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Abstract

:

Conventional vaccine strategies have been highly efficacious for several decades in reducing mortality and morbidity due to infectious diseases. The bane of conventional vaccines, such as those that include whole organisms or large proteins, appear to be the inclusion of unnecessary antigenic load that, not only contributes little to the protective immune response, but complicates the situation by inducing allergenic and/or reactogenic responses. Peptide vaccines are an attractive alternative strategy that relies on usage of short peptide fragments to engineer the induction of highly targeted immune responses, consequently avoiding allergenic and/or reactogenic sequences. Conversely, peptide vaccines used in isolation are often weakly immunogenic and require particulate carriers for delivery and adjuvanting. In this article, we discuss the specific advantages and considerations in targeted induction of immune responses by peptide vaccines and progresses in the development of such vaccines against various diseases. Additionally, we also discuss the development of particulate carrier strategies and the inherent challenges with regard to safety when combining such technologies with peptide vaccines.
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1. Introduction


Vaccination has proven to be the mainstay in prevention of various deadly infectious diseases [1,2,3]. Historically, live-attenuated or inactivated forms of microbial pathogens (viruses, bacteriae, etc.) have been used for induction of antigen-specific responses that protect the host against subsequent infections. Based on the pathogen being used, such vaccine formulations can contain anywhere between tens of to a few hundred proteins. However, protective immunity is usually dependent upon a few select proteins within such formulations, whereas the majority of proteins are unnecessary for the induction of protective immunity. Furthermore, these additional proteins may induce allergenic and/or reactogenic responses, thus emphasizing the need to eliminate them from vaccine formulations. This rationale led to an interest in subunit vaccines using single, or a select few, proteins of the microbes in vaccine formulations for induction of protective immunity [4,5]. An extension of this logic would be that even single proteins contain many hundreds of antigenic epitopes, all of which are not necessary; whereas some may even be detrimental to the induction of protective immunity. This has created an interest in “peptide vaccines” containing only epitopes capable of inducing positive, desirable T cell and B cell mediated immune response [6]. “Peptides” used in these vaccines are 20–30 amino acid sequences that are synthesized to form an immunogenic peptide molecule representing the specific epitope of an antigen. On the one hand, since epitopes are the antigenic determinants within larger proteins, these peptides are considered sufficient for activation of the appropriate cellular and humoral responses [7,8], while eliminating allergenic and/or reactogenic responses. Additionally, peptide vaccines can be used for induction of broad-spectrum immunity against multiple serological variants (serovars) or strains of a given pathogen by formulating multiple non-contiguous immunodominant epitopes and/or epitopes conserved between different serovars/strains of a pathogen. On the other hand, owing to the relatively small size of peptides, they are often weakly immunogenic by themselves and therefore require carrier molecules, to add chemical stability and adjuvanting, for the induction of a robust immune response [9,10]. Allergenicity and/or reactogenicity of carrier molecules themselves increase the complexity of peptide vaccine design. Manufacturing of peptide vaccines is generally considered as safe and cost effective when compared to conventional vaccines. There are many peptide vaccines under development, such as vaccine for human immunodeficiency virus (HIV) [11], hepatitis C virus (HCV) [12], malaria [13], foot and mouth disease [14], swine fever [15], influenza [16], anthrax [17], human papilloma virus (HPV) [18], therapeutic anti-cancer vaccines [19,20,21,22,23,24] for pancreatic cancer, melanoma, non-small cell lung cancer, advanced hepatocellular carcinoma cutaneous T-cell lymphoma and B-Cell chronic lymphocytic leukemia.



A database of publicly and privately conducted clinical studies is maintained on ClinicalTrials.gov, which is a service of the U.S. National Institute of Health. Around 452 clinical studies of peptide vaccines for preventive or therapeutic purpose on multiple disease conditions are registered with this database until mid-March 2014 (Table 1). The vast majority of candidate peptide vaccines are under Phase I (270 studies) and Phase II (224 studies) stage of development. In a total of 452 studies, only 12 studies have progressed to Phase III level of development. Interestingly, all these 12 studies are on therapeutic candidate peptide vaccines indicated for treatment of multiple types of cancers. Preventive or therapeutic candidate peptide vaccines for infectious diseases such as HIV, HCV, Hepatitis B virus (HBV), Cytomegalovirus (CMV), Influenza, Tuberculosis, Malaria, Pneumonia, Genital Herpes, Hand Foot and Mouth disease, and also for Allergy (Cat allergy, Ragweed allergy, Grass allergy) House dust mites—Rhinoconjuctivitis, Asthma, Diabetes, Alzheimer’s disease, are either under Phase II or Phase I stage of development. However, the commercialization of a licensed peptide vaccine has yet to be realized.
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Table 1. Worldwide clinical trials of peptide vaccines.
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S.N.

