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Currently, several successful vaccines are available. However, for pathogens with a highly variable genetic com-
position, and for which serum IgG antibodies are not a useful correlate of protection, effective vaccines are yet to
be developed. This is due to a lack of both the understanding of the immunological pathways leading to long-
term protection and the ability to translate the available knowledge into a suitable vaccine formulation. Regard-
ing the latter, nanoparticles can be an attractive platform for vaccine development, as they offer multiple options
for improving safety and efficacy. For example, side effects might be decreased upon encapsulation of the adju-
vant and the concomitant delivery of antigen and adjuvant is a very promising tool for increasing efficacy.
In addition to the many promises, the use of nanoparticles as vaccine carriers should be implemented with cau-
tion: themore sophisticated a particle, themoreparameters need to be controlled during production and storage.

© 2014 Published by Elsevier B.V.
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1. Introduction

Prophylactic vaccination arguably is the most successful and cost-
effective medical intervention available to mankind. Intensive child-
hood vaccination programs have drastically reduced morbidity and
mortality due to several types of infectious diseases including diphthe-
ria, pertussis, tetanus, polio, measles, mumps, rubella and smallpox, as
illustrated by an over 90% decrease in cases and over 99% decrease
in deaths in the USA since the introduction of the respective vaccines
[1,2]. However, for many other pathogens an effective vaccine is not
available yet. The most successful vaccines currently in use were gener-
ated empirically, which was effective because the pathogens they pro-
tect from were not able to escape immune responses. In contrast,
diseases for which efficient vaccines are not currently available, are
mostly caused by pathogens mastering either immune escape or im-
mune evasion.

For example, RNA viruses like human immunodeficiency virus (HIV)
and influenza virus have the capacity to quickly change their surface an-
tigens due to sequence variability and glycosylation. Thus, in response
to for example human neutralizing antibodies, new viruses will emerge
that cannot be recognized by these antibodies [3–5]. Alternatively, large
DNA viruses such as herpesviruses and poxviruses can evade the host
immune responses via immunomodulatory pathways, such as suppres-
sion of antigen presentation, suppression of co-stimulation, production
of immunosuppressive cytokines or obstruction of pathways of pro-
inflammatory cytokines [4]. These evasion strategies are also used by
other pathogens such as the bacterium Mycobacterium tuberculosis [6]
and parasites like for example malaria [7].

Since many pathogensmaster the art of outwitting host immune re-
sponses raised against them, new vaccines will have to be developed
that raise strong and broad immune responses that are difficult for the
pathogen to counteract. Importantly, the ability to take vaccinology
one step further is not only dependent on increasing basic immunolog-
ical knowledge but also on the development of advanced materials and
techniques [8] to implement the knowledge into products that are safe,
efficient, stable and cost-effective. For this, nanotechnology is a very
useful and promising field. Athough the concept is not new, with lipo-
somes and microparticles for use as vaccine adjuvants already reported
in the 1970s [9,10], and immune stimulating complexes (ISCOMs) in the
early 1980s [11], currently knowledge is increasing on how nanotech-
nology can be used to rationally optimize vaccine formulations [12,13].

Here we have attempted to give an overview of the main immuno-
logical aspects in the design of prophylactic vaccines and how these
immunological challenges can be addressed by implentation of nano-
technology in vaccine design to prevent infectious diseases.
2. Immunological considerations in vaccine design

In essence, what a vaccine is supposed to do, is activating the
immune system to raise a protective response against the antigen(s)
present in the formulation that will ensure protection upon a subse-
quent encounter of the host with pathogens bearing (parts of) those an-
tigens, any time after the vaccination. To establish this, the innate
immune systemneeds to be activated and in addition ideally an antigen
containing epitopes that can interactwith B-cell receptor needs to be in-
cluded as well as antigens that can be presented onMajor Histocompat-
ibility Complex (MHC)II and MHCI molecules, for activating helper
(CD4) and killer (CD8) T cells, respectively. Such a diverse immune re-
sponse will decrease the likelyhood of immune escape and also maxi-
mize the number of responsive people [14]. However, it should be
taken into account that B-cell epitopes must be formulated in such a
way that sufficient eptitopes remain intact up to the point where they
interact with B-cells. In contrast, T-cell epitopes are formed in vivo by
antigen processing, and thus efficient uptake by antigen presenting
cells, preferably dendritic cells (DC), should be optimized [15].
Searching for suitable antigens includes selection for several charac-
teristics, including immunogenicity [16] and conserved presence of this
antigen in as many strain variants of the pathogen as possible since
these antigens are more likely to be crucial for the fitness of the patho-
gen and consequently it might be more difficult for the pathogen to
evade the immune system as it might not be able to survive when mu-
tations occur in these genes. In addition, for T cell epitopes, themajority
of the common human Human Leucocyte antigen (HLA) types should
be covered [17].

