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Abstract. — Vaccinations are the most ef-
fective preventive methods against infectious
diseases and represent one of the most rele-
vant successes of medicine. Vaccine develop-
ment is constantly evolving; therefore, the num-
ber of vaccine candidates is progressively in-
creasing. However, most of new potential vac-
cines are characterized by a lower immunoge-
nicity, with the inability to stimulate powerful
and long-lasting immune responses. Hence, to
get modern and effective vaccines, we need of
adjuvants and innovative delivery systems that
increase their immunogenicity. The use of nan-
otechnology in vaccinology is providing the op-
portunity to contrast these difficulties and de-
velop effective vaccines. Particularly, nanopar-
ticles used as vehicles of vaccine components,
are able to increase the host’s immune respons-
es and, due to their size, to reach specific cellu-
lar districts. To date, a certain number of nano-
vaccines has been approved for human health
and many are studied in clinical or pre-clinical
trials. There are several types of nanoparticles
considered as possible delivers of vaccine anti-
gens. These nanoparticles-based synthetic de-
livery systems, in the size range of 20-200 nm,
protect antigen from degradation, enhance its
presentation and facilitate its uptake by profes-
sional antigen presenting cells. Virus-like par-
ticles, self-assembled proteins, micelles, lipo-
somes, inorganic nanoparticles, and polymers
are the most studied of these systems. In this re-
view, we provide a general overview of different
types, methods of synthesis, characterizations,
properties and applications of nanoparticles in
vaccine production.
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Introduction

Vaccinations are the most effective preventive
weapon against infectious diseases and represent
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one of the principal topics for human health. In
about two hundred years, vaccinations have al-
lowed to the worldwide eradication of smallpox,
the elimination of poliomyelitis in the majority of
countries and the decrease in the morbidity and
mortality of a number of vaccine-preventable di-
seases (VPDs). Nevertheless, vaccine hesitancy is
spreading in many countries, especially due to an
unjustified fear of hypothetic side effects of vac-
cines and a lack of trust in vaccine safety and ef-
ficacy'?. Consequently, some outbreaks of VPDs
occurred in many parts of the world*> and impor-
tant public health targets, such as eradication of
poliomyelitis and congenital rubella, are not still
reached, as demonstrated by a lot of internatio-
nal studies®®. Unexpectedly, vaccine hesitancy is
a condition concerning even healthcare workers
that often are under or no vaccinated against the
main VPDs because of doubts about vaccine sa-
fety and efficacy'*'.

Because vaccine development is constantly
evolving, the number of candidate vaccines is
progressively increasing'>'®. However, most po-
tential vaccines have an essential composition,
generally characterized by a lower immunoge-
nicity, with the inability to elicit powerful and
long-lasting immune responses'”'*. Therefore, to
obtain modern and effective vaccines, we need
of adjuvants and innovative delivery systems that
enhance their immunogenicity. This research to-
pic is placed in a context of technological inno-
vations aimed at reduce the burden of infectious
diseases in all their aspects'®.

The first idea of nanotechnology was born in
the mind of the great physicist Richard P. Feyn-
man in 1959%. In 1986, Eric Drexler introduced
the term “nanotechnology” in his book “Engines
of Creation” to describe the approach of mole-
cular manufacturing and some of its consequen-
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ces?’. Nanotechnology is an important discovery
applied in many industrial and scientific fields.
Particularly in the latter, nanotechnologies have
allowed the development of “nanomedicine”*.
Nanotechnology has been part of conventional
scientific theories with potential medical applica-
tions since the early 1990s. From then to today,
several “nanostructures”, such as nanoparticles,
nanorods, nanospheres, nanofibers, nanotubes,
and others, have been considered for numerous
applications to biologic systems?.

In its strictest definition from the National Na-
notechnology Initiative, nanotechnology refers to
structures of about 1-1000 nm of size in at least
one dimension with variable composition, size,
shape, and surface properties®*-*. Nanoparticles,
because of their size similar to some cellular com-
ponents, can enter into living cells through the
mechanism of endocytosis, in particular pinocyto-
sis®. The clinical application of these structures
is revolutionizing some medical fields, including
diagnosis, prevention and treatment, as carriers
and delivers of biologically active compounds.
Indeed, some approved nano-sized vaccines and
drug delivery systems are making a real revolu-
tion in disease prevention and management?*26-28,
Natural or synthetic materials able to incorpo-
rate exogenous drugs and self-assemble to form
nanoparticles (NPs) in aqueous media have been
planned and studied as drug delivery carriers®-,
In parallel to researches about possible medical
applications of nanoparticles, several studies have
been carried out to assess their biocompatibility
and potential cellular toxicity*>*.