	
Peptide Vaccines Under Development

	
Clinical Indications for Candidate Peptide Vaccines Under Development






	
1

	
No. of Phase I Studies

	
270

	
Anticancer studies, Malaria, Falciparum Malaria, Anti-Plasmodium vivax, Influenza, Alzheimer’s disease, Insulin dependent diabetes mellitus, Hand foot and mouth disease, anti HIV, HCV, HBV, CMV, Diabetes Mellitus, Type One, Cat allergy, Allergy




	
2

	
No. of Phase II Studies

	
224

	
Anticancer studies, anti HIV, HCV, HBV, CMV, Pneumococcal, genital Herpes—Herpes Simplex Type II, Tuberculosis, Diabetes, Diabetes Mellitus, Type One, Cat allergy, Ragweed allergy,

Grass allergy, Ashtma, House dust mites - Rhinoconjuctivitis, maximum studies–anticancer




	
3

	
No. of Phase III Studies

	
12

	
Anti-cancer studies




	
4

	
No. of Phase IV Studies

	
NIL

	
No peptide vaccine reached market yet










2. Considerations and Methods for the Design of Peptide Vaccines


A variety of considerations need to be made during the design of a peptide vaccine, in context of the particular vaccine under development. First and foremost among them is the identification of immuno-dominant domains of epitopes that are capable of inducing protective immune response in terms of humoral immunity and/or cell mediated immunity against desired antigen [25]. Immunodominant epitopes can be chosen in context of B cells, cytotoxic or helper T cells. For example, one of the most suited approaches is preparation of protective monoclonal antibody against the conserved regions, which may be helpful in designing protective as well as therapeutic vaccine against cancers [26]. For such a vaccine, the selection of immunodominant B cell epitopes is important. On the other hand, vaccines against intracellular pathogens such as viruses or against cancers may focus on the identification of epitopes that induce cytotoxic T cell responses [20,27]. It is to be noted that for efficient induction of either B-cell or cytotoxic T cell responses, the induction of a robust helper T cell responses is crucial [27,28]. Thus, epitope selection will have to be directed towards not only inducing the required effector response (B cells or cytotoxic T cells), but also for induction of helper T cell responses. Among the epitopes that induce specific subsets of immune responses, the next challenge would be to identify the right epitope(s) or peptide(s) that can activate T cells to the magnitude that can confer protective immunity. Additionally, for development of a broad-spectrum vaccine against multiple serovars of a pathogen, it may be necessary to identify highly conserved immunodominant epitopes. Another issue to be considered is the processing, presentation and association of the candidate peptide vaccine by antigen presenting cells T cells in a highly MHC-heterogenous human population.



Multiple biochemical and cellular immuno assays have been designed and utilized for selection of candidate peptides for vaccines. Various strategies employing either in silico approaches or experimental approaches, or combinations of both have been followed. The inherent complexity and cost of using experimental approaches at initial stages of screening has led researchers to seek the support of reliable and cost-effective bioinformatics in silico tools. A variety of bioinformatics tools are used for prediction including, but not limited to, the translocation of peptides into endoplasmic reticulum (MHC-I), cleavage in lysosomal compartments (MHC-II), binding of antigen to MHC I and MHC II, HLA haplotype specificity, and recognition by T cell receptors. Multiple epitope predictive algorithms have been developed as briefly described below:

	(1)

	
Structural resolution of desired antigen and its monoclonal antibody complex using nuclear magnetic resonance and X-ray crystallography to identify interactions at atomic level [29];




	(2)

	
Mass Spectrometry for the identification of monoclonal antibody binding antigenic epitope, and then using in silico techniques mapping them on the whole antigen to describe structure and sequence of the epitope [30]. Such computational analysis is usually done by first excluding antigen non-binding regions, and subsequently mapping the amino acid residues of the antigen identified by mass spectrophotometry analysis and the crystal structure;




	(3)

	
“Mimotopes” are peptides mimicking antigenic conformational structures that are recognized by paratope antibody. This is usually achieved by first generating a specific phage display library [31]. The identified peptides are then aligned to antigen sequence and subsequently superimposed to its 3D structure using in silico tools. An alternative approach is to express antigenic peptide from recombinant cDNA library and then screen for binding to specific monoclonal antibody. Using in silico tools, the selected peptide antigens can be further sequenced and aligned with antigen sequence, and if available, 3D structures can be superimposed. Some algorithms that can be of use are MimoPro, Mimox, Pepitope, MimoDB 2.0 [32];




	(4)

	
Prediction of linear B cell epitopes using computerized algorithms such as propensity scale, machine-learning algorithm or a combination of these two, hybrid algorithm, ABCpred, ANN-, BepriPred, HMM or more advanced algorithms are BEDDPRo, SVM, PSSM etc. [33,34];




	(5)

	
Usage of databases containing known T cell epitopes or peptides including information of their respective MHC binding and affinity of binding, the antigens involved in various clinical conditions, HLA restriction, host specificity, primary sequence of antigen etc. In case of development of peptide vaccines, selecting the correct target MHC or HLA is very critical, as the vaccine candidate should bind majority of HLAs in the population [35]. IMGT HLA database, which gives information of MHC alleles and its polymorphism and distribution in the community, is useful for this purpose [36]. A variety of structure-based algorithms also are available for in silico prediction of T cell epitopes. They are roughly classified as homology modeling, protein threading, and protein-protein docking. Prediction of conformational epitopes can be done using sequence, structure based, or binding matrices in silico algorithms such as DiscoTope, CEP, EPCES, PEPITO, SEPPA, EPSVR, ElliPro, BLAST-MODELLER, Epitpopia, CBTOPE, BEEPro, IEDB, SYFPEITHI, BIMAS, SMM, ANN, HMMs, SVMs, PROPRED, NetChop-3.0, etc. [36,37,38,39].









