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Abstract
Over the past few decades, public health has been immensely improved by preventing various types
of diseases using vaccination, a method implying attenuated, killed or part of a microorganism to
activate the immune system against it. Recently, nanovaccines have attracted a lot of attention as a
new approach for enhancing the immune responses against immunogenic molecules. A wide variety
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of nanomaterials are reported as proper candidates for nano-vaccination. Currently, the focus of
nanovaccines researches are developing new formulations that trigger strong anti-cancer responses
by presenting tumor antigens either directly to T immune cells or indirectly to antigen-presenting
cells, holding great promise for safe, non-invasive, and cost-effective therapy of cancer. This review
focuses on the critical aspects in the design of biomaterial based nanovaccines and reviews the state
of the art of the formulations in clinical development and those currently marketed.
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Focal points:
•

Bedside
Understanding the complex potential of the immune system to prevent and treat various diseases
such as cancer, will contribute to the scientific advance in the development of new therapeutic
strategies and will allow for the discovery of alternative treatments for deadly diseases.

•

Benchside
Many of the immunostimulative pathways involved in the suppression of cancer tumor growth
have been identified and additional research is still needed to recognize the molecular
mechanisms of the immunotherapeutic strategies.

•

Industry
The discovery of new non-toxic immunotherapeutic compounds may pave the way towards
developing new cancer tumor therapeutic approaches. A major effort in the identification of
preventing approaches is also needed to develop preventive nanoformulations for healthy people
who are at the risk of cancer.
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•

Community
The treatment of cancer by cheap, efficient and as less invasive as possible methodologies will
have a great impact on the quality of life of the patients.

•

Governments
Since the development of anticancer nanoformulations needs extensive support from the
authorities for success in clinical translation, the financial investments of the governments is
necessary to translate the research in the lab to the bedside. The governmental support can also
increase the years of healthy life of the patients and minimize the associated costs overtime.

1. Introduction
The progress in immunotherapy has increased rapidly over the past few decades [1-3]. Nevertheless,
the traditional immunotherapeutic agents still suffer from several drawbacks including difficulties
to deploy, possible side effects like inflammation, expensiveness, and requirement for multiple dose
treatments [4, 5]. In addition, the main problem of the developed immunotherapeutic agents is the
weak immunostimulatory response induction. This results in the necessity of exploiting adjuvants in
the formulations to boost the immune response via their intrinsic non-specific immunostimulatory
effect on the antigen-presenting cells (APCs) and/or with the ability of increasing antigen uptake by
the immune cells [6-8].
Although many different types of adjuvants have been developed, only a few of them are approved
for human use because of the high toxicity and severe undesirable side effects [9]. Therefore, the
scientific community is trying to replace these adjuvants with the new generation of nanomaterials
that are both able to show intrinsic immuno-adjuvanticity and also act as carrier for the delivery of
stabilized vaccine antigens and immunotherapeutic biomolecules [10]. This strategy provides an
opportunity to induce both humoral and cell-mediated immunity, which finally leads to more potent
therapeutic effects [11, 12]. Nanoparticles can also facilitate the interaction of the delivered
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antigens with APCs, increasing the immune responses to antigens [10, 13]. Moreover, there is a
possibility

of

co-encapsulating

anticancer

drug

molecules

or

imaging

agents

with

immunostimulative biomolecules in nanostructures for multiple application purposes. Accordingly,
nanovaccines have recently attracted a lot of interest owing to their unique properties to overcome
the limitations of immuno-therapeutics, including inherent instability of biomacromolecules, low
interaction with APCs, and lack of cross-presentation to T lymphocytes [10, 13].
The immunostimulative biomolecules can be either encapsulated within or conjugated on the
surface of polymeric nanoparticles [14, 15]. Antigen encapsulation can provide an effective method
for sustained release of antigens and maximizing antigen exposure to the immune system; however,
with lower extent compared to the nanoparticles with antigens on their surface that make rapid and
short immune responses.
Since the basics of the immunostimulatory effects of nanoparticles are extensively reviewed
elsewhere [10, 16, 17], this mini-review is focused on the most relevant advances achieved so far in
the development of nanovaccines with the potential translation to the clinic.

2. Immunostimulatory mechanisms and limitations
The most crucial step for the induction of the immune-response is the activation of dendritic cells
(DCs) as the best APCs responsible for the activation of killer T and B cells [7]. Immature DCs are
able to detect pathogens, engulf them via pathogenesis and/or pinocytosis, and then, migrate to
lymph nodes to become mature. During maturation, pathogens degrade into small fragments that
can express on the surface of DCs for presentation to the T and B cells (Fig. 1). After T and/or B
cell activation, a cascade of immunostimulatory mechanisms can be generated to help therapeutic
response to disease. Basically, there are two antigen presenting molecules within DCs, namely
major histocompatibility complex I (MHC I) and MHC II. These two molecules can bind to peptide
fragments of antigens and present them to the T cells on the surface of DCs [18]. The activation of
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MHC I is an endogenous pathway, which can present antigens to CD8+ T cells and leads to the
activation of cytotoxic T lymphocytes (CTLs). On the other hand, MHC II activation is an
exogenous pathway with the ability of presenting antigens to CD4+ T cells. Activated CD4+ T cells
can then generate T helper 1 (Th1) and T helper2 (Th2) cells, which mediate the cellular and
humoral immunity, respectively [7]. Cellular immunity involves the activation of antigen-specific
cytotoxic T lymphocytes and the secretion of various cytokines in response to an antigen. In
contrast, humoral immunity is an antibody-mediated immunoactivation mechanism in which Th2
cells can activate B cells and mediate antibody release from these cells [7, 18]. Th1-mediated
immunostimulation is for intracellular pathogens and is necessary for fighting against tumors,
resulting in the increased secretion of IFN-γ, IL-12, and antibodies of the IgG2 isotype. In contrast,
Th2 mediated immune-response results in elevated production of IgE and IgG1antibody isotypes
and can be characterized by the enhancement in the secretion of IL-4, IL-5, IL-10 and IL-13
cytokines [19].