The use of nanotechnology in vaccinology is
providing the opportunity to contrast some diffi-
culties and to develop effective vaccines***. Par-
ticularly, nanoparticles used as vehicles of vacci-
ne components, are able to play an important role
in the development of new vaccines both in the
increase of the host’s immune responses and in
the possibility, due to their size, to reach specific
cellular districts. We can distinguish a therapeu-
tic and a prophylactic nanovaccinology. Thera-
peutic nanovaccinology is primarily addressed
to the therapy of cancer***’ but is more and more
studied to treat other diseases or conditions,
such as Alzheimer’s disease®, hypertension®
and nicotine addiction®. Prophylactic nanovac-
cinology is instead addressed to the prevention
of several infectious diseases. A certain number
of prophylactic nanovaccines has been already
approved for human use and many are studied in
clinical or pre-clinical trials***2. Vaccine antigen,
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placed on the surface or encapsulated inside na-
noparticles, is presented to the immune system in
the same way in which it would be presented by
pathogen®. Three are the key factors for an ef-
fective and successful vaccine: (1) a good antigen
to activate immunity, (2) an immune adjuvant to
co-stimulate innate immune system and (3) a car-
rier system to allow the achievement of the anti-
gen presenting cells (APCs) by the two previous
components. To achieve these goals, it is neces-
sary that the design of nanoparticles concerns
especially composition, size, surface properties
(all factors influencing link and delivery of an-
tigen), biodistribution, and immunostimulatory
capacity of the used nanostructures®3*%°, Some
studies have reported that nanoparticles facilita-
te the cellular entry by endocytosis, in particular
pinocytosis, of the vaccine compounds improving
the effectiveness of vaccines**’. To well optimize
the application of nanoparticles in vaccinology, it
is important to determine their size, physic-che-
mical compositions and modifications of the ma-
terials, as these parameters determine their biolo-
gical effects “in vivo™®. Other factors to consider
when talking about nanoparticle-based vaccines,
are shape and dose of nanoparticles. Therefore,
vaccine nanoparticles with various compositions,
sizes, shapes and surface properties are to be pro-
duced to meet different requirements®.

In this review, we provide a general overview
of different types, methods of synthesis, characte-
rizations, properties and applications of nanote-
chnology in vaccine production, focusing the at-
tention only on prophylactic nanovaccines used to
prevent infectious diseases.

Different Types of Nanoparticles Used as
Potential Vaccine Delivery Vehicles

There are several types of nanoparticles con-
sidered as possible delivers of vaccine antigens.
Particularly, several researches has focused their
attention on the development of nanoparticles-ba-
sed synthetic delivery systems in the viral size
range (20-200 nm) that protect antigen from de-
gradation, enhance its presentation and facilitate
its uptake by professional APCs®*-*". The principal
of these systems are virus-like particles, self-as-
sembled proteins, micelles, liposomes, inorganic
nanoparticles, and polymers.

Virus-like particles (VLPs)

Virus-like particles (VLPs) are non-infectious
self-assembling nanoparticles formed by a
structured protein capsid lacking of genetic mate-
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rial, already used for development of viral vacci-
nes’%*%, VLPs are brilliant nanoparticles becau-
se they are equipped by an external viral casing,
characterized by repetitive epitopes, immediately
recognizes as a non-self-structure by immune
system. Therefore, VLPs share with viruses the
positive capacity to stimulate immune responses
strongly but they do not have the harmful abili-
ty to induce infection. The naturally-mimicking
size, the repetitive structural order, and a fast and
effective processing of these nanoparticles leads
to elicitation of rapid and long-term host immune
responses even in the absence of adjuvant®70-72,

VLPs size normally ranges between 20-800
nm?7, they can derive from a number of viru-
ses®, and they can be produced with technologies
using different cell systems, such as Escherichia
coli, yeasts, Baculovirus, mammalian, plant and
cell free systems™7” (Figure 1).

VLPs manufacturing proceeds through an “in
vivo” methodology, with a first step in which the
spontaneous assembly of viral capsid proteins
occurs directly inside the expression cell vector.
Then, a second step aims to purify the new for-
med particles from both adhered to the surface
and incorporated cellular contaminants. Some-
times, to obtain well-purified VLPs, it is neces-
sary to disassemble and, therefore, reassemble
nanoparticles’™. However, an emerging and recent
approach proceeds through a cell-free in vitro as-
sembly processing’®7®. This process consists in
the reversal of the traditional “assemble-then-pu-
rify” methodology. In particular, after expression,
the capsid proteins are purified from contaminan-
ts and then reassembled “in vitro”. In this way,
there is no need to disassemble VLPs after their
assembly into cell. However, further approaches
of VLPs producing are available?®>!:7%0,

Already available VLPs-based vaccines consist
of self-assembled viral protein particles deriving

from virus towards which vaccine was produced.
Moreover, VLPs are also able to carry a target an-
tigen linked to the surface and belonging to an un-
related virus®*. Many VLP-based vaccines are
in clinical or pre-clinical trials, so we will assist
surely to an increase in the number of these type
of vaccines®*-'.

Hepatitis B VLP-Based Vaccine

The first VLP-based vaccine produced and
commercialized in 1986 for human use was that
against hepatitis B, containing the Hepatitis B
surface antigen (HBsAg) produced in yeast via
recombinant DNA technology. The recombinant
HBsAg can form 22 nm spherical VLPs that are
further adsorbed on an aluminum hydroxide gel®*.
These nanoparticles contains also host cell-deri-
ved lipids (30-50%) and about 70 molecules of S
protein; intra- and intermolecular disulfide bonds
stabilize the structure. The S protein contained
in these yeast-derived nanoparticles is highly
hydrophobic and not glycosylated, differently to
naturally mammalian-derived HBsAg particles.
Moreover, it is strongly associated with lipids
and it is responsible for the antigenic capacities
of HBsAg VLPs. Thus, these VLPs can be consi-
dered as lipoproteins formed by a well-organized
and rather stiff lipid interface surrounding a hy-
drophobic and more fluid inner core. The protein
components are absorbed in this lipid material
and exhibits an outer part and one inserted into
the inner core®. It was shown that this vaccine
is able to stimulate the activation of CD4+ and
CD8+ T cells®.