The identification, selection, and construction of candidate epitope(s) or peptide vaccine antigen(s) is followed by chemical synthesis of antigenic peptides. The synthesized peptides are subsequently conjugated to carrier molecules or adjuvants, as required. Immunoprofiling of resultant constructs is conducted in vitro, as well as in suitable animal models for determination of safety and efficacy, followed by progression to pre-clinical and clinical trials.




3. Induction of Protective T-Cell and B-Cell Mediated Immunity by Peptide Vaccines


A successful vaccine must induce a strong and long memory humoral and cellular immune response, but more importantly, protect against the disease being targeted. Therefore, it is important to evaluate whether the peptide immunogen can induce “protective” T-cell and B-cell immunity. The earliest peptide vaccination study came from virus-derived CD8 T-cell epitopes, which was reported by the late 1980s, and identified that mice vaccinated with small synthetically peptides can be recognized by CD8 cytotoxic T lymphocytes (CTL) [6,40,41,42,43,44]. The results also showed that those peptides were presented to MHC-I molecules in vivo, and consequently able to effectively induce protective T-cell responses that were able to resist a subsequent relevant virus challenge. In later studies, a number of synthetic peptides from influenza, LCMV, and Sendai virus were tested in different groups [45,46,47]; many of them have been successfully shown to induce specific CD8 cytotoxic T lymphocytes in immunized animals. Peptides recognized by CD8 T cells have been shown to be both selective and extremely sensitive; one amino acid change can alter the specific epitope into a non-immunogenic peptide [17,28,33]. The first synthetic peptide vaccine providing protection came from studies of canine parvovirus in dogs; protection was just as efficacious as the classical vaccine prepared from whole virus [34].Other studies have also shown that the protection mediated by some of these peptide vaccines occurs in a distinct T-cell mediated fashion, without the requirement for neutralizing antibody [1].



Since specific CD8 T cell-mediated immunity also plays a central role in controlling tumor growth, peptide-based vaccines also have been designed to use for tumor therapeutic applications. There have been several reports of peptides vaccination being successful in controlling tumor growth in mouse models [6,23,48,49]. In most of those studies, the synthetic peptides used were often longer than the 9–11 amino acids of the minimal peptide-sequence recognized by CD8 T cells. The longer peptides need to be trimmed to minimal MHC-I binding ligands by proteases and peptidases or by professional Antigen Presenting Cells (APC) process, followed by loading onto MHC-I groves. In fact, minimal peptides used in most of studies induce lower immune responses compared to longer peptides [50,51], since they only elicit CD8 T cell response without processing by APC. For example, Bijker et al., demonstrated that long peptides need uptake and processing before the minimal epitope is able to bind to MHC-I molecule, and they can induce sustained CD8 CTL responses. Vaccination with long peptides resulted in somewhat delayed but sustained CTL response [7]. Kenter et al., also proved long peptide vaccination against HPV 16 E6/E7 is superior over vaccination with short peptides, an aspect confirmed by later studies [52]. This is most likely the result of an insufficient effector CD8 T cell response due to the absence of stimulation of professional APC and memory T helper cell elicitation.