Importantly, also care should be taken that the selected antigen(s)
do not contain an epitope that might reduce the intended immune re-
sponses [18,19].

When a useful set of antigens is selected, they should be formulated
in such a way that a robust immune response is induced. For this, addi-
tional components can be added to the formulation to enhance the
immune response to an antigen. These are called adjuvants, derived
from the latin ‘adiuvare’, meaning ‘to aid’. However, in the case of
nanoparticle-based vaccines, several components can be added that
might not traditionally be called ‘adjuvants’, as theymore indirectly op-
timize the immune response. For example, targeting the particles to cer-
tain cell types might not activate those cells more than the antigen
alone, but it could be crucial for the induction of the appropriate type
of immune response. Since several molecules can be combined in a
nanoparticle, it could be stated that the combined characteristics of
the components of the particle, except the antigen itself, together repre-
sent the overall adjuvant function [20].

Equally important to the adjuvanticity, an adjuvant should also be
safe. A component activating the innate immune system should be care-
fully selected and formulated. Since that is usually the most immuno-
genic part of a vaccine, it also harbours the most risks on side effects
and in case of preventive vaccination, even minor effects might prevent
acceptation of the vaccine.

3. Nanoparticle vaccine delivery

Delivery of nanoparticulate vaccines can be addressed to 3 different
levels. First, the route of administration; in case of prophylactic vaccines
to protect from infectious diseases, delivery to mucosal tissues in the
nose or mouth and different areas of the skin are the most practical.
Second, by adding ligands that bind to receptors only present on a par-
ticular cell type, the vaccine can be specifically delivered to certain cells.
Finally, by targeting a specific type of receptor on the cells, it can be in-
fluenced to which intracellular compartment the antigen will be direct-
ed and thus where and how it will be processed and which type of
immune response will be induced. These different levels of delivery
are influenced by several vaccine characteristics as described below.

3.1. Administration site

Currently, most vaccines are administered intramuscularly; howev-
er, other administration routes arewidely explored. For example, for in-
duction of local protection, local vaccination has been proven superior
in many cases. In addition, alternative administration routes have
some practical advantages, such as allowing easier administration and
reduction of needle waste [15]. Alternative administration routes re-
quire specific characteristics of the nanoparticle carrier. For example,
antigens are not often efficiently crossing the nasal mucosa upon nasal
vaccination. This can be improved by the use of nanoparticulate antigen
carriers that are composed of, or coated with, mucoadhesive polymers,
or by actively targeting cells that can transport the particles across this
barrier [21].

In the case of (epi)dermal vaccination, several methods have been
developed to enable vaccine formulations to cross the natural barrier
of the skin, the stratum corneum, including microneedles, skin disrup-
tion methods and jet injectors [22]. And for oral vaccination the vaccine



30 E. van Riet et al. / Advanced Drug Delivery Reviews 74 (2014) 28–34
formulation should be able to resist the low pH and enzymatic destruc-
tion in the digestive tract [23].

Since the route of administration greatly influences the localization
in the body where the vaccine is delivered, it is important to realize
that this will also affect immune responses. Protection by current avail-
able succesful vaccines in humans relies mostly on strong systemic im-
munoglobulin (Ig)G responses and thus vaccine design has mostly
focussed on induction of IgG, sometimes in combination with Thelper
(Th)1 type CD4 T helper cells and CD8 cytotoxic T-cells. However, one
should keep in mind that this knowledge is mainly based on experi-
ments with cells isolated from the blood and upon intramuscular vacci-
nation. Importantly, those results cannot be extrapolated to draw
conclusions on responses in other organs and tissues. For example, the
cytokine TGF-β is usually associated with tolerance, but TGF-β1 is also
very important for induction of IgA class switching, and might thus be
very interesting for induction of mucosal protection [24–26]. Although
it is often posed that the type of immune response that is protective is
dependent on the type of pathogen, it is becoming increasingly clear
that the optimal immune response is dictated by the pathogen in com-
bination with the tissue where the response is induced [26].