Human Papillomavirus VLP-Based Vaccine
After the HBV vaccine, the second VLPs-ba-
sed vaccine approved in 2006 for human use,
was that against Human Papillomavirus (HPV)¥".
HPVs are a numerous group of oncogenic viruses
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Bacteria

Virus-like Particles Formation

Figure 1. Manufacturing scheme of VLPs.
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associated with both benign and malignant le-
sions of skin and mucous membranes. Nowadays,
it is well known the role of these viruses in cau-
sing cervical cancers and several other types of
malignancies, such as “typical” (anal, oropharyn-
geal, penile, vulvar, and vaginal) and atypical
ones (prostate, bladder, rectal)®®**. Particularly,
according to National Cancer Institute, HPVs
cause virtually all cervical, 70% of oropharyn-
geal, 90% of anal, 75% of vaginal and 70% of
vulvar cancers®. For these reasons, the increase
of HPV vaccination coverage could remarkably
reduce the burden of these types of malignancies.
Particularly, the spread of HPV vaccination is po-
tentially able to reduce cervical cancer incidence
worldwide up to 90%°>%. In addition, reducing
the need for screening and medical care (especial-
ly biopsies and invasive procedures), this practice
can help to reduce healthcare costs and concerns
related to follow-up procedures”.

HPYV vaccines are based on VLPs formed by
assembly of 72 pentamers of L1 protein, the HPV
major capsid protein, expressed in yeast in high
amount through recombinant DNA technology,
purified, and combined to make the vaccine®®. To
date, the Food and Drug Administration (FDA)
has approved three different HPV vaccines: a te-
travalent (2006), a bivalent (2009) and, very re-
cently, a nonavalent vaccine (2014). All three vac-
cines are able to prevent infections caused by 16
and 18 HPV types, the two widespread high-risk
HPVs (HR-HPVs) that cause about 70% of cer-
vical cancers and a high percentage of some of
the other HPV-related malignancies®'”. Tetra-
valent vaccine also prevents infections caused
by 6 and 11 HPV types, which determine 90%
of genital warts'”". Finally, the new nonavalent
vaccine prevents infection caused by the same
four HPV types contained in previous vaccines
with the addition of other five HR-HPVs (31, 33,
45, 52, and 58). These vaccines are adjuvant with
aluminum hydroxide, AS04 and monophosphoryl
lipid A (MPL) in bivalent, amorphous aluminum
hydroxyphosphate sulfate (AAHS) in tetravalent
and nonavalent'®. The potential public health im-
pact and cost-effectiveness of nonavalent HPV
vaccine has been investigated by mathematical
models in different efficacy, cost, and vaccine
coverage settings. Particularly, Largeron et al'®
demonstrated that the universal vaccination with
nonavalent HPV vaccine in Germany extended
to boys would be associated after 100 years with
a reduction of 24% in the incidence of cervical
cancer, 30% and 14% of anal cancer in males and
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females respectively, and finally a million cases
of genital warts avoided. Moreover, this strategy
would be associated with an incremental cost-ef-
fectiveness ratio (ICER) of 22,987€ per QALY
gained. Despite this important evidence, HPV
vaccines have been associated to some alleged
side effects that several scientific evidences have
refused but that have slowed down its widespread
diffusion'%4,

Hepatitis E VLP-Based Vaccine

Hepatitis E virus (HEV) is an RNA virus belon-
ging to the Hepeviridae family, normally causing
a self-limited acute hepatitis (with a mortality rate
<0.1% in healthy patients), and a chronic infection
in immunocompromised patients. However, this
virus can be highly pathogen if contracted during
pregnancy, especially in the first trimester'®®. In
the US it is estimated that the HEV seroprevalen-
ce is approximately 9% while in Europe the rate
ranges between 5% and 20%'%6-1%,

Because the production of high amount of vi-
ruses using cell cultures is difficult, many expe-
riments have been performed to obtain recombi-
nant HEV VLPs"%!"! In previous years, a variety
of systems for the study of HEV have been deve-
loped. VLPs formed by the self-assembly of the
core protein (ORF2) have been one of the first
model used to study the structure of the virus, its
entry process, and its vaccine potential. Indeed,
the antigenic property of HEV core protein was
clarified very early, and different approaches for
the development of an effective HEV vaccine
have been investigated. In a study conducted by
Purcell et al''?, Rhesus monkeys inoculated with
1 or 10 pg doses of the 56 kDa HEV capsid pro-
tein were 100% protected from the hepatitis and
63% from infection after the first inoculation,
when challenged with an infectious dose of 10* of
HEV. In a subsequent phase 2, randomized, dou-
ble-blind, placebo-controlled trial in Nepal enrol-
ling 2000 participants, the same vaccine based on
the 56 kDa capsid protein protected effectively
from HEV'?.

A second approach is based on a protein named
p239 (aa 368-606 of the capsid protein) recombi-
nantly produced in bacteria and purified under
denaturing conditions that maintain unaltered the
antigenic epitopes'*!">. Li et al'* tested the p239
as vaccine candidate in Rhesus monkeys with a
prime/boost approach of 5, 10, and 20 pg. The
vaccinated monkeys were protected after chal-
lenge with HEV genotypes 1 and 4. The vaccine
showed a 100% efficacy in protecting monkeys
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from hepatitis and infection when a viral dose
of 10* HEV was administered. The same percen-
tage of efficacy against hepatitis was obtained
by using a 107 viral dose. Using the same vac-
cine candidate, a randomized, controlled phase
II clinical trial enrolling 457 adults, showed an
encouraging 100% seroconversion rate in vac-
cinated subjects'’®. Finally, a large randomized,
double-blind, placebo-controlled, single center
phase III clinical trial was performed from Au-
gust 2007 to June 2009 in China. This study en-
rolled 112,604 people, of which half received the
p239 vaccine while the other half (placebo group)
received a HBV vaccine in a three doses schedu-
le. The results showed that the p239 vaccine was
immunogenic with an efficacy of 100% and well
tolerated'”. After this trial, p239 vaccine was ap-
proved in China in 2012. Despite the positive re-
sults, the vaccine was not approved in other coun-
tries because of several critical points moved to
the trial, among which not having enrolled people
<16 years and >65 years of age, as well as the two
principal risk groups represented by pregnant wo-
men and immunosuppressed patients.

