes the phase boundary, for example, the fatty
acid ester of sugar alcohol. There are oil-in-water, water-in-oil, and water-in-oil-in-water
emulsions, with droplet sizes between 50 and 600 nm [11,19,24]. The antigens are usually
adsorbed to the phase boundary, and from their slow and sustained release into the tissue,
emulsions provide a strong adjuvant effect. [19]. Examples comprise MF59™, an oil-in-
water emulsion that has been used as an adjuvant and studied for its potential uses in
influenza vaccines [38], and Montanide™, a family of oil-in-water and water-in-oil emul-
sions that have been used in malaria vaccines [39]. Oil-in-water nanoemulsions can be
complemented with biosurfactant peptides and proteins that can serve as anchors for
functionalization with other biomolecules, such that polyethylene glycol and/or a recep-
tor-specific antibody (for targeting) can be selectively attached to the droplet-water inter-
face [40].
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3.2. ISCOMs

Immunostimulating complexes (ISCOMs) are spherical, perforated, cage-like, hollow
micelles with a size of 40—60 nm that are made of the saponin adjuvant Quil-A®, phospho-
lipids, cholesterol, and the protein or peptide antigens, which are trapped in the center
through nonpolar interactions [5,19,24] [32]. ISCOMS can bind and penetrate cellular
membranes and carry the antigen and the adjuvant into the cytosol of the antigen-pre-
senting cells (APCs) such as DCs so that the antigen is transported —with activated DC
migration—to the lymphnodes [19,24]. ISCOMs are produced with the help of non-ionic
detergents that are then removed by dialysis [19]. The antigens that are currently used
with ISCOMs are derived from the Newcastle disease virus, herpes simplex virus, and
influenza, among others [24].

3.3. Liposomes

Liposomes for vaccination purposes are prepared from biodegradable and nontoxic
phospholipids with a reverse-phase evaporation process by dissolving phospholipids in
an organic solvent, adding water and antigen, evaporating the solvent, and breaking up
the resulting lipid aggregates into liposomes of defined size by sonication or by passage
through filters, or both. Alternatively, they can be formed by dissolving lipids in a deter-
gent and then removing the detergent by absorption (e.g., onto hydrophobic beads) or
dialysis (if the critical micelle concentration is sufficiently high) [11,19,24]. Liposomes can
encapsulate hydrophilic antigens into their aqueous core, and their membranes can incor-
porate viral envelope glycoproteins to form virosomes [9,19,24]. Inflexal®V for influenza
[41] and Epaxal® for hepatitis A [42] are such virosome systems that are approved for
human use.

For the delivery of nucleic acid vaccines by liposomes, polycations such as polyeth-
ylenimine or cationic lipids can, on the one hand, help to condense the nucleic acid inside
the respective liposome and, on the other hand, disrupt the cellular endosomal mem-
branes, leading to more efficient delivery [9,19,24]. Such polycations can be combined
with a calcium phosphate core that may contain the nucleic acid as a co-precipitate [43].
As they function as messenger RNA (mRNA) protectors and carriers, such cation-contain-
ing liposomes have been used in the development of SARS-CoV-2 vaccines by BioN-
Tech/Pfizer and Moderna companies [31].

As a synthetic alternative to phospholipids, liposomes from amphiphilic block copol-
ymers (ABCs) were studied for the delivery of a DNA vaccine against the Zika virus
(ZIKV). Therefore, plasmid DNA encoding a ZIKV antigen was enveloped with tetrafunc-
tional ABCs made of four amphiphilic diblocks that were centered on an ethylenediamine
moiety. Delivery was effective in a variety of cell and tissue types such as heart, lung, and
muscle [27].

3.4. Inorganic Nanoparticles

Inorganic nanoparticles that are made, for example, from gold, silica, or carbon, were
used in the development of vaccines due to their rigid structure and tightly controllable
synthesis [11,19,24]. Since they are not biodegradable, though, they might cause inflam-
mation and even fibrosis in some organs such as the lower lungs [11,17]. Inorganic NPs
are usually isotropic (internally unstructured); they can be produced by first using a re-
ducing agent to form small particles of the respective material, followed by using silver
acetate and cetyltrimethylammonium bromide to bring them into the desired size and
shape [19].