The impact of CD4 helper T cells in peptide vaccination was proven by subsequent studies in many model systems, and has been depicted in Figure 1. For example, the LCMV 15-mer synthetic long peptide vaccination study revealed that the effectiveness of LCMV 15-mer peptides to induce LCMV-specific CD8 T cell reactivity depended on CD4 T-cell help, suggesting that these 15-mer peptides comprised a helper epitope [53,54]. Similar results came from a HPV16 E7 peptide vaccination study in which the HPV16 E7 peptide vaccine in Freund’s incomplete adjuvant (FIA) failed to induce strong peptide-specific CD8 T-cell response in MHC-II knockout mice. This peptide comprised a T helper epitope that overlaps with the CTL epitope [55,56,57,58]. These data suggest that activation of antigen specific helper cells by peptide, comprising helper-epitopes, is very important for development of peptide vaccines, and the generation of protective CD8 T cell response is clearly improved after addition of T helper peptides. Longer peptides can be taken up by professional APC, proteolytically processed, and then loaded onto appropriate MHC molecules and transported to the cell surface. It seems logical that the latest designed peptide vaccine should consist of multi epitopes, which could include the MHC II restricted helper epitopes recognized by CD4 T cells and MHC I restricted CD8 epitopes to induce both helper T cells and CTL, or include T and B epitopes to elicit the specific T cells and humoral responses.
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Figure 1. Central role of CD4+ T cells in peptide vaccines. Vaccine-induced immune response to control microbial pathogens may involve cytotoxic CD8+ T cell responses, helper CD4+ T cell responses, or antibody (B cell) responses. T cells recognize linear epitopes presented by antigen presenting cells, whereas B cells are capable of recognizing linear and conformational epitopes on soluble antigens. The induction of robust CD8+ T cell and/or antibody responses requires cytokine help from CD4+ T cells. Therefore, regardless of the nature of protective immune response required, the induction of CD4+ T cell responses is critical. 
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Because the antibody response to peptides is limited to the linear B cell epitopes, it would be very challenging to generate long peptides with conformations that resemble the native protein for the induction of protective antibodies [35,59]. However, the presence of antibodies that are able to recognize the peptides implies that antibodies can be induced by peptide vaccination, and might have neutralizing capacity or through enhancement of their ability to mediate CTL functions such as antibody dependent cell-mediated cytotoxicity [45,60]. New peptide based vaccines must consider promoting peptide secondary structure in order to induce a specific humoral response. Other creative and recent designs have included: engineering the distance between the repetitive epitopes on the peptides to be able of cross-linking B cell receptors for B cell proliferation; enhancing peptides antigen structure by using scaffolds; flanking by other small peptide sequences possessing propensity for folding into an α-helix; as well as adding the LI linker for better HLA presenting peptide epitopes [61,62]. Taken together, we believe it is possible that peptide vaccines can be designed to not only induce CD8 cytotoxic T lymphocytes, but also elicit an effective humoral and CD4 T cell response.




4. Particulate Peptide Vaccine Delivery Methods


Peptide-based vaccines alone, even those comprising optimal B-cell and T-cell epitopes, are poorly immunogenic and require adjuvants and appropriate delivery systems to be effective. Various particulate delivery systems have been studied for efficacious delivery of peptide vaccine candidates. These delivery systems can also serve as adjuvants. Modern day particulate delivery systems are aimed at overcoming the shortcomings of the age old adjuvant, alum. The specific limitations of alum were: lack of cellular immune system stimulation, degradation on freeze drying and the possibility of adverse local reactions [2]. Particulate vaccine carriers are discussed below based on their evolution:



4.1. Emulsions


All emulsion based particulate carriers for vaccine are based on a common mechanism of action of formation of a depot at the injection site that is capable of attracting the immune cells. Emulsions can be single (oil-in-water (o/w), water-in-oil (w/o) or multiple (e.g., water-in-oil-in water w/o/w). The stability of emulsions as delivery systems is directly proportional to vaccine safety and efficacy; as continued presence of antigen depots at lymphoid organs releasing low-level antigens is known to stimulate a potent immune response and high-level systemic release of antigens can lead to tolerance. Their utility in delivering peptide vaccine candidates is critically determined by the process of manufacture [63], type of emulsion e.g a multiple emulsion (w/o/w) [64] the type of surfactants used to formulate the emulsion [28]. Some of the emulsion based adjuvants are discussed in Table 2.
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Table 2. Currently marketed emulsion based delivery systems.
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Example of Emulsion Based Adjuvant

	
Composition

	
Features

	
Encapsulated Peptide Antigen

	
Ref.






	
Freunds complete adjuvant

	
w/o emulsion of a mineral oil, paraffin and killed mycobacteria

	
Capable of generating high immunization titers Strong adverse reactions

	
Human papillomaviruses (HPV) E5

	
[65]




	
Montanide™ ISA 720 and 51

	
w/o emulsion with squalene as the oil and mono-oleate as the surfactant

	
Associated with adverse drug reactions; extensive and costly emulsification is needed

	
Human papillomaviruses (HPV) E6, E7

	
[65,66]




	
MF59™

	
o/w emulsion with squalene oil dispersed with the help of surfactants viz. polysorbate 80 and sorbitan oleate

	
Great safety profile, able to activate immune cells directly

	
Melanoma Peptides

	
[67]




	
AS02™

	
Composed of squalene and two hydrophobic immune adjuvants viz. MPL1™, a synthetic derivative of lipid A and QS-21, a purified saponin extract

	
Capable of inducing both humoral and cellular response

	
A recombinantly produced fusion of circumsporozoite protein (CS) and hepatitis B surface antigen (HBsAg), called RTS,S

	
[68]