3.2. Physicochemical characteristics

Live attenuated pathogens, or antigens formulated in a particle, are
much more effectively taken up by antigen presenting cells than anti-
gens in subunit vaccines, because particles have large surfaces with
characteristics that increase the interaction with antigen presenting
cells. Many types of nanoparticles can be used, such as liposomes,
ISCOMs, Virus Like Particles (VLPs), polymeric nanoparticles and non-
degradable nanoparticles [27]. The strength and type of interaction are
influenced by several physicochemical characteristics of the particles
such as the size, the geometry and surface characteristics such as zeta
potential and the degree of hydrophilicity or hydrophobicity [28].

3.2.1. Size
When a vaccine formulation enters the body, transport is highly de-

pendent on the size. Upon intramuscular administration, the optimal
size for entering the lymphatic system is about 40 nm, with a range of
20–200 nm. Particles larger than 200–500 nm are mostly carried into
the lymphatic system by specialized cells, such as DC. Direct drainage
of small molecules via the lymphatic system is fast and happens within
a few hours of administration, whereas it takes about 24 h for a mole-
cule to reach the lymph nodes when it is taken up by DC and subse-
quently together traffic into and along the lymphatic system [28].
These forms of transport as well as the related kinetics will also influ-
ence the types of cells that are activated.

In addition, size will influence the extent of cytotoxicity of nanopar-
ticles. In non-phagocytic cells, smaller size was associated with an in-
creased cytotoxicity [29]. However, for phagocytes different results
were found, with particles in the range of 20–200 nm being less toxic
than microparticles [29].

3.2.2. Charge
Since cell membranes are anionic in nature, it could be expected that

cationic particles are more efficiently taken up, and this is also mostly
found [27], although it has also been reported to be different for phago-
cytes [29]. It is important to consider that charged particles also induce
cytotoxicity, with cationic and anionic particles generally causingmem-
brane damage and intracellular damage, respectively [29]. In addition,
surface charge was found to influence intracellular localization with
negatively and neutrally charged nanoparticles co-localizing with lyso-
somes, whereas positively charged nanoparticles could escape from ly-
sosomes after being internalized [30]. However, it should be kept in
mind that the zeta potential of nanoparticles also depends on environ-
mental factors as their charge can be shielded by counter ions [30].
3.2.3. Hydrophobicity
The nanoparticle materials used, will also affect their hydrophobici-

ty. It has been reported that the degree of phagocytosis of bacteria was
correlated with their hydrophobicity and hydrophobic polymers
were shown to cause more inflammation than hydrophilic polymers
[31]. Interestingly, alsomany pathogen-derived ligands that activate re-
ceptors of the innate immune system, such as lipopolysaccharide (LPS),
bacterial fimbriae and the fusion protein of respiratory syncytial virus
contain hydrophobic parts that are exposed upon damage. In all cases
tested, the hydrophobic parts of the molecules co-purified with the
immunostimulatory portions. Moreover, many adjuvants contain large
hydrophobic sites, including all recently licensed adjuvants: MPL-plus-
alum and the oil-in-water emulsions MF59 and AS03 [31,32].

3.2.4. Shape
Another characteristic influencing cellular uptake can be the shape

of a nanoparticle. Phagocytosis of particles requires a certain actin struc-
ture to be created that allows the membrane to move over the particle
to internalize it. The complexity of the actin structure that must be cre-
ated depends on the curvature at the initial point of contact, and there-
foreworm-like particles or particles with an elliptical shapewere found
to only be internalizedwhen the ends of the particle, with a high curva-
ture, like spherical shapes, were attaching to the cell [33,34]. However,
in other studies it was found that sphereocylindrical or rod-shaped
nanoparticles were endocytosed more efficiently [35,36]. The reason
for that difference remains to be investigated. Possibly the spacing and
organization of surface molecules interferes with cellular attachment
and uptake. In addition, how shape might affect receptor-mediated up-
take still needs to be investigated.

3.2.5. Surface organization
Surfaces of viruses and bacterial structures such as flagella are also

polyvalent and in addition highly organized, as they usually contain
only a few proteins, each present not only in large amounts but also in
an ordered manner [28]. This antigen organization and repetitiveness
form a typical characteristic of pathogens and trigger the immune
system.

