
Author's Accepted Manuscript

Revolutionary Impact of Nanovaccines on
Immunotherapy

Mohammad-Ali Shahbazi, Hélder A. Santos

PII: S2307-5023(14)00075-7
DOI: http://dx.doi.org/10.1016/j.nhtm.2014.11.058
Reference: NHTM10

To appear in: New Horizons in Translational Medicine

Cite this article as: Mohammad-Ali Shahbazi, Hélder A. Santos, Revolutionary
Impact of Nanovaccines on Immunotherapy, New Horizons in Translational
Medicine, http://dx.doi.org/10.1016/j.nhtm.2014.11.058

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal
pertain.

www.elsevier.com/locate/nhtm

http://dx.doi.org/10.1016/j.nhtm.2014.11.058
http://dx.doi.org/10.1016/j.nhtm.2014.11.058
http://dx.doi.org/10.1016/j.nhtm.2014.11.058
http://dx.doi.org/10.1016/j.nhtm.2014.11.058
http://dx.doi.org/10.1016/j.nhtm.2014.11.058
http://dx.doi.org/10.1016/j.nhtm.2014.11.058


1 
 

Revolutionary Impact of Nanovaccines on 

Immunotherapy 

 

 
Mohammad-Ali Shahbazi and Hélder A. Santos* 

 

 

Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, FI-00014 University 

of Helsinki, Finland 

 

 

 

 

 

*Address correspondence to 

helder.santos@helsinki.fi 

Tel.: +358 2941 59661 

 

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].  
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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 immune-

responses 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 nano-

immunotherapeutics 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 immune-

responses [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, N-

trimethyl 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, QS-

21, 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 QS-

21 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 nano-

formulations 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 immuno-

therapeutics 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. 
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