A detailed literature review reveals that emulsions are a popular delivery method for various peptides. Freund’s complete adjuvant (CFA or FCA) and Freund’s incomplete adjuvant (IFA or FIA) systems are among the most popular ones to increase the humoral and cellular immunity in animals and humans. The CFA is composed of the inactivated and dried mycobacteria; whereas the IFA is devoid of the mycobacterial component. The process of emulsification is facilitated by homogenization [69] (using a homogenizer) magnetic ultrasound. Multiple emulsions have a great potential to boost the immune response because of the depot effect of the inner oil compartment and particulate adjuvant effect provided by the oil droplet. Various other modifications of existing emulsion based delivery systems have promising future, e.g., NH2 containing mineral oil and high purity oleic acid derivative, sorbitan monooleate. NH2 being a w/o emulsion was able to protect encapsulated peptide antigen from peptidase and also provided a slow release of the peptide giving sustained antigenic stimulation [70]. Similarly a novel w/o/o multiple emulsion system containing squalene oil encapsulating peptide antigen gp100 was investigated for its efficacy as a vaccine delivery system for melanoma immunotherapy [64]. The formulation was not only easily injectable, it displayed a 13 fold lower viscosity and a 6-fold (prophylactic immunization) and 2-fold (active immunization) increase in tumor growth delay time compared to w/o IFA-based gp100 peptide vaccine. Squalene oil (hydrogenated dorm of squalane oil) used in the inner compartment of the multiple emulsion does not cause any inflammatory response and is well tolerated at the site of injection. Other modifications of the emulsion system to increase the adjuvancy include DepoVax (liposome containing the adjuvant and antigen is suspended in oil), and GLA-SE (glucopyranosyl lipid adjuvant-stable emulsion), both of which are available.




4.2. Liposomes


Liposomes are phospholipid bilayer structures that form small vesicles mimicking cell membranes. They have an aqueous core and a lipid bilayer on the outside. They have been the most popular and extensively studied delivery vehicles for peptide antigens. The specific advantages of using liposomes as delivery vehicles for vaccine candidates are is that their composition can be tailored for biocompatibility and adaptability in order to deliver their contents to antigen presenting cells (APCs) where cross presentation is facilitated promoting cellular response. In liposomes, co-encapsulation of immunostimulants and adjuvants is possible [48]. A detailed review on the liposomes as delivery vehicles for peptide antigens is available elsewhere [48]. The composition of the phospholipid constituents in the liposomes may have an effect on the quantity and quality of the immune response produced by them, e.g., the amount of cholesterol in liposomes at and above a threshold of 20 mol % cholesterol was found to play a role in the induction of a peptide-specific immunological response in MUC1 surface decorated liposomes. Liposomes are a less preferred choice as a delivery system for peptide antigens because of their lower entrapment efficiency, although they can enhance the immunogenicity of poorly immunogenic proteins. A way to overcome this formulation issue is to conjugate the peptide moiety with lipids followed by its incorporation in liposomes. However, such incorporation was found to be variable and depended upon the nature of the lipid anchor and the lipopeptide loading [71]. Some studies wherein the antigenic peptides have been conjugated to liposomal surface have been successful. In a study by Nagata et al. [72], ovalbumin (OVA) conjugated on the surface of liposomes induced OVA-specific IgG antibody, not IgE antibody that is detrimental to the host. Also, they elicited CTL response in presence of CPG (added as an adjuvant) and inhibited the growth of tumors in mice [72,73]. Induction of CTL response was also observed in liposomes surface decorated with peptides derived from a non-structural polyprotein in severe acute respiratory syndrome (SARS)-associated coronavirus [70,74]. In a similar study, hepatitis C virus derived peptides coupled to surface of liposomes were found to confer complete protection to immunized mice with the establishment of long term memory [72,75]. The results obtained in this study were also replicated with OVA antigen [75] and found to produce a long lived CD8+ T cells without CD4+ T cells [73]. On the other hand, in the case of MUC1 peptides the liposome formulation with peptide displayed on the surface of liposomes were found to induce the humoral immune response [76]. The immunostimulating effect of liposomes is mediated by the protection of antigens against proteolytic enzymes. They are also known to extend the half-life of antigens in blood so that a maximum exposure of antigens to APCs occurs. Liposomes can be made positively charged (cationic liposomes), coated with polyethylene glycol (PEGs) to promote their interaction with APCs. In a study by Cortesi et al. [77], herpes simplex virus (HSV) peptides were encapsulated in cationic liposomes, and administered ocularly in the form of eye drops for rabbits with HSV-1 infection. A significant protection against a lethal ocular challenge was detected along with absence of reactive episodes from latency on survived animals. A size dependency in movement of cationic liposomes from the injection site to the popliteal lymph node, cell proliferation and IL-10 production was observed in a study by Henriksen-Lacey et al. [78], using four different sized cationic liposomes viz. (~0.2 μm, 0.6 μm, 1.5 μm and >2 μm). Cationic liposomes larger in size (>2 µm) were found to promote proliferation and low IL-10 production, whereas the liposomes of size around 500 nm were found to promote IFN-γ and IL-1B production. Liposomes can also be made pH sensitive or integrated with fusogenic peptides [79] to deliver the peptide vaccine into the cytosol and promote the CTL response. One such study involved encapsulation of CTL epitope peptides from Hantaan nucleocapsid protein (M6) or human papilloma virus E7 into pH sensitive liposomes. The liposomes were found to delay the growth of melanoma cells and the CTL response was found to be maintained for approximately 6 weeks [80]. Similar results were obtained when HIV antigen peptides were encapsulated in pH sensitive liposomes [81]. The induction of CTL is highly dependent on how effectively the antigenic peptide is delivered into the major histocompatibility complex (MHC) class I presentation pathway in APCs. Hayashi et al. [82] used a novel approach of adding an ER insertion signal sequence (Eriss) into the fusogenic liposomes to promote the peptide-MHC class I association for enhanced peptide transportation into the endoplasmic reticulum (ER). Such fusogenic liposomes with the Eriss signal were found to prolong the epitope presentation and enhanced induction of in vivo tumor immunity. Examples of liposomal particulate carriers in clinical development include AS01™ consisting of two lipophlic components viz. MPL1 and QS 21 [83].