The third vaccine candidate tested in clinical
trials is a bacterially produced self-assembling
core protein (aa 439-617 of the capsid protein) na-
med pl79, experimented first in rabbits to confirm
its protective potential. The animals were inocu-
lated with three different doses (20, 30, and 40ug)
of p179 and they were protected from the infection
by the production of high titers (10°-10%) of an-
ti-HEV; however, some challenged rabbits showed
viral shedding. After these evidences in animals,
in 2017 a Chinese phase I trial using a p179 vac-
cine was carried out on 120 participants to study
its efficacy and potential side effects. The vaccine

resulted well tolerated and appeared to be safe!!s.

Self-Assembled Proteins

Similar to VLPs, some supramolecular structu-
res have been formed from self-assembled pro-
teins and, recently, self-assembling systems car-
rying higher levels of antigen have studied for
the preparation of nanoparticle-based vaccines'”.
The principal difference with VLPs is that self-as-
sembled proteins are not be formed by viral com-
ponents.

Self-assembled peptide nanoparticles (SAPNs)
have been studied as drug delivery systems'?%!2!,
These nanoparticles consist of two helical coi-
led-coil domains connected by a short linker re-
gion into a single peptide chain. One helix forms
a trimeric coiled coil while the other forms a pen-

tameric coiled coil'??. These nanostructures have
a self-assembling tendency in aqueous medium
due to their physiochemical features. Chung et
al'? reported that amphiphilic peptides show no
evidence of toxicity in liver, spleen, kidney, blad-
der, bowel, lung, and heart. It was demonstrated
that APCs are able to uptake APNPs and to pre-
sent antigen epitopes more effectively compared
to naked antigens'*. In 2012, Wahome et al'®
carried out an in vivo experiment using APNPs
exhibiting on surface two important HIV epito-
pes, 4E10 and 2F5, which are critical targets in
the production of neutralizing antibodies. The
results showed that these nanostructures indu-
ced potent immune responses against these cru-
cial HIV epitopes.

Another system is that based on the use of fer-
ritin, a protein able to self-assemble into nearly
spherical 10 nm structure. Kanekiyo et al'* fused
influenza virus haemagglutinin (HA) to ferritin
to obtain a recombined protein that spontaneou-
sly assemble to form an octahedrally-symmetric
particle showing an 8 trimeric HA spikes. The
authors demonstrated that these nanovaccine de-
termine a higher immune response than normal
influenza vaccine. Moreover, Lee et al'?’ used en-
gineered human ferritin nanoparticles to deliver
tumor antigens to lymph nodes and to develop a
possible therapeutic vaccine in cancer treatment.

Another self-assembling protein-based system
is that based on the use of the Major Vault Protein
(MVP), an intracellular self-assembling protein
ubiquitously present'?®. Particularly, ninety-six
units of MVP can self-assemble to form a bar-
rel-shaped vault nanoparticle, with a size of about
40 nm of width and 70 nm of length. Antigens are
attached with an interaction domain of the protein
and, then, packaged inside the self-assembling
vault nanoparticles. Champion et al'® used these
nanostructures to deliver the Major Outer Mem-
brane Protein (MOMP) of Chlamydia muridarum
and stimulate mucosal immunity.

Micelles

Micelles are nanoparticles formed by sponta-
neous self-assembly in water of single amphiphi-
lic (hydrophobic/hydrophilic) molecules with the
subsequent formation of two distinct portions, a
hydrophobic core and a hydrophilic surface na-
med “corona”°. Historically studied and used as
drug delivery vehicles, through a process of en-
capsulation of hydrophobic drugs in the core'',
micellar nanoparticles have been also considered
in recent years as adjuvants for vaccine delivery.
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Thanks to their chemical characteristics, micelles
have a double way to transport vaccine candida-
tes. First, antigens can be covalently associated to
the hydrophilic corona. This approach has been
used to associate HIV antigens to adjuvant-loa-
ded polymer-based micelles obtaining an effecti-
ve antigen able to strongly stimulate the APCs in
vitro'?. A second way is the production of pep-
tide amphiphiles (PAs) a class of peptide-based
biomaterials consisting of peptides linked to
hydrophobic alkyl tails, which self-assemble in
aqueous medium to form micellar structures'*.
Many studies have used PA micelles as vaccine
candidates to improve peptide immunogenici-
ty'**136 Several PA micelle characteristics, such
as size, shape, and composition, play a crucial
role to increase the capacity of these nanopar-
ticles to determine immune responses'**'3, For
example, it has been demonstrated that cylindri-
cal or spherical-shaped PA micelles contain the
right amounts of antigen and amphiphilic adju-
vants, and are able to efficiently reach the lymph
nodes3313%13% In two different researches'?>13,
PAs were used as vaccine candidates to induce a
stronger antigen-specific IgG1 antibody respon-
se against group A streptococcus in mice after
subcutaneous inoculation.