Gold nanoparticles (AuNPs) can be easily manufactured in different shapes (cubic,
spherical, etc.) with sizes between 2 nm and 150 nm, and thus, they are used in vaccine
delivery with gold nanorods conjugating the protein antigen to the surface [44,45]. They
can be modified at their surface with multivalent carbohydrates that interact with lectins
(carbohydrate-binding proteins of the cell surfaces), with a potential for tissue-specific



Appl. Sci. 2021, 11, 11898

7 of 13

targeting [30]. Various types of AuNPs were used both to carry antigens derived from
viruses, such as the influenza virus, and DNA of the human immunodeficiency virus
(HIV) [19,24].

Carbon nanoparticles were studied for vaccine delivery because they are biocompat-
ible and can be produced in different shapes, e.g., nanotubes and mesoporous spheres.
Carbon nanotubes lead to intense IgG responses since they can carry several copies of
protein and peptide antigens [24].

Nanoparticles based on silica (SiOz, SiNPs) are biocompatible and water-soluble,
with long-lasting blood circulation and vaccine delivery, which make them one of the
most encouraging inorganic materials used in nanovaccines and delivery system design
[26,46]. They can be mesoporous and even hollow, with very high antigen loading capac-
ity. The surface silanol groups allow functionalization with antibodies or other proteins
for cell recognition, absorption of additional biomolecules, and strengthened cellular up-
take [47,48]. SiNPs can be fabricated with a luminescent core and a paramagnetic coat,
allowing for multimodal imaging by microscopy and magnetic resonance [11,49].

3.5. Polymeric Nanoparticles

Polymeric NPs are made from synthetic polymers, with poly(lactide-co-glycolide)
(PLG) and poly(lactic-co-glycolic acid) (PLGA) studied the most because of their good bi-
ocompatibility and biodegradability [4,32,35,50]. They are isotropic, i.e., without a shell
and with the antigen distributed evenly throughout the particle. One advantage of poly-
meric NPs is that they afford control over the release kinetics of the loaded materials by
altering the polymer such as changing its functional chemical groups, monomer ratio, or
molecular weight [32,35,51].

Polymeric NPs are often synthesized by the double emulsion solvent evaporation
technique: the polymer is dissolved in an organic solvent such as ethyl acetate, and a pro-
tein antigen is added together with an emulsifying agent such as polyvinyl alcohol. Then,
by vortexing, a water-in-oil-in-water emulsion is formed, and the polymer precipitates
around the antigen. The product is dried by solvent evaporation to prevent polymer deg-
radation caused by ester hydrolysis [32]. Another synthesis method uses amphiphilic co-
polymers that self-assemble through hydrophobic interactions [32][51], enclosing the an-
tigen. Polymeric NPs enable antigen delivery to immune cells and sustained antigen re-
lease through their slow biodegradation [32,35]. In recent years, PLGA has been utilized
to carry antigens derived from diverse pathogens such as Plasmodium vivax (using the
mono-phosphoryl lipid A as the adjuvant), hepatitis B virus (HBV), and experimental
model antigens such as chicken ovalbumin and tetanus toxoid [4,32,35,50]. Co-encapsula-
tion of a lipid that stimulates invariant natural killer T cells (iNKT cells) further enhanced
T and B cell responses to PLGA nanoparticles [52].

The amphiphilic poly(y-glutamic acid) (y-PGA) also self-assembles into nano-mi-
celles with a hydrophilic outer shell and a hydrophobic core [53,54]. The y-PGA NPs are
mostly used to encapsulate hydrophobic antigens [32]. Polymeric NPs that are made of
naturally polymeric polysaccharides (such as chitosan, pullulan, inulin, or alginate) can
incorporate antigens and can also themselves act as adjuvants [4,8,26,32,35]. Such poly-
saccharide-based NPs are produced by covalent crosslinking, ionic crosslinking, polyelec-
trolyte complexes, or by self-assembly of hydrophobically modified polysaccharides
[8,32]. Chitosan-based NPs were especially well investigated due to their biocompatibil-
ity, biodegradability, their ability to be easily adapted according to preferred variable size
(20-600 nm), and their nontoxic nature [4,5,26,32,35]. They were used in the development
of several vaccines against HBV [7,32,35]. In vaccines against both HBV and influenza,
Advax, an NP adjuvant made from inulin (an activator of complement through the alter-
native pathway), was used [5].