4.3. Virosomes, ISCOMS and Related Particles


A similar group of colloids to liposomes that has been explored for the delivery of antigens are virosomes, transfersomes, archeosomes, niosomes and cochleates. Niosomes are made of non-ionic surfactants and are considered to be more stable than conventional liposome. Virosomes are composed of assembled viral membrane protein which render them enhanced binding to APCs and promote cytosolic delivery. Structurally, virosomes comprise 70% of naturally occurring phospholipids and 30% envelop phospholipids originating from the influenza virus. At the time of production the influenza surface antigens neuraminidase and hemagglutinin are integrated into the liposomal bilayer with a particle size of ~150 nm. Virosomal delivery of antigens to APCS is known to enhance MHC class I and MHC class II presentation and induce both B- and T-cell responses [84]. Virosomes are excellent adjuvant systems and are biodegradable, non-toxic, and do not induce antibodies against themselves [85]. Virosomal delivery systems are quite popular for increasing effectiveness of malarial antigens as these antigens are too small to induce any immune response [84,86]. Inflexal® V is a virosomal adjuvanted Influenza vaccine (subunit) that is based on the virosome technology developed by Crucell Company (Leiden, The Netherlands), formerly Berna Biotech. It is currently registered in 43 countries for immunization against influenza for all age groups. It is also marketed under the name of InfectoVac® Flu in Germany, Isiflu®V in Italy and Viroflu® in the United Kingdom [87].



Immunostimulatory complexes (ISCOMs) are particulate antigen delivery systems composed of antigen, cholesterol, phospholipid and saponin and around 40 nm size. ISCOMATRIX™ is a particulate adjuvant comprising cholesterol, phospholipid and saponin but without antigen [88]. ISCOMs and ISCOMATRIX™ are composed of phospholipids as liposomes but also contain saponin adjuvant Quil A [89,90]. ISCOMS can only be loaded with hydrophobic antigens. Strategies to encapsulate hydrophilic antigens into ISCOMS include: coupling of antigens to ISCOMs using amphipathic coupling protein; conjugation of hydrophilic with fatty acids and phospholipids; and, modification of protein by genetic engineering. ISCOMSs are known to induce CTL responses for native as well as modified immunogens and can mediate humoral as well as cell-mediated immune responses [65,91].




4.4. Polymeric Particles


In recent years various polymers have been investigated for the delivery of the vaccines. The natural polymers available for the production of nanoparticles include albumin, collagen, starch, chitosan, dextran, whereas the examples of synthetic polymers include polymethylmethacrylate, polyesters, polyanhydrides, and polyamides. Of the synthetic polyesters, polylactides (PLA), polyglycolides or polyglocolic acid (PGA) and their copolymers poly(lactide-co-glycolide) PLGA are US FDA approved for use in humans and have been tested for toxicity and safety in extensive animal studies [3,92]. The popular choice for biodegradable polymers are aliphatic polyesters such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(e-caprolactone) (PCL), poly(hydroxybutyrate) (PHB) and their copolymers. In particular, poly(lactide-co-glycolide) (PLGA) has been the most extensively investigated for developing nano- and microparticles encapsulating therapeutic drugs in controlled release applications. The polyesters are hydrolysed in the body generating biocompatible and metabolizable lactic acid and glycolic acid, which are removed from the body by the citric acid cycle. Owing to their particulate nature polymeric micro and nanoparticles are known to promote uptake, transport, or presentation of antigen to APCs. They were also found to elicit both cellular and humoral immunity. The biggest advantage offered by polymer based antigen delivery systems is the sustained release (for a period of few weeks to months) of the encapsulated antigen from the polymer matrix. The rate of release of the antigens from the encapsulated polymeric particles can be controlled by the rate of degradation of the polymer matrix which, in turn, is dependent on the composition of the polymer matrix, molecular weight of the polymer and size of the particles. Generally, hydrophobic interactions, electrostatic forces, hydrogen bonds, van der Waal forces, or combinations of these interactions are available as the driving forces for the formation of the polymer complexes [93]. Peptide antigens might undergo destabilization, loss of immunogenicity during the encapsulation process. Strategies to target polymeric particles to specific arms of the immune system such as the dendritic cells (DCs) in a targeted and prolonged manner have been used [48]. The encapsulation of the peptide antigens in these polymeric nanoparticles increases the longevity of the antigen to increase the possibility of its uptake by DCs. Some examples of these strategies include using charged polymers to enhance the encapsulation of the antigens and surface decoration of the particles with RGD peptide or lectins [94]. In a novel approach, long term suppression of autoimmune encephalomyelitis (EAE) was observed when peptide antigen peptide (Ac-PLP-BPI-NH2-2) was administered in hybrid nanoparticles made out of three biodegradable polymers viz. alginate-chitosan-PLGA complex when given as a one-time injection subcutaneously in mice by down regulating production of IL-6 and IL-17, cytokines associated with Th17 production [95].