Fig. 1. Activation of immune-responses by antigen encapsulated nanoparticles.
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Despite the possibility of activating the abovementioned mechanisms by using different
immunostimulative agents, the current available formulations suffer from some limitations that are
essential to be addressed for the development of revolutionary immunotherapeutic medicines. The
main drawback of current immunostimulatory compounds is related to the lack of DC targeting. In
addition, short time immunoactivation can occur as the concentration of immunostimulative agents
decrease in the body over a short period of time. Moreover, current immunoactivating biomolecules
elicit mainly IgG isotype antibodies and do not show high potential to induce the secretion of a
wide range of antibody isotypes [7]. Accordingly, immunotherapeutic protections induced by the
current available immunostimulative drugs are not long-lasting, and thus, new solutions to
aforementioned problems are required.
In general, the ideal properties of a good immunotherapeutic formulation include high safety, easy
administration, capability of eliciting the desired immune responses after a single dose, no need for
a booster dose, simple and affordable preparation process, easy scaled up process, absence of
premature drug release, and high physicochemical stability of the immunogenic agents and
excipients throughout the process of preparation, storage and administration [20]. To have all these
properties in one formulation, nanoparticles have been proposed as versatile systems capable to
improve the biological effects of the immunostimulatory molecules via different mechanisms. Next,
the current progresses in the development of nanovaccines, particularly those with high potential to
be used in the clinic, are addressed and discussed below.

3. Immunotherapeutic nanovaccines
3.1. Polymeric biomaterials
Although adjuvants can be applied for potentiating the stimulatory effect of immunotherapeutics,
they suffer from high toxicity. Therefore, polymers have been proposed as an alternative for
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adjuvants. Immunotherapy with polymeric nanomaterials is a relatively new interdisciplinary field
holding great promise by combining material science, chemistry and immunology. As it is known
that immunostimulatory products with large hydrophobic portions are more potent than hydrophilic
counterparts, it is proposed that microbially derived adjuvants can be replaced with hydrophobic
biodegradable polymeric biomaterials. These polymeric nanosystems can simultaneously also serve
as delivery vehicles for the immunostimulative molecules [21], with the aim to facilitate single-dose
vaccination and elimination of the need for booster shots via sustaining the release of
immunotherapeutic payload and potentiating its effect via the intrinsic adjuvanticity of the polymer.
In addition, biodegradable nanopolymers applied in immunotherapy possess high safety, and the
time and rate of polymer degradation for antigen release is controllable [22]. Owing to these
benefits, it could be possible to avoid the need for surgical removal of cancer tissues and
circumvent the disadvantages of conventional anticancer formulations by combining chemo and
immunotherapy approaches using such nanostructures.
One of the common methods for polymeric immunotherapy is antigen encapsulation inside
polymeric structures, offering distinct advantages to the therapy such as reduced dose of antigen,
efficient uptake and processing by APCs, as well as increased stability during storage [17, 23]. The
most commonly used methods for antigen encapsulation and the preparation of polymer based
immunostimulatory molecules is solvent extraction or evaporation from a water-in-oil-in-water
emulsion, because of the possibility to efficiently incorporate sensitive biomolecules inside the
particles [24]. Although the entrapment of immunogenic biomolecules within the particles is
offered as the best possible protective strategy, the main drawback of this method is the
unavailability of the loaded antigens upon administration because of slow release pattern [25]. In
addition, loaded bio-immunogenics can physically or chemically degrade during the loading process
[26]. Accordingly, the absorption or conjugation of antigen on the surface of the polymers is
suggested; however, this method also suffers from low stability and rapid degradation [27, 28].

7

One of the benefits of polymeric nanovaccines is that the morphology, size distribution, entrapment
efficiency, release kinetics and other physicochemical properties affecting on the obtained immuneresponses can be optimized using appropriate combination of different polymers, leading to the
successful development of promising vaccines [29]. Nevertheless, several hurdles such as
reproducibility, stability during production, and method for non-thermal sterilization are needed to
be taken into account [30, 31]. For example, the reproducibility of the formulation can be affected
by the variation in the size of the nanoparticles that in turn can modify the immunogenic property of
the final product [32].
Polysaccharides [16], polyanhydrides [33], poly(lactic acid) [34], poly(lactic-co-glycolic acid)
(PLGA) [35, 36] and polyphosphazene [37], are among the most widely studied polymers prepared
as vaccine-delivery systems. Different techniques have been employed to prepare nanoimmunotherapeutics

using

the

abovementioned

polymers,

including

spray

drying,

emulsification/solvent evaporation, and coacervation [20, 28]. All of these methods can produce
polymeric nanoparticles with a large surface area that improve the interaction between immune
cells and antigens [38], leading to the enhanced uptake of antigens by DCs and improved immuneresponses [39, 40].