Thanks to their small size (generally <100 nm)
micelles are able to ease the antigen delivery to
APCs, especially dendritic cells (DCs) present in
large amount in lymph nodes compared to peri-
phery. Indeed, these nanoparticles are not only
capable to interact with DCs in the injection site,
but they travel through lymphatic system up to
lymph nodes where promote germinal center for-
mation'’. Micelles can easily acquire appropria-
te surface properties through the right choice of
hydrophilic segments of the “corona”. Moreover,
through appropriate design of the hydrophobic
and hydrophilic portions, a number of additio-
nal immunostimulatory molecules (such as, for
example, Toll Like Receptor ligands or mannose
receptor ligands) can be easily integrated in these
nanoparticles to induce an enhanced activation of
the DCs, which play an essential role in the onset
of immune responses.

Finally, micelles provide a unique platform to
enhance the immunostimulating capacity of the
antigen because, by choosing specific hydropho-
bic molecules, micelle can easily determine en-
dosome disruption with the subsequent release of
the peptide vaccines in the cytosol of cells, an-
tigenic presentation and strong cytotoxic T cell
responses in vivo',
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Liposomes

Liposomes are spherical vesicles formed by a
double lipid layer surrounding an aqueous core
that have received a lot of attention in the deve-
lopment of vaccines'*?. These nanostructures can
be distinguished by number of layers in unila-
mellar, multilamellar or polymerized types'®.
Liposomes are used as drug delivery system,
transporters of genes, and are particularly useful
for applications in biomedicine because of their
immunogenic power'*. In liposome, antigen may
be transported in the aqueous core, embedded in
the lipid bilayer or absorbed in the surface. Anti-
gen incorporation can be secondary to covalent
lipid linking (at pre- or post-vesicle formation),
non-covalent surface attachment, encapsulation,
electrostatic interactions (with lipids of opposite
charge) or surface adsorption. Liposome acts like
an adjuvant, strengthening immune responses of
the vaccine and increasing its efficacy. Liposomal
vaccines are characterized by low reactogenicity,
they are biodegradable and flexible. Many intrin-
sic features need to be considered when designing
liposomal vaccines (Figure 2).

Previous reviews have investigated the different
factors that could play a role in the functions and
efficacy of liposomes as vaccine candidates'#>'#.
These factors include liposome size, lamellarity,
surface charge, fluidity of the bilayer, and the ad-
dition of immunostimulatory lipids. Regarding
size, it has been showed that vesicles with a dia-
meter >2 um displaying a tuberculosis (TB) anti-
gen, are more effective to induce cell proliferation
and low IL-10 production, compared to vesicles
of 500 nm diameter'¥’. The lamellarity nature of
the liposomal vesicle could also influence immu-
ne responses. Beck et al'*® studied the efficacy of
a recombinant HIV protein named CN54 gpl40
using small unilamellar (SUV) and large multi-
lamellar vesicles (MLV). The liposomes contai-
ned different mixtures of monophosphoryl lipid A
(MPLA) and lipids, with or without the addition
of saponin QS21. The authors showed that SUVs
without QS21 were able to induce a TH2 cell-me-
diated response to the antigen secondary to a high
antibody production, contrary to MLVs. Surface
charge of liposomes plays a key role for correct
vaccine design because it can heavily affect the
interaction of antigen with liposome (e.g. anionic
antigens better interact with cationic lipids) and
the subsequent antigen loading. Hussain et al'#
showed that the change of the cationic lipid di-
methyl dioctadecyl ammonium (DDA) with the
neutral distearoyl-sn-glycero-3-phosphocholine
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Figure 2. Physicochemical and morphological factors to consider in liposomal vaccine design.

(DSPC) decreased the amount of the TB recom-
binant antigen H56 from 84% to 15%. Moreover,
Joseph et al"® studied the efficacy of an intra-
nasal influenza vaccine model liposomal-based
containing haemagglutinin neuraminidase (HN)
antigen linked to polycationic sphingolipid cera-
mide carbamoyl-spermine (CCS) or other mono-
cationic, neutral and anionic lipids. The authors
showed that neutral and anionic lipid-based pre-
parations were not effective after intranasal admi-
nistration in a murine model while two monoca-
tionic-based liposomal formulations (containing
1,2-dimyristoyl-3-trimethylammonium-propane,
DMTAP and 1,2-dioleoyl-3-trimethylammo-
nium-propane, DOTAP) induced strong local
and systemic immune responses (both TH1 and
TH?2). Finally, many published papers have in-
vestigated and described the importance of bi-
layer fluidity in the design of effective liposomal
vaccines. Kaur et al'®' showed how cholesterol
influences the bilayer fluidity and, consequently,
the antigenic capacity of liposome-based vac-
cine. Particularly, less IgG production was ob-
served when cholesterol increased in DDA:TDB
(trehalose dibehenate) liposomal formulations
used for immunized mice. This effect might be
subsequent to the loss of antigen in liposomes

containing high cholesterol concentration and,
thus, more fluid. Moreover, the level of IFN-y
was more elevated when cholesterol was not pre-
sent in the lipid bilayer.

Several liposome-based vaccines against vi-
ral, bacterial, fungal and parasitic diseases have
been considered for human use. Particularly viral
liposomes, named “virosomes”, have been ex-
tensively studied. Virosomes are liposomes that
exhibit viral proteins on their surface that allow
them to effectively merge with the membrane of
target cells'>. More recently, a study was carried
out to investigate immune responses to virosomes
and liposomes and their internalization in a triple
culture model of human respiratory tract. Particu-
larly, the used culture model was formed by cells
derived from the epithelial cell line 16HBE that
were grown with monocyte-derived macrophages
(MDMs) and DCs. Cells were exposed to both
the nanoparticles to evaluate the immune respon-
ses. Virosomes were prepared with solubilized
influenza A/Brisbane/59/2007 HIN1 membrane
proteins included in the neutral lipids 1,2-diole-
oyl-sn-glycero-3-phosphocholine (DOPC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine, POPE. Liposomes were formed by the
same neutral lipids, but they did not contain any
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influenza soluble membrane proteins. The resul-
ts showed that virosomes were internalized more
efficiently by all cell types in mono- and co-cultu-
res, with MDMs and DCs presenting the highest
capacity of internalization observed with flow
cytometry and laser scanning microscopy. More-
over, DCs were discreetly activated by liposomes
and virosomes in monocultures, and produced
elevated levels of cytokine such as IL-1p and IL-8
in co-cultures. Finally, virosomes were internali-
zed at higher levels in epithelial cells compared to
liposomes'*.