For B-cell activation it was determined that 15–20molecules with a
space of 5–10 nm in between are very potent inducers of antibody re-
sponses [37]. When nanoparticles were created with 60 peptide epi-
topes displayed per particle, with spaces of 5–10 nm, these were able
to optimally induce antibody responses [28]. Interestingly, components
of the humoral innate immune system generally also have a multimeric
structure, possibly explaining the pronounced effect of antigen organi-
zation and repetitivenes on induction of antibody responses [38].

In addition to repetitiveness of the antigen, also the accesability of
different epitopes is a prerequisite for induction of a robust immune re-
sponse, as illustrated by the spacing needed in between the epitopes
and in addition it is dependent on the conformation of the antigen.
This was nicely demonstrated for an influenza vaccine based on
ferritin–hemagglutinin (HA) fusion proteins that could self-assemble
into nanoparticles in which the HA could form the physiological rele-
vant symmetric homotrimeric viral spike. When these nanoparticles
were used to immunizemice, itwas shown that slightly higher antibody
levels were induced compared to trivalent inactivated virus, that could
be increased even further by the addition of an oil-in-water adjuvant
(ribi orMF59). Interestingly, the nanoparticle formulation induced anti-
bodies that were not only neutralizing the vaccine strain, but also relat-
ing strains, due to antibodies recognizing conserved regions in the HA
stem or head [39]. Similarly, cross-reactivity was found to be increased
by using nanoparticles made of the coat protein of papayamosaic virus.
The expression of this protein in bacteria led to self-assembly and the
formation of highly organized VLPs. This surface rearrangement also
led to formation of antibodies reactive against a highly conserved region
of the HA antigen [40].
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This effect of natural conformation cannot only be applied to anti-
gens, but has also been found for targeting ligands; ligands of the lectin
receptor DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN) are rec-
ognized with higher affinity by their tetrameric receptor when exposed
in a multivalent form [41].

3.3. Immunomodulation

As a result of differences in the physicochemical properties of the
particles, the quality of the immune response may be affected. For ex-
ample, it was reported that amino-functionalized, but not carboxyl-,
or non-functionalized, polystyrene nanoparticles of ~100 nm induced
lysosomal rupture followed by NLRP3 inflammasome activation [42].
In another study this lysosomal escape was found to be related to the
shape of the particles. In this study it was investigated how gold nano-
particles, coated with West Nile envelope protein, of different size and
shape affected immune responses. Larger spherical particles (40 nm)
were found tomostly remain in the lysosome and induce TNF-αwhere-
as particles of 20 nm in shape as well as rods could enter the cytosol.
However, only in the case of the rods this lysosomal escape resulted in
cytotoxicity and expression of the cytokines IL-1β and IL-18, implicating
a role for NLRP3 inflammasome signaling [36].

3.3.1. Cellular targeting
To initiate an antigen specific T cell response, the antigens generally

need to be processed by antigen presenting cells, and subsequently pre-
sented to CD4 and/or CD8 T cells. Many cells including macrophages,
some endothelial cells and also B cells can function as antigen present-
ing cells. The most professional and most intensively studied antigen
presenting cell is the DC; however, many types of DC subsets have
been discovered, which differ in their surface receptors, location and
funtions [43–46]. Thus, depending on the type of immune response
that is needed to induce a robust immune response, a different antigen
presenting cell could be targeted by adding receptor-interacting surface
molecules.

All dendritic cells express a variety of surface expressed pattern rec-
ognition receptors that can be used to target these cells, such as some of
the Toll-like receptors (TLRs) [44,47], and C-type lectin receptors. Sever-
al of the ligands binding to these innate receptors are currently explored
for their possible application in vaccines, such as TLR2 and TLR4 ago-
nists, glycans activating C-type lectin receptors [48] or combinations
of both [41]. In the latter case, it was found that CD8 T cell proliferation
was greatly enhanced by the combination of DC-SIGN targeting with
TLR4, but not TLR9, activation using lipopolysaccharide (LPS) and
unmethylated CpG dinucleotides, respectively [41]. However, when
TLR2 agonist PAMwasused as a targetingmoiety for virus-like particles,
this hardly increased dendritic cell uptake but it did induce DC matura-
tion at very low doses [49], illustrating that it is difficult to distinguish
targeting ligands from immune activating ligands as one molecule
might be able to do both, depending on the circumstances.

Alternatively, antibodies that bind surface molecules on DC can be
used to trigger the innate immune system, such as αDEC205 [50] and
αCD11c [51].