3.1.1. PLGA-based nanoparticles
Biodegradable nanocarriers composed of PLGA have been shown a great potential for nanovaccines
development because of their superior biocompatibility, versatile chemistry, high stability of loaded
biomolecules, high loading efficiency, and efficient endocytosis [40-43]. PLGA-based nanocarriers
have the ability to escape from early endosomes, potentiating the proteasome-dependent processing
of the encapsulated immunogenic molecules and cross-presentation through MHC class I [40, 41].
Another benefit of these particles is that both antigens and adjuvants can be encapsulated and
transported to the target site [44, 45]. After PLGA formation by random copolymerization via ring
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opening reaction of cyclic dimers of glycolic acid and lactic acid monomers, the nanoparticles can
be produced using different methods such as nanoprecipitation, emulsion diffusion, emulsion
evaporation, and salting out [46].
Since PLGA nanoparticles are suitable for vaccine delivery, many studies have already formulated
antigens (e.g., lipopeptides, peptides, proteins, viruses and plasmid DNA) in PLGA particles [13,
44], rendering them distinct advantages over soluble formulations (Audran et al., 2003). Recently, a
liposome-based immunostimulative formulation has shown promising therapeutic potential in
clinical trials [48]. However, this formulation harbors still several drawbacks, such as the expensive
preparation process, scale-up complexities and difficulty in producing sterile products, which can
restrict its clinical applicability [48]. In contrast, PLGA nanoparticles can render additional benefits
to the formulation over liposomes, including easier scaling-up process, cost effective production,
and the ability for manipulating the nanoparticles’ physicochemical properties, such as the rate of
degradation and release pattern [49], which are dependent on the molecular weight, hydrophilicity
and crystalinity of the polymer [13]. Furthermore, PLGA can be modified with other polymers like
poly(ethylene glycol) (PEG) to render new advantages to the nanoparticles [50]. For example,
higher stability of PEGylated PLGA nanoparticles in the gastrointestinal fluids was observed owing
to the repulsive properties of PEG in the developed nanoformulations for oral vaccine delivery to
the mucosa-associated lymphoid tissue [51]. Moreover, PEG enables the grafting of targeting
peptides to promote the uptake of NPs [51].
Since DCs express cell surface receptors, such as CD11c, mannose, DC-SIGN and DEC-205,
cellular endocytosis of the nanoparticles can be facilitated via surface modification of the
nanoparticles with ligands that target these receptors on the surface of DCs [52]. It is already
reported that the attachment of targeting moieties on PLGA surface not only enhances the uptake of
nanoparticles by DCs, but also is able to induce DC maturation as evidenced by the increase in
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antigens degrade to small peptides by the proteasomes, and then bind to MHC I in order to be
identified by CD8+ T cells [57].
It has been shown that toll-like receptor (TLR) ligands enhance the efficacy of vaccines through
several mechanisms [58]. Nevertheless, TLR ligands cause severe side effects when administer in
high doses [59]. To overcome these drawbacks, PLGA nanoparticles can be applied for the delivery
of TLR ligands in order to reduce their dose, limit the non-specific immune-responses and minimize
the toxic effects of the systemic administration of these compounds [60].