Inorganic Nanoparticles

Inorganic nanoparticles are nanocarriers con-
sisting of an inorganic solid nucleus, which have
been used in vaccinology as both adjuvants and
carriers of antigens to increase immune respon-
ses. The positive aspects of these nanoparticles
are their stiff structure and controllable synthesis;
the negative one is the frequent non-biodegrada-
bility"**!%. The most studied inorganic nanoparti-
cles as vaccine platforms are carbon, gold, silica
and calcium nanoparticles.

Carbon Nanoparticles

Many studies have been conducted to evaluate
the use of carbon nanomaterials as adjuvants or
carriers for different kinds of vaccines especially
because they are internalized into a wide variety
of cell types'®¢-16°, Many structural and physical
features of these nanosystems effect the capaci-
ty of carrying antigens and stimulating immune
responses, among which their surface modifica-
tions''.

Among carbon nanoparticles, carbon nanotu-
bes (CNTs) have received a great attention becau-
se of their exceptional features that make them
usable in many industrial fields. CNTs are engi-
neered nanoparticles formed by a thick sheet of
graphene that rolls up to form a hollow cylinder
named single-walled CNT (SWCNT). If more
graphene sheets are present, the CNT it will
be formed by concentric multiple sheets (from
2 to 50, linked together by van der Waals inte-
ractions); this CNT is named multi-walled CNT
(MWCNT)'®* (Figure 3).

Their lengths vary from 100 to 1000 nm and
their diameter range between 0.4-2 nm and 2-100

Graphene Sheet

Carbone Nanotube

MWCNTSs

Figure 3. Structure and types
of Carbon nanotubes (CNTs).
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nm for SWCNTs and MWCNTSs, respectively'®.
Some of the first investigations using CNTs as
carriers for vaccine candidates were carried out
by Pantarotto et al'**!” in 2003. The study design
consisted in the covalent attachment of hand-fo-
ot-and-mouth disease viral (HFMDV) envelope
peptides to CNTs. The results showed that the
epitope structure maintained its immunogenic
capacity following the attachment to CNTs. Inde-
ed, the CNT-viral protein complexes were capable
of eliciting specific neutralizing IgG immune re-
sponses in animal models'**'*7.,

In 2009, Zeinali et al'** investigated the immu-
nological and cytotoxicological aspects of tuber-
culin purified protein derivative (PPD) conjuga-
ted to SWCNTs. In this study, male BALB/c mice
were challenged with bacillus Calmette-Guérin
(BCG), PPD, SWCNT-PPD conjugate and PPD in
complete Freund’s adjuvant (CFA). The induction
of cellular immune responses was analyzed by
measuring the levels of Thl (IFN-gamma and
IL-12) and Th2 cytokines (IL-10 and IL-5). The
authors found that the immunization with PPD
or PPD in CFA induced a Th2 cytokine respon-
se while immunization with BCG determined a
mixed Th1/Th2 cytokine response. Conversely,
SWCNT-PPD generated preferentially a Thl-type
cytokine response without potential cytotoxic ef-
fects.

In 2016, Hassan et al'®* demonstrated that CNTs’
surface properties affects their potency as vacci-
ne nanocarriers in vitro and in vivo. Particularly,
the authors used MWCNTs-antigen conjugates,
modifying their length and surface charge and
determining the variations in the internalization
by DCs. The results showed that the reduction in
charge negativity of MWCNT-antigen conjugates
increase its cellular uptake and thus the stimula-
tion of immune responses.

Finally, in 2016, Calegari et al'®® carried out a
study about the use of MWCNTs as carriers of vi-
ral DNA for the stimulation of immune responses
against Dengue fever. The study aimed to assess
the ability of carboxylated and not carboxylated
MWCNTs in increasing the expression of the te-
travalent vaccine candidate (TVC) plasmid vec-
tor for dengue virus in vitro using Vero cells and
carrying a parallel in vivo challenge through the
intramuscular route in animals to evaluate the
immunological responses. The results showed
the ability of MWCNTs to penetrate target cells
reaching both cytoplasm and cell nucleus and to
increase the amount of B-cells producing antibo-
dies in comparison to naked plasmid.

Gold Nanoparticles

Gold nanoparticles (GNs) are particles of dif-
ferent shapes (rod, spherical, cubic, etc.), sizing
from 1 nm to 150 nm, and whose surface can be
modified with the attachment of carbohydrates
residues. Both size and shape are the most im-
portant factors affecting the immunity properties
of gold nanoparticles, which lead to an enhance-
ment in immune response via different cytokine
pathways'®"1%8, Safari et al'”” used gold glycona-
noparticles displaying a synthetic tetrasaccha-
ride epitope related to Streptococcus pneumo-
niae type 14 capsular polysaccharide (Pnl4PS)
complexed with the ovalbumin 323-339 peptide
(OVA(323-339)) and D-glucose to induce speci-
fic immune responses in mice. The authors found
that the used nanoplatform generated a Th cell
activation confirmed by the production of specific
anti-Pn14PS IgG antibodies and elevated cytoki-
ne levels. Moreover, the produced antibodies
promoted the phagocytosis of bacteria by human
leukocytes, indicating the efficacy of the induced
immune response.