The natural polymer, chitosan, has been known to enhance the bioavailability of the antigens due to a mucoadhesive property. A possible contributing mechanism is that chitosan has been shown to relax intercellular tight junctions and improve the paracellular transport of antigens [65]. Chitosan is a naturally occurring ideal polymer because of its nontoxic nature, biocompatibility and biodegradability. To produce a Th1 response specifically IL-12, a Th-1 inducing cytokine was added to viscous solution of chitosan and it was found to generate higher antigen-specific CD4+ and CD8+ T-cell responses [96]. Chitosan formulations were also able enhance adaptive immune response to peptide vaccines using specific antigens like GnRH-I with poor immunogenicity [97] and greater allogeneic T cell proliferation in lymph node cells of mice, and higher antigen-specific CD4+ and CD8+ T-cell responses [98]. In an interesting study by Chua et al. [99], the efficacy of chitosan nanoparticles of micro and nano size encapsulating LH-releasing hormone (LHRH) was investigated as an immunocontraceptive vaccine. Both sized particles were found to enhance the immunogenicity of a rather non-immunogenic LHRH without any additional adjuvant added. Despite all the merits of chitosan, one of the disadvantages is poor solubility of chitosan in water. However, researchers have identified chitosan derivatives such as 2-Hydroxypropyltrimethylammonium chloride chitosan (HACC) that is completely soluble in water.




4.5. Other Particulate Systems


Other particulate systems used to deliver vaccine antigens include carbon nanotubes, silicon dioxide nanoparticles, dendrimers [100], ferritin nanoparticles, peptide nanocarriers, gold nanoparticles [101], liposome-polycation-DNA (LPD) complex [102], oligosaccharide ester derivatives (OEDs) microparticles and combination systems, e.g., liposomes and w/o emulsion [92,103]. Investigators have combined the advantages of an emulsion and microparticle delivery systems in order to formulate a more efficacious delivery system. For example, PLGA microparticles were entrapped with submicron oil-in-water emulsion MF 59. In vivo studies on these combination systems indicate a significantly greater antibody response than individual counterparts. Also, lipid-calcium-phosphate nanoparticles are an example of multifunctional nanoparticles that are able to deliver their cargo intracellularly into the cytoplasm leading to a CTL response [49]. In an interesting study by Jiang et al. [104], PLGA microparticles were coated with water soluble chitosan and conjugated with M cell homing peptide (CKS9) for targeting purpose and loaded with a membrane protein B of Brachyspira hyodysenteriae (BmpB) as a model vaccine against swine dysentery. Oral immunization with these microparticle resulted in elevated secretory IgA responses in the mucosal tissues and systemic IgG antibody responses. In a similar study, PLGA microparticles were coated with chitosan or protamine to form a positive charge around them and encapsulated with CTL-restricted peptide SIINFEKL, derived from albumin. Upon single immunization of such particles in mice, the IFN-γ secreting CD8+ increased significantly [105]. In polyphosphazene microparticles a truncated secreted version of the F protein (ΔF) was then encapsulated with a CpG oligodeoxynucleotide (ODN) and an innate defense regulator (IDR) peptide. These microparticles, upon intramuscular or intranasal immunization, developed significantly higher levels of virus-neutralizing antibodies in the sera and lungs, and higher numbers of IFN-γ secreting cells than mice immunized with the ΔF protein alone [106]. Other examples of smart microparticles, that are sensitive to pH and release their contents in the cytosol, have been formulated with influenza A matrix protein and found to prime the CTL response [107].