3.1.2. Polysaccharide and Polyanhydride-based nanocarriers
In recent years, polysaccharide-based materials, such as chitosan [61], hyaluronic acid [62], inulin
[63], and alginate [64] have attracted much attention as suitable vaccine delivery systems. Since
chitosan possesses mucoadhesive properties and is able to carry a high amount of antigen, it can be
a suitable biomaterial for mucosal antigen delivery strategies, such as nasal immunization [65]. For
example, it has been shown that tetanus toxoid-loaded nanoparticles could produce higher antibody
levels compared to the free soluble antigens when administered intranasally [65]. These results
showed the potential of such systems as needle-free formulations. In addition to pure chitosan, Ntrimethyl chitosan (TMC) has also been studied as a delivery vehicle for antigens, such as influenza
subunit antigen [66] and the model ovalbumin (OVA) antigen (Fig. 3) [67], following intramuscular
administration. In contrast to the unmodified chitosan nanoparticles, which show high
immunogenicity after oral administration, TMC nanoparticles displayed a high adjuvant effect after
intramuscular injection [68].
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environment that cause the activation of the immune system [71]. Despite the popularity of alum
salts as immunadjuvants during the last few decades, they have some major limitations, such as
adverse local reactions, lack of inducing cellular immune responses, degradation upon freeze-drying,
and necessity of multiple administration for long lasting protection [68]. These limitations have
motivated scientists to find new vaccine delivery systems with the potential to circumvent the
limitations of present immunoadjuvants and vaccines.
Emulsions are among the suggested systems which may be applied in immunotherapy. Although
some water-in-oil emulsions with the ability of forming depot at the injection site and attracting
immune cells have already been developed [68], the adverse reactions associated to these adjuvants
and its uncertain success have limited their application [72]. Conversely, oil-in-water (O/W)
emulsions have more suitable properties to be used as alternative vaccine adjuvants [73]. MF59TM is
considered as the first O/W emulsion with high safety profile approved in 1997 as adjuvant for
influenza vaccine [74]. This emulsion renders high efficiency to vaccines owing to immune
adjuvanticity [75]. AS02TM is another O/W emulsion capable of inducing both strong humoral and
cellular responses. It is composed of squalene as well as two hydrophobic immune adjuvants, QS21, a purified saponin plant extract, and MPL1TM, a synthetic derivative of lipopolysaccharide
(LPS). While the MPL1TM is able to promote immune cell recruitment and activation [76], the QS21 can stimulate strong antibody responses against the associated antigens [77, 78]. AS03TM is
another emulsion composed of squalene and tocopherol and prepared using Tween® 80 as the
surfactant [79]. This formulation has been applied as adjuvant for influenza vaccine (Pandemrix®).
In addition to emulsions, liposomes have also been proposed as alternative for the stimulation of the
immune system. These particles are composed of vesicular phospholipid bilayers that are able to
efficiently encapsulate antigens, deliver them to the APCs, facilitate the cross presentation of
antigens, and promote cellular immune responses [80]. Moreover, one of the unique benefits of
these carriers is the possibility of co-encapsulation of immunostimulants [81]. AS01TM is an
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example of liposome-based structures that is in clinical trial for HIV vaccine. The preliminary
studies have shown higher immune response for AS01TM compared to the one observed for the
AS02TM O/W emulsion [82].
Currently, virosomes are the most advanced liposomal structures developed as nanovaccines. One
of the virosome-based nanovaccine licensed for influenza is called Inflexal V® [83]. In these
virosomes, two glycoproteins of influenza, including hemagglutinin (HA) and neuraminidase are
integrated onto the surface of liposomal structures by covalent or electrostatic interactions [84],
increasing the chance of antigen capture and processing by APCs. The high immunotherapeutic
effect of this compound is related to the ability of HA protein to fuse with the endosomal membrane
and facilitates the escape of the virosome, thereby avoiding the destruction of the antigen. This
property helps the antigen to be available for class I antigen presentation.
Overall, despite the great versatility and promising features observed for the therapeutic potential of
nanovaccines, intensive research studies are still needed in order to develop proper nanoformulations for immunotherapeutic applications that can be applied in the clinic.
5. Outlook and conclusion
The drawbacks of the current vaccines have prompted the development of novel technologies to
improve stability, efficacy, and safety of the immunotherapeutic biomolecules. The benefits
provided by nanovaccines have led to accelerated investigation of nanoparticle based immunotherapeutics in the past few years. Nanoparticles are able to encapsulate target antigen, peptide, or
protein and sustain the release of the therapeutic payloads, minimizing the need for repeated doses
of the vaccine.
In general, it can be said that three components are at least required for effective antigen delivery to
the DCs for vaccination: an immunostimulative biomolecule, an adjuvant and a proper delivery
system that can also act as adjuvant. The immunostimulative biomolecule can be encapsulated or
attach on the surface of the nanocarriers.
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Despite a huge number of studies focusing on nano-based immunotherapy, there are still a relatively
low number of such products in clinical use because the majority of the studies are performed in
vitro or in animal models. Therefore, more preclinical research studies are still needed to facilitate
the clinical development of nanovaccines. Nevertheless, it is a certainty that the clinical application
of nanovaccines will become a reality in the near future.

Executive summary
•

The most important step for the activation of the immune response is stimulating DCs, known
as the best APCs responsible for T and B cells activation. Nanoparticles are able to increase the
interaction of the antigens with DCs and subsequently increase the immune responses to
antigens.

•

The immunostimulative compounds can be either conjugated on the surface or encapsulated
within the nanoparticles, leading to a reduction in the antigen dose, enhanced cellular uptake
and processing by APCs, as well as increased stability during storage.

•

Anticancer drug molecules or imaging agents can be co-loaded with immunostimulative
biomolecules in nanostructures for multi-applications.

•

As immunostimulative materials with large hydrophobic portions are more potent than the
hydrophilic counterparts, it is proposed that microbially derived adjuvants can be replaced with
hydrophobic biodegradable biomaterials.

Acknowledgments
Dr. H. A. Santos acknowledges financial support from the Academy of Finland (decision nos.
252215 and 256394), the University of Helsinki Research Funds, Biocentrum Helsinki, and the
European Research Council under the European Union’s Seventh Framework Programme
(FP/2007–2013) grant no. 310892.