Polyelectrolytes, i.e., polymers with repeating units that carry either positive (poly-
cations) or negative (polyanions) charges, are another important subclass of polymeric
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NPs in practical use [55,56]. While they are mainly used as carriers in the delivery of bio-
active substances, they have recently been studied as components of peptide-based subu-
nit vaccines against group A streptococcus [55,56]. They can be made water-soluble, bio-
compatible, and slowly biodegradable [56]. Polyelectrolyte complex nanoparticles
(PECNSs) are produced using techniques such as ionic gelation (crosslinking) and coacer-
vation (phase separation) [56]. Some approaches use hyaluronic acid and chondroitin sul-
fate, but the most commonly used natural polymer is chitosan, as it is mucoadhesive, has
enhanced tissue permeation, and enables the production of NPs under mild conditions
[56]. Chitosan, a hydrolysate of fungal or insect chitin, bears 0.5 positive charges per sac-
charide unit at physiological pH and can be complexed with hyaluronic acid to form
PECNs [56]. Hyaluronic acid naturally occurs in the extracellular matrix of connective tis-
sues and interacts with cell-surface receptors such as CD44; together with chitosan, it in-
creases mucoadhesion [56]. Polyelectrolyte capsules can also be manufactured larger than
1 uM when assembled in a core-shell format with a layer-by-layer buildup technique [57],
with the active substances either inside the core or integrated into the shell, with the ad-
ditional option of modifying the surface with receptors that target particular cells or tis-
sues [58,59]. Such core-shell microcapsules might also be used in vaccine development.

3.6. VLPs and Self-Assembled Protein Cages

Virus-like particles (VLPs) are capsid-like NPs (20-200 nm) made up of viral proteins
that can self-assemble into regular structures. They lack a viral genome and thus cannot
replicate [4,10,13,32,35,60,61]. When they are produced in eukaryotic cells (e.g., mamma-
lian or insect cell lines, plant [62,63], or yeast cells), VLPs can have an envelope membrane
through which the antigens protrude as transmembrane proteins, making them—from
the outside —similar to liposomes. Because of their highly repetitive structure, VLPs some-
times generate powerful immune responses even without adjuvant [26,64]. The VLP vac-
cine for HBV (Engerix) was the first virus-like particle vaccine to reach the wider market,
followed by prophylactic VLP vaccines for the human papillomavirus (Cervarix) and ma-
laria (Mosquirix) [9,65,66]; influenza VLP vaccines are in clinical trials [67].

The surfaces of VLPs, or the extra-particular parts of their transmembrane proteins,
can be modified to attach other proteins for targeting or for adjuvant functions. This is
achieved, for example, by genetic engineering [68], the Spy/SpyCatcher reaction [69], or
by chemical crosslinking [70]. One such approach uses genetic fusions of the transmem-
brane and cytosolic portions of the vesicular stomatitis virus G protein (which makes the
VLPs) with variant-specific surface proteins from protozoa (e.g., Giardia), which act as
very strong mucosa-specific adjuvants [60].

Self-assembling cage-like protein particles similar to VLPs were also designed de
novo. In one study, a trimeric aldolase was engineered with RosettaDesign to fit an icosa-
hedral symmetry with novel interfaces between the trimers optimized for close packing
without steric clashes [36]. This self-assembling cage, produced in E. coli, was then func-
tionalized with the recombinant receptor-binding domain of the SARS-CoV-2 Spike pro-
tein by the Spy/SpyCatcher reaction for eventual use as a VLP vaccine, using additional
adjuvant [71,72].