GNs can also be used as carriers of viral anti-
gens, such as influenza, or as a DNA vaccine adju-
vant for HIV. The AIDS pandemic has determi-
ned remarkable efforts to produce effective HIV
vaccines. Indeed, the introduction of the highly
active antiretroviral therapy (HAART) in the tre-
atment of HIV infection has changed the natural
history of this infection, remarkably reducing the
mortality rate but turning it into a chronic con-
dition burdened by cardiovascular, neurological,
renal and bone diseases and malignancies'®!”.
However, the treatment is not able to eliminate the
virus that persists in latency for all life of infected
subjects. As a result, HIV vaccines have been ex-
tensively studied but have failed, especially due
to concerns of safety or efficacy in humans. In
2012, Xu et al'® used a surface-engineered gold
nanorods (NRs) used as carriers and adjuvant
of a promising DNA vaccine for HIV treatment.
Particularly, the authors used three different mo-
dified gold NRs carrying, on their surface, cetyl-
trimethylammonium bromide (CTAB), poly(dial-
lydimethylammonium chloride) (PDDAC), and
polyethyleneimine (PEI) respectively, and they
found that PDDAC- or PEI-modified gold NRs
significantly activated APCs, promoting cellular
and humoral immunity, as well as T cell prolifera-
tion, compared to naked HIV-1 Env plasmid DNA
treatment in vivo.

Even in 2012, Gregory et al'” used the conju-
gation of Yersinia pestis Fl-antigen to gold na-
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noparticles to improve antigen immunogenicity,
compared to normal alumin adjuvants (alhidro-
gel). Particularly, the results showed that gold
NPs-F1 in alhydrogel elicited the greatest IgG an-
tibody response against the antigen, compared to
gold NPs-F1 in PBS or unconjugated Fl-antigen
in PBS or alhydrogel. Moreover, compared with
unconjugated Fl-antigen, the IgG2a response was
increased in mice challenged with gold NPs-F1
in PBS (p<0.05) but not in mice immunised with
gold NPs-F1 in alhydrogel.

Finally, in 2015 Kumar et al'™® investigated
the immunological properties of GNS of diffe-
rent shapes and size, evaluating their capacity to
deliver the codon-harmonized recombinant Pla-
smodium falciparum surface protein (CHrP{s25)
antigen expressed in Escherichia coli, and the
induction of specific neutralizing antibodies com-
pared to same antigen in presence of conventional
adjuvant alum. The results showed that the vac-
cine platform used elicited strong production of
neutralizing antibodies, and suggested that GNs
can be considered as promising vaccine delivery
vehicles to enhance the immunogenicity of vacci-
ne antigens.

Silica Nanoparticles

Silica nanoparticles (SiNPs) are brilliant na-
nocarriers used for many applications such as
vaccine delivery and selective tumor targeting's!.
Chemical modification of SiNPs can be obtained
adding on their surface abundant silanol groups,
which can improve cell recognition, interaction
with cells, cellular uptake and absorption of spe-
cific biomolecules'®?. The most interesting aspect
regarding vaccine use of SiNPs is that antigenic
conjugation was not required to have an immu-
nostimulatory effect'®. It is possible to produce
high efficiency nanocarriers of 50-200 nm, na-
med mesoporous silica nanoparticles (MSNs),
which can work as both nanocarriers and adju-
vants for an effective delivery of antigens!+!8,
Very recently, a new generation antigen carriers
and adjuvants named silica vesicles (SVs) are
used against the bovine viral diarrhoea virus
(BVDV), which is disseminated in cattle indu-
stry worldwide. These nanoparticles showed a
high charging capacity and controlled release
of the codon-optimized E2 (0E2) protein, which
is the major antigen of the BVDV"¢. However,
the most critical concern about the application
of SiNPs in biomedical uses is their toxicity de-
rived from the reducing agents and stabilizers
used for their synthesis.
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Calcium Nanoparticles

Calcium phosphate nanoparticles (CaPNPs)
are formed by mixing sodium citrate, calcium
chloride and dibasic sodium phosphate. They are
promising candidates for vaccine applications
especially because they are biodegradable and
their characteristic surface structure allows sim-
ple modifications'’. Once phagocytized, CaPNPs
melt into cytoplasm when the pH values change
from neutral to acidic during cellular uptake, re-
leasing their encapsulated materials. Therefore,
CaPNPs can naturally release their content wi-
thout any external help, which makes them per-
fect antigens carrier. Furthermore, CaPNPs are
stable under physiological conditions and have
an excellent biocompatibility, being easily biode-
graded'™. A previous study showed that surfa-
ce-modified CaP-NPs of 80 nm size could carry
genes in liver protecting the inner DNA from
external DNase both in vitro and in vivo'. Pre-
vious investigations'®'** have proved that CaP-
NPs can be used as adjuvants for DNA vaccines
and mucosal immunity. Finally, previous in vivo
experiments have showed that micrometer-sized
CaP aggregates could elicit high titers of neutra-
lizing antibody, and have proved high more po-
tent protection against viral infections than the
aluminium adjuvant'®!,