15

References
[1] B.H. De Lorenzo, C. Ramos Mde, M.A. Michelin, E.F. Murta, Progress in the use of
immunotherapy to treat uterine cervical cancer, Tumori, 95 (2009) 1-7.
[2] K.T. Nouri-Aria, Recent progress in allergen immunotherapy, Iran J Immunol, 5 (2008) 1-24.
[3] A.H. Rook, B.A. Raphael, Progress in immunotherapy of cancer, N Engl J Med, 367 (2012)
1168; author reply 1168.
[4] P.J. Fritsche, A. Helbling, B.K. Ballmer-Weber, Vaccine hypersensitivity--update and overview,
Swiss Med Wkly, 140 (2010) 238-246.
[5] F. Zhou, Perforin: more than just a pore-forming protein, Int Rev Immunol, 29 (2010) 56-76.
[6] M. Singh, A. Chakrapani, D. O'Hagan, Nanoparticles and microparticles as vaccine-delivery
systems, Expert Rev Vaccines, 6 (2007) 797-808.
[7] S.K. Mallapragada, B. Narasimhan, Immunomodulatory biomaterials, Int J Pharm, 364 (2008)
265-271.
[8] M. de la Fuente, N. Csaba, M. Garcia-Fuentes, M.J. Alonso, Nanoparticles as protein and gene
carriers to mucosal surfaces, Nanomedicine (Lond), 3 (2008) 845-857.
[9] H.X. Sun, Y. Xie, Y.P. Ye, Advances in saponin-based adjuvants, Vaccine, 27 (2009) 17871796.
[10] Y.M. Park, S.J. Lee, Y.S. Kim, M.H. Lee, G.S. Cha, I.D. Jung, T.H. Kang, H.D. Han,
Nanoparticle-Based Vaccine Delivery for Cancer Immunotherapy, Immune Netw, 13 (2013) 177183.
[11] K.Y. Wu, M. Wu, M.L. Fu, H. Li, Y. Yang, H. Zhang, C. Cheng, Z.Z. Wang, X.Y. Wang, X.B.
Lu, D.G. Liu, R. Gao, A novel chitosan CpG nanoparticle regulates cellular and humoral immunity
of mice, Biomed Environ Sci, 19 (2006) 87-95.
[12] R. Rappuoli, A. Aderem, A 2020 vision for vaccines against HIV, tuberculosis and malaria,
Nature, 473 (2011) 463-469.
[13] S. Hamdy, A. Haddadi, R.W. Hung, A. Lavasanifar, Targeting dendritic cells with nanoparticulate PLGA cancer vaccine formulations, Adv Drug Deliv Rev, 63 (2011) 943-955.
[14] S.D. Xiang, K. Wilson, S. Day, M. Fuchsberger, M. Plebanski, Methods of effective
conjugation of antigens to nanoparticles as non-inflammatory vaccine carriers, Methods, 60 (2013)
232-241.

16

[15] C. Nembrini, A. Stano, K.Y. Dane, M. Ballester, A.J. van der Vlies, B.J. Marsland, M.A.
Swartz, J.A. Hubbell, Nanoparticle conjugation of antigen enhances cytotoxic T-cell responses in
pulmonary vaccination, Proc Natl Acad Sci U S A, 108 (2011) E989-997.
[16] C. Weber, A. Drogoz, L. David, A. Domard, M.H. Charles, B. Verrier, T. Delair,
Polysaccharide-based vaccine delivery systems: Macromolecular assembly, interactions with
antigen presenting cells, and in vivo immunomonitoring, J Biomed Mater Res A, 93 (2010) 13221334.
[17] Y.K. Katare, A.K. Panda, K. Lalwani, I.U. Haque, M.M. Ali, Potentiation of immune response
from polymer-entrapped antigen: toward development of single dose tetanus toxoid vaccine, Drug
Deliv, 10 (2003) 231-238.
[18] L.A. O'Neill, Immunity's early-warning system, Sci Am, 292 (2005) 24-31.
[19] T.R. Mosmann, J.J. Kobie, F.E. Lee, S.A. Quataert, T helper cytokine patterns: defined subsets,
random expression, and external modulation, Immunol Res, 45 (2009) 173-184.
[20] M.O. Oyewumi, A. Kumar, Z. Cui, Nano-microparticles as immune adjuvants: correlating
particle sizes and the resultant immune responses, Expert Rev Vaccines, 9 (2010) 1095-1107.
[21] M.J. Kipper, E. Shen, A. Determan, B. Narasimhan, Design of an injectable system based on
bioerodible polyanhydride microspheres for sustained drug delivery, Biomaterials, 23 (2002) 44054412.
[22] G. Kersten, H. Hirschberg, Antigen delivery systems, Expert Rev Vaccines, 3 (2004) 453-462.
[23] S. Foster, C.L. Duvall, E.F. Crownover, A.S. Hoffman, P.S. Stayton, Intracellular delivery of a
protein antigen with an endosomal-releasing polymer enhances CD8 T-cell production and
prophylactic vaccine efficacy, Bioconjug Chem, 21 (2010) 2205-2212.
[24] A.R. Patel, S. Kulkarni, T.D. Nandekar, P.R. Vavia, Evaluation of alkyl polyglucoside as an
alternative surfactant in the preparation of peptide-loaded nanoparticles, J Microencapsul, 25 (2008)
531-540.
[25] J. Kazzaz, J. Neidleman, M. Singh, G. Ott, D.T. O'Hagan, Novel anionic microparticles are a
potent adjuvant for the induction of cytotoxic T lymphocytes against recombinant p55 gag from
HIV-1, J Control Release, 67 (2000) 347-356.
[26] T. Jung, W. Kamm, A. Breitenbach, K.D. Hungerer, E. Hundt, T. Kissel, Tetanus toxoid
loaded nanoparticles from sulfobutylated poly(vinyl alcohol)-graft-poly(lactide-co-glycolide):
evaluation of antibody response after oral and nasal application in mice, Pharm Res, 18 (2001) 352360.