Regarding targeting of DC via DC-SIGN it was found that poly(lactic-
co-glycolic acid) (PLGA) nanoparticles coated with polyethylene glycol
and DC-SIGN binding antibodies increased antigen uptake and internal-
ization compared to targeting using coating of the nanoparticles with
carbohydrates that can act as DC-SIGN ligands. Since the carbohydrates
and the antibodies bound to the same domain of DC-SIGN and in addi-
tion the loading density of the DC-SIGN ligand was higher compared
to that of the αDC-SIGN antibody, this increased uptake of antibody
coated nanoparticles is most likely due to a higher affinity of the
antibodies for the binding region [52]. Nanoparticles combining the
presence of antibodies recognizing DC-SIGN on their surface and encap-
sulating a TLR ligand strongly increased immune responses as these
nanoparticles were 100-fold more potent in inducing the maturation
markers CD80 and CD83 than non-targeted nanoparticles [53]. When
αDEC205 was used as a targeting ligand it was found that targeted
TLR ligandswere required in a 100 fold lower dose compared to the sol-
uble ligands to induce similarly strong cytotoxic T cell responses. Not
surprisingly, the doses of soluble TLR ligands used to induce potent cy-
totoxic T cell responses were extremely toxic, whereas the targeted de-
livery of the TLR ligands not only requires lower amounts, but in
addition TLR ligands delivered to cells induce less systemic toxicity.
The strong responses with respect to DC maturation and cytotoxic
T cell responses can be very useful in vaccine development. However,
especially for use in prophylactic as compared to therapeutic vaccines,
these responses will require further investigation in order to under-
stand the mechanisms and response limits with respect to possible
side effects.

Interestingly, it was found that targeting of antigen and adjuvant to
the sameDCpopulation alone is not enough. Another important charac-
teristic involved was timing. When antigen reached the DC before the
adjuvant, the DCs gained a non-activated phenotype and interfered
with the intended immune polarization [54].

The reverse, first adjuvant and next antigen seemed to induce simi-
lar or even better responses than delivery at the same time. For nano-
particle vaccines this implicates firstly that nanoparticles are a very
interesting delivery vehicle indeed, as the possible combined delivery
of antigen and adjuvant to the same cell is one of the features of nano-
particle vaccines. Second, this also implicates caution, as no antigen
should be released from the particles, either during storage or upon vac-
cination before it is delivered to a (dendritic) cell, as the resulting solu-
ble antigen would likely decrease the efficacy of the vaccine.

3.3.2. Immune activation
As discussed above, targeting ligands influence the type of cell that is

targeted, but also the degree andmode of response of this cell. Targeting
a certain C-type lectin receptor will activate other immunemechanisms
than targeting a different lectin receptor or a Toll-like receptor. In addi-
tion, after internalization also intracellular receptors can be activated
such as the internal TLRs (TLR3, 7, 8 and 9) [55], RigI helicases [56]
and Nod-like receptors. Somemembers of the latter family are involved
in the formation of so-called inflammasomes [57].

Vaccine delivery systems can not only target certain cell types, but
they can also influence towhich intracellular compartments the antigen
will be transported and where it will be processed, thereby influencing
(1) whether or not the immune system is responding [58], (2) which
types of cells are responding [59,60] and (3) the type of immune re-
sponse that is induced [61,62]. For example, it was found that nanopar-
ticles composed of PLGA, PLGA-N-trimethyl chitosan (TMC) and TMC-
tripolyphosphate (TPP), all containing ovalbumin as an antigen, were
inducing different responses. These particles had a similar size (250–
500 nm), but different surface charge and antigen release kinetics.
Upon intranasal vaccination in mice, all formulations induced CD4 T
cell proliferation, especially PLGA and PLGA-TMC. However, the PLGA
containing particles enhanced CD4 T cell mediated immune tolerance
and did not induce humoral responses after intranasal administration,
although they did after intramuscular treatment. In contrast, TMC-TPP
did not induce tolerance, but strongly induced humoral responses [63].