Polymers

Polymer-based nanoparticles are solid structu-
res with a size of 10-500 nm characterized by
high biological safety and good biodegradability,
in which bioactive materials can be internalized
through dissolving, packaging, or surface adsorp-
tion'?. These nanomaterials have studied as new
vehicle for transport and controlled release of
drugs and/or antigens because, inside them, they
are protected from degradation. Polymer-based
nanomaterials are distinguished in natural and
synthetic. Among the first, chitosan and y-polyg-
lutamic acid (y-PGA) are the most important whi-
le, among the second, polylactic acid (PLA), and
poly(lactic-glycolic acid) (PLGA), are the princi-
pal!®3,

Chitosan

Chitosan (CS) is a natural polyaminosaccha-
ride derived from deacetylation of chitin, a mol-
ecule formed by polymeration of D-glucosamine
and N-acetyl-D-glucosamine monomers bound
with B-(1,4) links. This polymer is easy obtained
from the exoskeletons of crustaceans and squids
and from fungal cellular wall. CS nanoparticles
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are non-toxic and they can be easily modified in
shape and size. These features make them suit-
able for the use in new generations vaccines. Par-
ticularly, CS can link negative charged protein or
plasmid DNA through electrostatic interaction,
protecting them from degradation'*. Through
various chemical modifications, such as acyla-
tion, alkylation, sulfation, hydroxylation, quat-
ernization, and carboxymethylation, it is possi-
ble to obtain CS derivatives. These compounds
have received a great attention especially for
their antimicrobial and repairing activity'?>'*.
Moreover, CS has become an interesting vaccine
adjuvant and carrier. In 2010, Prego et al'’ used
CS-based nanoparticles to elicit immune respons-
es against HBV infection. The study showed the
adjuvant capacity of the used nanovaccine plat-
form, highlighted by the induction of important
seroprotection rates (up to 5,500 mIU/ml, values
9-fold higher than the conventional alum-ad-
sorbed vaccine) after intramuscular administra-
tion. Li et al"® reviewed the literature regarding
the use of CS as delivery carrier of vaccine anti-
gens and drugs. Particularly, the authors included
sixty-three papers of which thirty-five showed the
advantage in the use of CS nanoparticles applied
as vaccine carrier.

Gamma Poly-Glutamic Acid

Gamma poly-glutamic acid (y-PGA) nanoparti-
cles are negatively charged polyelectrolytes used
as both antigen carrier systems and vaccine adju-
vants to induce strong humoral and cellular im-
mune responses. y-PGA nanoparticles are water
soluble and they exhibit intrinsic immunostimula-
tory properties because they are capable to active
TLR4 and MyD88 signaling pathways without
any external adjuvant®*°. y-PGA has been also
used complexed with CS as suitable material for
preparation of nanogel (NG). CS-y-PGA nanogels
are an ideal choice for vaccine carriers to improve
the immune effect of loaded antigen. As demon-
strated by Wang et al*', nanogels not only act
as carriers of antigen vaccines, but also exhibit
adjuvant effects, especially in promoting cellular
immune responses. The authors investigated the
influence of nanogel carriers on the prophylactic
effect of a loaded HBsAg vaccine. Particularly,
positively charged HBsAg NG (HBsAg NG (1))
and negatively charged HBsAg NG (HBsAg NG
(-)) were tested, and the efficiency of this HBsAg
NG in protection against pAAV/HBV1.2 plasmid
challenge was evaluated. The results showed that
a single dose of a HBsAg NG (+) could induce

both humoral immunity and cellular immuni-
ty, and provided long-term immune protection
against HBV.

Poly-Lactic-Co-Glycolic Acid
Poly-lactic-co-glycolic acid (PLGA) is a bio-
degradable polymer with good biocompatibility
and degradability, widely used in the production
of microspheres, microcapsules, nanoparticles,
pellets, implants, and film preparation. Recently,
it was studied as drug carrier, especially chemo-
therapy, because drugs encapsulated into these
nanoparticles or microspheres easily reach tumor
site with a reduction of the adverse reaction; they
also prolong the lifetime of drugs in vivo, and im-
prove their pharmacokinetic properties®®. Very
recently a vaccine against Campylobacter jejuni
PLGA-based was used to induce protective im-
munity in poultry. Campylobacter spp are com-
mensal microorganisms of the gastrointestinal
tract of many wild and farm animals (especially
birds such as poultry and ducks), that have long
been recognized among the most common re-
sponsible agents of enteritis and gastroenteritis in
humans, both adults and in pediatric patients®®.
The study aimed to investigate the protective ef-
fects of soluble and PLGA-encapsulated oligode-
oxynucleotides (ODN) containing unmethylated
CpG motifs (E-CpG ODN) as well as C. jejuni
lysate as a multi-antigen vaccine against colo-
nization with C. jejuni. The results showed that
oral administration of a low (5 pg) or high (50 pg)
dose of CpG determined a significant reduction in

cecal C. jejuni colonization®*,

Conclusions

New generation vaccinology has greatly bene-
fited and it will benefit from use of nanoparticles
used as delivery vehicles and/or immune potenti-
ators. Nanoparticles are able to improve not only
antigen uptake from APCs but also immunoge-
nicity and slow release of antigens. A wide range
of these particles varying in size, composition,
and surface charge, are today available and they
are capable of modulate bio-distribution, cellu-
lar trafficking, and overall immune responses.
Moreover, most nanoparticles are characterized
by biodegradability, biocompatibility and min-
imal toxicity and, therefore, they can offer safe
and effective alternatives to traditional vaccines.
However, many aspects still remain to be consid-
ered and investigated to increase the application
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of these systems in vaccine as well as in drug
delivery, including a lack of understanding of
how their physical properties affect biodistribu-
tion and targeting, and how these properties in-
fluence their interactions with biological system
at all levels.
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