17

[27] B.R. Sloat, M.A. Sandoval, A.M. Hau, Y. He, Z. Cui, Strong antibody responses induced by
protein antigens conjugated onto the surface of lecithin-based nanoparticles, J Control Release, 141
(2010) 93-100.
[28] M. Kalkanidis, G.A. Pietersz, S.D. Xiang, P.L. Mottram, B. Crimeen-Irwin, K. Ardipradja, M.
Plebanski, Methods for nano-particle based vaccine formulation and evaluation of their
immunogenicity, Methods, 40 (2006) 20-29.
[29] M. Kendall, Engineering of needle-free physical methods to target epidermal cells for DNA
vaccination, Vaccine, 24 (2006) 4651-4656.
[30] S. Sharma, T.K. Mukkur, H.A. Benson, Y. Chen, Pharmaceutical aspects of intranasal delivery
of vaccines using particulate systems, J Pharm Sci, 98 (2009) 812-843.
[31] T.D. Nandedkar, Nanovaccines: recent developments in vaccination, J Biosci, 34 (2009) 9951003.
[32] T. Fifis, A. Gamvrellis, B. Crimeen-Irwin, G.A. Pietersz, J. Li, P.L. Mottram, I.F. McKenzie,
M. Plebanski, Size-dependent immunogenicity: therapeutic and protective properties of nanovaccines against tumors, J Immunol, 173 (2004) 3148-3154.
[33] A.I. Camacho, R. Da Costa Martins, I. Tamayo, J. de Souza, J.J. Lasarte, C. Mansilla, I.
Esparza, J.M. Irache, C. Gamazo, Poly(methyl vinyl ether-co-maleic anhydride) nanoparticles as
innate immune system activators, Vaccine, 29 (2011) 7130-7135.
[34] C. Primard, N. Rochereau, E. Luciani, C. Genin, T. Delair, S. Paul, B. Verrier, Traffic of
poly(lactic acid) nanoparticulate vaccine vehicle from intestinal mucus to sub-epithelial immune
competent cells, Biomaterials, 31 (2010) 6060-6068.
[35] B. Binjawadagi, V. Dwivedi, C. Manickam, K. Ouyang, Y. Wu, L.J. Lee, J.B. Torrelles, G.J.
Renukaradhya, Adjuvanted poly(lactic-co-glycolic) acid nanoparticle-entrapped inactivated porcine
reproductive and respiratory syndrome virus vaccine elicits cross-protective immune response in
pigs, Int J Nanomedicine, 9 (2014) 679-694.
[36] W. Jiang, R.K. Gupta, M.C. Deshpande, S.P. Schwendeman, Biodegradable poly(lactic-coglycolic acid) microparticles for injectable delivery of vaccine antigens, Adv Drug Deliv Rev, 57
(2005) 391-410.
[37] S. Garlapati, R. Garg, R. Brownlie, L. Latimer, E. Simko, R.E. Hancock, L.A. Babiuk, V.
Gerdts, A. Potter, S. van Drunen Littel-van den Hurk, Enhanced immune responses and protection
by vaccination with respiratory syncytial virus fusion protein formulated with CpG
oligodeoxynucleotide and innate defense regulator peptide in polyphosphazene microparticles,
Vaccine, 30 (2012) 5206-5214.

18

[38] M.F. Bachmann, G.T. Jennings, Vaccine delivery: a matter of size, geometry, kinetics and
molecular patterns, Nat Rev Immunol, 10 (2010) 787-796.
[39] S.L. Demento, S.C. Eisenbarth, H.G. Foellmer, C. Platt, M.J. Caplan, W. Mark Saltzman, I.
Mellman, M. Ledizet, E. Fikrig, R.A. Flavell, T.M. Fahmy, Inflammasome-activating nanoparticles
as modular systems for optimizing vaccine efficacy, Vaccine, 27 (2009) 3013-3021.
[40] J.M. Silva, M. Videira, R. Gaspar, V. Preat, H.F. Florindo, Immune system targeting by
biodegradable nanoparticles for cancer vaccines, J Control Release, 168 (2013) 179-199.
[41] F. Jia, X. Liu, L. Li, S. Mallapragada, B. Narasimhan, Q. Wang, Multifunctional nanoparticles
for targeted delivery of immune activating and cancer therapeutic agents, J Control Release, 172
(2013) 1020-1034.
[42] W. Ma, M. Chen, S. Kaushal, M. McElroy, Y. Zhang, C. Ozkan, M. Bouvet, C. Kruse, D.
Grotjahn, T. Ichim, B. Minev, PLGA nanoparticle-mediated delivery of tumor antigenic peptides
elicits effective immune responses, Int J Nanomedicine, 7 (2012) 1475-1487.
[43] J.M. van Noort, M. Bsibsi, P.J. Nacken, W.H. Gerritsen, S. Amor, I.R. Holtman, E. Boddeke, I.
van Ark, T. Leusink-Muis, G. Folkerts, W.E. Hennink, M. Amidi, Activation of an immuneregulatory macrophage response and inhibition of lung inflammation in a mouse model of COPD
using heat-shock protein alpha B-crystallin-loaded PLGA microparticles, Biomaterials, 34 (2013)
831-840.
[44] M. Diwan, M. Tafaghodi, J. Samuel, Enhancement of immune responses by co-delivery of a
CpG oligodeoxynucleotide and tetanus toxoid in biodegradable nanospheres, J Control Release, 85
(2002) 247-262.
[45] S. Hamdy, O. Molavi, Z. Ma, A. Haddadi, A. Alshamsan, Z. Gobti, S. Elhasi, J. Samuel, A.
Lavasanifar, Co-delivery of cancer-associated antigen and Toll-like receptor 4 ligand in PLGA
nanoparticles induces potent CD8+ T cell-mediated anti-tumor immunity, Vaccine, 26 (2008) 50465057.
[46] C.E. Astete, C.M. Sabliov, Synthesis and characterization of PLGA nanoparticles, J Biomater
Sci Polym Ed, 17 (2006) 247-289.
[47] R. Audran, K. Peter, J. Dannull, Y. Men, E. Scandella, M. Groettrup, B. Gander, G. Corradin,
Encapsulation of peptides in biodegradable microspheres prolongs their MHC class-I presentation
by dendritic cells and macrophages in vitro, Vaccine, 21 (2003) 1250-1255.
[48] R. Sangha, C. Butts, L-BLP25: a peptide vaccine strategy in non small cell lung cancer, Clin
Cancer Res, 13 (2007) s4652-4654.
[49] S. Cohen, M.J. Alonso, R. Langer, Novel approaches to controlled-release antigen delivery, Int
J Technol Assess Health Care, 10 (1994) 121-130.
19