Regarding the activation of CD4 compared to CD8 T cells, it was re-
ported that if an antigen was taken up by the mannose receptor, it
was transported to early endosomes and resulted in presentation exclu-
sively on MHCI, whereas transport to lysosomes, for example via the
scavenger receptor or pinocytosis resulted exclusively in presentation
by MHCII. Thus, this way either CD8 or CD4 T cells could be exclusively
activated [59]. Interestingly, this specific targeting of CD4 or CD8 cells
was also shown to be induced by certain particles: liposomes consisting
of dioleoyl-phosphatidylcholine and dioleoyl-phosphatidylserine
(DOPC/DOPS), resulted in delivery of the encapsulated antigen to late
endosomal compartments, inducing MHCII presentation, whereas
dioleoyl-phosphatidylethanolamine plus cholesteryl hemisuccinate
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(DOPE/CHEMS) liposomes delivered the antigen to early endosomal
compartments and resulted in presentation on both MHCI and II [60].
For induction of CD8 T cell responses, cross-presentation is enabled
upon cytosolic delivery of the antigen. For vaccine delivery, an efficient
way to facilitate this cytosolic delivery might be the use of fusogenic
vesicles, that, through fusogenic proteins or liposomes induce mem-
brane fusion and subsequent direct cytosolic delivery of the vaccine to
the cytosol [64,65].

In case several molecules will be combined in a single nanoparticle,
it will need thorough investigation how the concomitant activation of
several pathways will influence the final immune response. Certain
combinations of adjuvants have been reported to induce synergy [66];
however, it should be noted that the combination that induces the
highest possible production of certain cytokines is not necessarily the
best combination for induction of a broad, long lasting immune re-
sponse without side effects.

3.4. Control of antigen release

The presence of antigen over a prolonged time allows for repeated
interaction of the antigenwith the immune system, leading to improved
immune responses. Therefore the depot function provided by classical
adjuvants like some alum formulations has long been recognized to
contribute to their adjuvanticity.

However, during natural infections antigen are increasingly avail-
able to the immune system as usually only a few pathogens enter the
body and start proliferating exponentially. These kinetics, that are rep-
resentative of (highly) virulent pathogens might be a signal for the im-
mune system to take it seriously and induce a strong immune response.
This was nicely illustrated by a study showing that exponentially in-
creasing antigen doses induced stronger CD8 T cell responses than the
same amount of antigen added as a single dose in incomplete Freund's
adjuvant or repeated injections of uniform doses, the latter inducing
theweakest response [67]. In the same study itwas shown that an initial
high exposure followed by constant low rate exposure was less efficient
than only a constant low rate exposure. Indeed, when a pathogen enters
the host with great numbers and thereafter is quickly disappearing it
might not represent a great danger. Exponentially increasing doses
were not tested for B-cell responses; however, persistent presence of
the antigen,mimicked by daily administration, induced higher antibody
levels than weekly administration.

For anticancer treatment repeated injections in a short time frame
might be feasible; however, in the case of prophylactic vaccines, that
is not an option.Nonetheless, it is interesting to speculate about the pos-
sibility of entrapping increasing numbers of nanoparticles in increasing-
ly stable microparticles. Administration of a mixture of these particles
would provide an increasing release of antigen. Such a so-called multi-
valent single injection vaccine had been in development, based on
PLGA microspheres containing different layers with antigen to produce
a pulsatile release profile. In the near future, the expected cost increase
accompanying these sophisticated techniques will likely be too big an
economic hurdle for prophylactic vaccines, but it might get a follow-
up in the future [68,69].

4. Monitoring

For efficient monitoring of the effect of vaccination and to be able to
compare different vaccine formulations, firstly the term ‘protection’
should be clearly defined. ‘Protection in mucosal surfaces’ will raise
other correlates of protection than ‘protection from symptomatic infec-
tion’. In addition, the definition of a correlate of protection depends on
the pathogen, and the host (genetic background, sex, age) [70]. The
‘ideal protective immune response’ is currently not fully understood
for most pathogens and finding usefull correlates of protection will re-
main one of the big challenges in vaccine design.
Further, it is crucial to monitor which immunological responses are
induced by changes in vaccine design, both protective responses as
well as unexpected side effects. Although general knowledge about
the effect of physicochemical particle characteristics, adjuvant use and
targeting is currently expanding, relatively little is known about how
several characteristics of nanoparticles will influence one another. For
monitoring the effects of slight changes in vaccine design in experimen-
tal settings, nanoparticles are very useful. Bymaking use of the imaging
options of nanoparticles itself, or by adding an imaging agent to the for-
mulation, the in vivo biodistribution, including residence time, kinetics
and which specific tissues and cells are targeted can be monitored
in vivo [71,72]. The next step will be to relate these characteristics to
the immunological outcome of the vaccination, thereby contributing
to changing vaccinology into a field based on ratio instead of trial and
error.