4.6. Adjuvants Approved for Human Use


The first approved vaccine adjuvant was alum; it was developed by Glenny et al. [5] in 1926 with diphtheria toxoid absorbed to alum, and has been used for over eight decades. In 1936, Freund developed an emulsion of water and mineral oil including killed mycobacteria, known as Freund’s complete adjuvant (FCA), a gold standard adjuvant for efficacy [83]. However, FCA induces severe local necrotic ulcers, and is considered too toxic for human use. Without added mycobacteria, this oil-based adjuvant is known as Freund’s incomplete adjuvant (IFA), and is less toxic and used for human vaccine formulation [5]. More bacterial components have been studied as adjuvants, after lipopolysaccharides (LPS) and lipophilic phospholipid (lipid A) were found to exhibit adjuvant activity [52]. A number of natural and synthetic compounds have been demonstrated to have adjuvant activity; unfortunately many of them are more toxic for human use when compared to alum. There are several new approvals for human vaccines from FDA and Europe such as MF59, virosome, AS03, AF03, and AS04 (monphosphoryl lipid A (MPL) with alum. MF59 is composed of squalene, was produced by Novartis vaccines and diagnostics Inc. It presents as an adjuvant component of influenza vaccine for elderly patients (Fluad®) [108,109,110]. Virosome, consisting of unilamellar phospholipid membrane (reconstituted empty influenza virus envelopes), was licensed for Inflexal® V, Invivac® influenza vaccine, and hepatitis A vaccines (Epaxal®). AS03 is the trade name for a squalene-based immunologic adjuvant, which was licensed for pandemic flu vaccine (Pandemrix®) by GlaxoSmithKline [52]. AF03 is also a squalene-based emulsion adjuvant that is present in the adjuvanted pandemic influenza vaccine, Humenza™ [83]. AS04 was also developed by GSK and used as the adjuvant for viral vaccines including hepatitis B (Fendrix®), and HPV (Cervarix®) [111]. AS04 is comprised of traditional alum with a Toll-like receptor (TLR) agonist. MPL adjuvant is a chemically modified derivative of lipopolysaccharide that displays greatly reduced toxicity while maintaining most of the immunostimulatory activity of lipopolysaccharide; it is a potent stimulator of T cell and antibody responses. The wide ranges of clinical trials carried out on MPL have resulted in over 33,000 doses being administered to over 12,000 individuals [112]. MPL is also the first and only TLR ligand in licensed human vaccines, in the form of AS04. With a history of safe and effective use in licensed vaccines, such technologies can now be considered for particulate peptide vaccine delivery.




4.7. Safety Issues with Particulate Delivery Strategies


Safety of the particulate delivery strategies is of highest concern when selecting the particular strategies for delivering the peptide antigen. The route of administration from which the particulate delivery system is administered plays a vital role in toxicity determination. The common routes of administration of the vaccines are subcutaneous, intranasal, intravenous, and transdermal. Of these, the transdermal route has been the safest and meritorious in terms of: being needle free, therefore eliminating the need for specially trained health-care workers to administer vaccines; lower cost; ability to confer mucosal as well as systemic immunity; increased stability; increased shelf life [113]. For the polymeric particulate delivery system, the hydrophobicity of the polymer [114] and PEGylation on the polymer [115] can play a huge role determining the biodistribution, elimination and, hence, the toxicity. Hydrophobicity of the polymer determines the membrane disruptive property and therefore toxicity of the polymers. The polymers investigated by Shima et al. [114], showed membrane disruptive activity only at the endosomal pH range which is required for endosomal escape of the entrapped antigen and cytosolic delivery of the antigen for inducing the CTL immune response. PEGylation of the polymer makes it more hydrophilic, i.e., reducing the hydrophobicity, whereas decreasing distribution in liver and spleen as time indicated nanoparticles are broken down and cleared, increasing its safety [115]. Poly (gamma-glutamic acid) nanoparticulate systems have been studied for any histopathological changes after subcutaneous injection, or acute toxicity after intravenous injection, and they were found to be safe. Safety of the vaccines delivered via the particulate delivery system is usually established by giving repeated administration of the vaccine at therapeutic or elevated doses as per certain guidelines e.g., OECD or WHO [116]. The criteria that is used to evaluate safety may include immediate adverse events (AE) reported within 30 min of vaccination; solicited and unsolicited AEs, serious AEs and clinical laboratory safety measurements [117].





5. Summary


Vaccine development is a complex and challenging process. Peptide vaccines provide several advantages in comparison to conventional vaccines. Peptide vaccines are a safe and economical technology compared to traditional vaccines made of dead or attenuated pathogens, inactivated toxins, and recombinant subunits. Peptide vaccine production is relatively inexpensive due to the ease of production and simplistic composition. Additionally, peptide vaccines avoid the inclusion of unnecessary components possessing high reactogenicity to the host, such as lipopolysaccharides, lipids, and toxins. Moreover, peptide vaccines can be composed of various epitopes from different antigens, and integrate T cells and B cells epitopes into one antigenic formulation. Despite several advantages, peptides are typically poorly immunogenic when used alone, requiring the next generation of adjuvants to overcome this problem. Future peptide vaccine delivery strategies may target the combination of adjuvants in formulations, strategies to enhance the ability to enhance antigen uptake, novel adjuvants to stimulate innate immunity and induce specific adaptive immune response. However, the safety of adjuvants themselves remains a major concern. If one could devise means to overcome the safety issues related to the use of adjuvants and particulate peptide vaccine delivery systems, peptide vaccine technology has the potential to grow into the next generation of subunit vaccines.
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