[50] R.C. Mundargi, V.R. Babu, V. Rangaswamy, P. Patel, T.M. Aminabhavi, Nano/micro
technologies for delivering macromolecular therapeutics using poly(D,L-lactide-co-glycolide) and
its derivatives, J Control Release, 125 (2008) 193-209.
[51] M. Garinot, V. Fievez, V. Pourcelle, F. Stoffelbach, A. des Rieux, L. Plapied, I. Theate, H.
Freichels, C. Jerome, J. Marchand-Brynaert, Y.J. Schneider, V. Preat, PEGylated PLGA-based
nanoparticles targeting M cells for oral vaccination, J Control Release, 120 (2007) 195-204.
[52] C. Foged, A. Sundblad, L. Hovgaard, Targeting vaccines to dendritic cells, Pharm Res, 19
(2002) 229-238.
[53] M. Kempf, B. Mandal, S. Jilek, L. Thiele, J. Voros, M. Textor, H.P. Merkle, E. Walter,
Improved stimulation of human dendritic cells by receptor engagement with surface-modified
microparticles, J Drug Target, 11 (2003) 11-18.
[54] L.J. Cruz, R.A. Rosalia, J.W. Kleinovink, F. Rueda, C.W. Lowik, F. Ossendorp, Targeting
nanoparticles to CD40, DEC-205 or CD11c molecules on dendritic cells for efficient CD8(+) T cell
response: A comparative study, J Control Release, 192 (2014) 209-218.
[55] L. Josephson, C.H. Tung, A. Moore, R. Weissleder, High-efficiency intracellular magnetic
labeling with novel superparamagnetic-Tat peptide conjugates, Bioconjug Chem, 10 (1999) 186191.
[56] E.S. Trombetta, I. Mellman, Cell biology of antigen processing in vitro and in vivo, Annu Rev
Immunol, 23 (2005) 975-1028.
[57] I.D. Davis, W. Chen, H. Jackson, P. Parente, M. Shackleton, W. Hopkins, Q. Chen, N.
Dimopoulos, T. Luke, R. Murphy, A.M. Scott, E. Maraskovsky, G. McArthur, D. MacGregor, S.
Sturrock, T.Y. Tai, S. Green, A. Cuthbertson, D. Maher, L. Miloradovic, S.V. Mitchell, G. Ritter,
A.A. Jungbluth, Y.T. Chen, S. Gnjatic, E.W. Hoffman, L.J. Old, J.S. Cebon, Recombinant NYESO-1 protein with ISCOMATRIX adjuvant induces broad integrated antibody and CD4(+) and
CD8(+) T cell responses in humans, Proc Natl Acad Sci U S A, 101 (2004) 10697-10702.
[58] E. Celis, Toll-like receptor ligands energize peptide vaccines through multiple paths, Cancer
Res, 67 (2007) 7945-7947.
[59] M. Heikenwalder, M. Polymenidou, T. Junt, C. Sigurdson, H. Wagner, S. Akira, R.
Zinkernagel, A. Aguzzi, Lymphoid follicle destruction and immunosuppression after repeated CpG
oligodeoxynucleotide administration, Nat Med, 10 (2004) 187-192.
[60] M. Diwan, P. Elamanchili, M. Cao, J. Samuel, Dose sparing of CpG oligodeoxynucleotide
vaccine adjuvants by nanoparticle delivery, Curr Drug Deliv, 1 (2004) 405-412.