On the small side of self-assembling protein complexes, ferritin is an icositetramer
(24-mer) with an almost spherical structure of 10 nm diameter. In the development of an
influenza vaccine, a fusion protein of ferritin and hemagglutinin (HA) from the virus is
therefore spontaneously assembled into an octahedral particle with eight trimeric HA
spikes. This yielded a stronger immune response than the trivalent inactivated influenza
vaccine by itself [35].
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4. Nanoparticles as Artificial Antigen-Presenting Cells—The Future of Inmunother-
apy?

Traditionally, vaccines have aimed to bring about an immune response by stimulat-
ing DCs to present the provided antigen to T cells (see above). With a better understanding
of the rules of T cell activation, it has recently become feasible to directly stimulate T cells
using multivalent reagents that mimic activated dendritic cells, so-called artificial antigen-
presenting cells (aAPCs). Because T cells only recognize processed antigen as peptide
epitopes bound to an MHC molecule, the use of aAPCs is indicated where peptide-specific
T cell stimulation is possible and desirable, for example, with T cells directed against a
known tumor epitope. The aAPCs must carry at their surface the MHC molecule/peptide
complexes that are needed to convey antigen specificity, and they must also display co-
stimulatory molecules, especially ligands for the CD28 receptor on the T cells; they may
also carry proteins or lipids that promote general cell adhesion, and they may contain
activating cytokines for slow release [73,74]. Inorganic and polymeric nanoparticles of dif-
ferent sizes are being investigated for direct T cell stimulation. In addition, filaments such
as dextran molecules or chemical analogs of peptides with a longer biological lifetime
promise polyvalent backbones (though not strictly nanoparticles) [75]. The resulting pos-
sibilities for direct antigen-specific stimulation of individual T cell clones allow much
more finely tuned manipulation of the desired immune response with boundless oppor-
tunities, including perhaps, in the future, the inactivation of regulatory (inhibitory) T cells
(Tregs) or perhaps the generation of desirable Tregs to treat autoimmune diseases [76].

5. Conclusions

The development of novel vaccines is essential for public health, not just because of
the current and potential future pandemics but also because of the increasing understand-
ing of the immune response to cancer, which is beginning to enable prophylactic and ther-
apeutic immunization. Modular vaccine platforms (i.e., that do not need to be completely
redesigned for each application) will allow faster development than previously possible,
some degree of standardization of their production, and they will perhaps also simplify
the process of approval by regulatory authorities. Nanoparticles can, in principle, be such
modular platforms.

Among the nanoparticles described above, synthetic nanoparticles, which are assem-
bled from known ingredients, are better candidates for such standardization in develop-
ment and production (as compared to natural particles such as HBSAg SVPs). They allow
fine-tuning with respect to targeting, durability to degradation, the amount of antigen,
and the degree of its protection, with the particle either containing the antigen on the in-
side or the outside of it and the potential of adding diverse molecules to its surface.

The recent impressive success of nucleic acid vaccines that are enveloped in lipo-
somes has made it clear that such vaccines have an additional advantage with respect to
standardization: their antigenic content, here as genetic information, can be easily and
rapidly altered, with all other components of the vaccine (and even the size of the nucleic
acid) remaining the same. This provides convincing answers to newly developing variants
of a pathogenic virus and novel pathogens, but it may also be an essential condition of
future cancer vaccines, which, because of the highly individual nature of tumor epitopes,
may have to be personalized. For this, liposome-encapsulated nucleic acid vaccines may
indeed be the only financially viable option.

Such liposomes may be functionalized with adjuvants to enhance their immunogen-
icity, e.g., in mucosal membranes, which might then enable their use as oral vaccines. This
functionalization might occur with the help of transmembrane proteins, blurring the
boundary between liposomes and VLPs. Initial approaches for the packaging and delivery
of RNA with the help of VLP vesicles exist [77].

Development and optimal design of a standardized toolbox of nanoparticles for vac-
cine delivery still face several challenges, including our understanding of the physical
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properties of the different types of nanoparticles (and their ingredients), their biodistribu-
tion, biodegradability, and targeting. Therefore, the study and development of reproduc-
ible nanoparticles with advantageous properties continues to be of great importance, as
well as discovering new administration, targeting, and delivery methods that will enable
more efficient use of vaccine nanoparticles in the treatment of disease.
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