5. Safety

As discussed above, nanoparticle characteristics can be tailor-made,
and their effects can be monitored to further improve the use of the
nanoparticles in a rational way. However, the seemingly endless possi-
bilities for application also imply caution: nanoparticles can be extreme-
ly complex, with all constituents having a specific function and in
addition all characteristics possibly influence one another. This implies
that the production of nanoparticles should be standardized, since for
example a different spacing or symmetry of the surface molecules
could lead to different targeting and thus possibly toxic effects instead
of the effect thatwas intended to be induced. Thiswas for example illus-
trated by the use of nab-paclitaxel, a nanoparticle drug that had proven
safe. However, after the patent protection ended it was being copied by
other companies than the innovator and those products showed to have
very different characteristics, varying from too high endotoxin and re-
sidual solvent levels, inter-batch variations in particle size to poor stabil-
ity at 40 °C, resulting in large aggregates [73]. To complicate it even
further, characterization of nanoparticles often interferes with in vitro
methods to evaluate their physical and immunological characteristics.
For example, nanoparticles often absorb light or can have catalytic prop-
erties and are thus able to influence assays that rely on enzymatic reac-
tions, as illustrated by the example of the endotoxin test, where
polymer particles raised false positive results [74].

Therefore, for clinical use and production on a larger scale, the pos-
sible mechanisms of cytotoxicity related to the type of nanoparticle
should be thoroughly investigated [75]. In addition, from the start of
the development one should try and avoid steps that might play a role
in safety issues. For example, it would be best not to use toxic solvents
at any step in the process, and in addition the whole process should
be extremelywell controlled to ensure that no subtle changeswill be in-
troduced along theproduction line thatmight lead to changes in activity
of the product. This is especially crucial in the case of the use of nano-
technology in vaccine design, since not only are vaccines usually admin-
istered to a large number of people, the peoplewho receive prophylactic
vaccines to protect them from infectious diseases are healthy and for
many vaccines the majority are young children. Thus, in contrast to
therapeutic vaccines for severely ill people, vaccines with even the
slightest risk or side effect will not be accepted. However, regarding
the latter, the human body does need a signal that indicates that there
is a task to be completed, and this has so far proven impossible without
the induction of any damage or ‘danger’; thus, acceptance of a minor in-
convenience (such as slight increase in temperature) should be ex-
plained to be necessary for effective vaccination and thus not a side
effect, but an essential part of the effectiveness.

6. Conclusions

The use of nanoparticles as a platform for vaccine design holdsmany
opportunities, resulting an increased interest by scientists, illustrated by
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an enormous increase in published articles: when searching in pubmed
for the combination of ‘nanoparticle’ and ‘vaccine’ in the title or abstract,
the first result is found in 1995, with 4 hits until 2000, 80 hits in the first
decade of this century and 162 hits in 4 years starting from January
2010—an exponential increase. However, as discussed above, the use
of nanoparticles in vaccines also implies caution as themore complicat-
ed the particle, the more difficult to control production and stability
during storage and the more complex the immune pathways that are
induced. In the case of prophylactic vaccination safety is of utmost im-
portance; thus, implementation of nanoparticles in this field will re-
quire some hurdles to be taken. This is also reflected in their use for
human applications. Although two prophylactic vaccines that use a
nanosize carrier have been licenced, both based on VLPs and directed
against hepatitis B virus and human papillomavirus, the number of clin-
ical trials with nanoparticles as registered at www.clinicaltrials.gov, a
service of the U.S. National Institutes of Health, gives 163 reports (last
accessed April 10th 2014). However, 125 are related to cancer, and of
the 38 left, most are related to autoimmune diseases like diabetes. For
prohylactic vaccines against infectious diseases only one vaccine can
be found. Moreover, a closer look reveils that for this vaccine against re-
spiratory syncytical virus alum is added to the nanoparticle formulation,
resulting in large micron, instead of nano, sized particles [76,77]. How-
ever, there surely is hope for the future: in the veterinarian field ad-
vances are made [78], and combined with continuously increasing
fundamental knowledge in both the immunological and technical field
and knowledge generated in clinical trials using nanoparticles to treat
cancer or autoimmune diseases, the nanoparticle platformwill become
more mature, with more successes to be expected.
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