20

[61] C. Gorzelanny, B. Poppelmann, K. Pappelbaum, B.M. Moerschbacher, S.W. Schneider,
Human macrophage activation triggered by chitotriosidase-mediated chitin and chitosan
degradation, Biomaterials, 31 (2010) 8556-8563.
[62] R.J. Verheul, B. Slutter, S.M. Bal, J.A. Bouwstra, W. Jiskoot, W.E. Hennink, Covalently
stabilized trimethyl chitosan-hyaluronic acid nanoparticles for nasal and intradermal vaccination, J
Control Release, 156 (2011) 46-52.
[63] R.C. Layton, N. Petrovsky, A.P. Gigliotti, Z. Pollock, J. Knight, N. Donart, J. Pyles, K.S.
Harrod, P. Gao, F. Koster, Delta inulin polysaccharide adjuvant enhances the ability of split-virion
H5N1 vaccine to protect against lethal challenge in ferrets, Vaccine, 29 (2011) 6242-6251.
[64] E. Mata, M. Igartua, M.E. Patarroyo, J.L. Pedraz, R.M. Hernandez, Enhancing immunogenicity
to PLGA microparticulate systems by incorporation of alginate and RGD-modified alginate, Eur J
Pharm Sci, 44 (2011) 32-40.
[65] A. Vila, A. Sanchez, M. Tobio, P. Calvo, M.J. Alonso, Design of biodegradable particles for
protein delivery, J Control Release, 78 (2002) 15-24.
[66] M. Amidi, S.G. Romeijn, J.C. Verhoef, H.E. Junginger, L. Bungener, A. Huckriede, D.J.
Crommelin, W. Jiskoot, N-trimethyl chitosan (TMC) nanoparticles loaded with influenza subunit
antigen for intranasal vaccination: biological properties and immunogenicity in a mouse model,
Vaccine, 25 (2007) 144-153.
[67] B. Slutter, L. Plapied, V. Fievez, M.A. Sande, A. des Rieux, Y.J. Schneider, E. Van Riet, W.
Jiskoot, V. Preat, Mechanistic study of the adjuvant effect of biodegradable nanoparticles in
mucosal vaccination, J Control Release, 138 (2009) 113-121.
[68] J.F. Correia-Pinto, N. Csaba, M.J. Alonso, Vaccine delivery carriers: insights and future
perspectives, Int J Pharm, 440 (2013) 27-38.
[69] P. Arbos, M.A. Arangoa, M.A. Campanero, J.M. Irache, Quantification of the bioadhesive
properties of protein-coated PVM/MA nanoparticles, Int J Pharm, 242 (2002) 129-136.
[70] S. Gomez, C. Gamazo, B. San Roman, C. Vauthier, M. Ferrer, J.M. Irachel, Development of a
novel vaccine delivery system based on Gantrez nanoparticles, J Nanosci Nanotechnol, 6 (2006)
3283-3289.
[71] P. Marrack, A.S. McKee, M.W. Munks, Towards an understanding of the adjuvant action of
aluminium, Nat Rev Immunol, 9 (2009) 287-293.
[72] N. Leffers, A.J. Lambeck, M.J. Gooden, B.N. Hoogeboom, R. Wolf, I.E. Hamming, B.G.
Hepkema, P.H. Willemse, B.H. Molmans, H. Hollema, J.W. Drijfhout, W.J. Sluiter, A.R. Valentijn,
L.M. Fathers, J. Oostendorp, A.G. van der Zee, C.J. Melief, S.H. van der Burg, T. Daemen, H.W.

21

Nijman, Immunization with a P53 synthetic long peptide vaccine induces P53-specific immune
responses in ovarian cancer patients, a phase II trial, Int J Cancer, 125 (2009) 2104-2113.
[73] G. Leroux-Roels, Unmet needs in modern vaccinology: adjuvants to improve the immune
response, Vaccine, 28 Suppl 3 (2010) C25-36.
[74] M. Dupuis, D.M. McDonald, G. Ott, Distribution of adjuvant MF59 and antigen gD2 after
intramuscular injection in mice, Vaccine, 18 (1999) 434-439.
[75] S. Frey, G. Poland, S. Percell, A. Podda, Comparison of the safety, tolerability, and
immunogenicity of a MF59-adjuvanted influenza vaccine and a non-adjuvanted influenza vaccine
in non-elderly adults, Vaccine, 21 (2003) 4234-4237.
[76] D.H. Persing, R.N. Coler, M.J. Lacy, D.A. Johnson, J.R. Baldridge, R.M. Hershberg, S.G.
Reed, Taking toll: lipid A mimetics as adjuvants and immunomodulators, Trends Microbiol, 10
(2002) S32-37.
[77] R.T. Coughlin, A. Fattom, C. Chu, A.C. White, S. Winston, Adjuvant activity of QS-21 for
experimental E. coli 018 polysaccharide vaccines, Vaccine, 13 (1995) 17-21.
[78] J. Ma, P.A. Bulger, D.R. Davis, B. Perilli-Palmer, D.A. Bedore, C.R. Kensil, E.M. Young, C.H.
Hung, J.R. Seals, C.S. Pavia, et al., Impact of the saponin adjuvant QS-21 and aluminium hydroxide
on the immunogenicity of recombinant OspA and OspB of Borrelia burgdorferi, Vaccine, 12 (1994)
925-932.
[79] C.B. Fox, Squalene emulsions for parenteral vaccine and drug delivery, Molecules, 14 (2009)
3286-3312.
[80] J.A. Zasadzinski, B. Wong, N. Forbes, G. Braun, G. Wu, Novel Methods of Enhanced
Retention in and Rapid, Targeted Release from Liposomes, Curr Opin Colloid Interface Sci, 16
(2011) 203-214.
[81] E. Kedar, H. Gur, I. Babai, S. Samira, S. Even-Chen, Y. Barenholz, Delivery of cytokines by
liposomes: hematopoietic and immunomodulatory activity of interleukin-2 encapsulated in
conventional liposomes and in long-circulating liposomes, J Immunother, 23 (2000) 131-145.
[82] I. Leroux-Roels, M. Koutsoukos, F. Clement, S. Steyaert, M. Janssens, P. Bourguignon, K.
Cohen, M. Altfeld, P. Vandepapeliere, L. Pedneault, L. McNally, G. Leroux-Roels, G. Voss, Strong
and persistent CD4+ T-cell response in healthy adults immunized with a candidate HIV-1 vaccine
containing gp120, Nef and Tat antigens formulated in three Adjuvant Systems, Vaccine, 28 (2010)
7016-7024.
[83] R. Gluck, I.C. Metcalfe, New technology platforms in the development of vaccines for the
future, Vaccine, 20 Suppl 5 (2002) B10-16.

22

[84] R. Gluck, Adjuvant activity of immunopotentiating reconstituted influenza virosomes (IRIVs),
Vaccine, 17 (1999) 1782-1787.

23

