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Abstract: Several modes of vaccine delivery have been developed in the last 25 years, which induce
strong immune responses in pre-clinical models and in human clinical trials. Some modes of delivery
include, adjuvants (aluminum hydroxide, Ribi formulation, QS21), liposomes, nanoparticles, virus
like particles, immunostimulatory complexes (ISCOMs), dendrimers, viral vectors, DNA delivery
via gene gun, electroporation or Biojector 2000, cell penetrating peptides, dendritic cell receptor
targeting, toll-like receptors, chemokine receptors and bacterial toxins. There is an enormous amount
of information and vaccine delivery methods available for guiding vaccine and immunotherapeutics
development against diseases.
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1. Introduction

The first attempts to prevent infectious diseases was over 1000 years ago in China, whereby
contents of smallpox vesicles were injected into people who had not previously experienced smallpox.
Fatalities were uncommon in the individuals inoculated with the smallpox vesicles, compared with
victims of natural smallpox infection. More than 700 years later, Edward Jenner injected an 8 year old
boy with cowpox and challenged him with smallpox, the boy was subsequently protected against
smallpox. Hence the term “cross reactivity” was coined. Two hundred years later, smallpox vaccination
became increasingly popular in the decade 1967-1977 and complete world-wide eradication was
accomplished. Remarkably, the Jennerian approach to immunoprophylaxis remains valid. It should be
noted that Louis Pasteur, himself one of the great vaccinologists, coined the term “vaccine” in honor of
Jenner, to refer to immunizing agents.

Numerous methods of vaccination have been used, such as: attenuated bacteria, live viruses, dead
organisms and despite their success, a number of disasters in humans have resulted. Disasters were
primarily due to improper lab manufacturing and handling and consequently these incidences led
to improved procedures and the safety of vaccines, and led to regulatory measures to assure proper
laboratory conditions. With attempts to control more complex diseases and the need to improve
vaccine safety, stability, efficacy and cost, there is pressure for precisely defined vaccines.

Public awareness of health and safety issues vaccines must now meet higher standards of safety
and biochemical characterization than they did in the past. Some of the vaccines developed in the past
would not even meet the minimum standards required today. Hence, new improved precisely defined
highly purified vaccines need to be developed. Advances in fields such as peptide synthesis, molecular
biology, protein production, crystallography, cell biology, immunology and animal models are required
for the development of new and improved vaccines, in an attempt to move from traditional live
virus vaccines to the theoretical safer but “less immunogenic” vaccines. In an attempt to improve the
immunogenicity of the highly purified vaccines, a number of technologies and delivery methods have
been developed over the years, in order to deliver antigens to induce appropriate responses.
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2. Vaccination

The biggest triumph in the history of vaccination, was the eradication of smallpox, and it was
achieved without a specific delivery vehicle, and without detailed knowledge of immune cell activation.
Interestingly, Edward Jenner injected people with cowpox vesicles at the back of a hut at his home,
“Jenner’s hut”, where no, good laboratory practice (GLP) and good manufacturing practice (GMP)
regulations were in place (Figure 1). Today, the immunizing antigen must be clearly defined, can’t
be a crude extract, epitopes identified, a delivery method used, evidence that the vaccine induces an
immune response in pre-clinical models. For a vaccine to be used and injected into an individual,
endless amounts of paperwork are required and vaccines must meet GLP and/or GMP quality and
clinical trials to be conducted under good clinical practice (GCP) guidelines. How many of the vaccines
produced today, have eradicated a disease? Is it because safer and more precise vaccines are required?
Or is it, because no worldwide mass vaccinations have occurred, since smallpox? Perhaps the public
awareness and regulations put in place in most countries for compulsory injections of measles, mumps,
rubella (MMR) vaccinations in infants and chickenpox vaccine in toddlers, may lead to their eradication
within the next generation.

Figure 1. Working conditions of Edward Jenner, “Jenner’s Hut” (left) used to inject people against
smallpox, compared to working conditions today for developing new vaccine delivery methods (right).

3. Technologies Used in the Generation of New Improved Vaccines

The application of genetic and recombinant DNA approaches to vaccination has led to new
possibilities of safer and more efficient vaccines. Recombinant DNA technology can be applied to
antigen identification and isolation, and by being able to clone and express all the antigens of an
organism individually, overcomes two major hurdles associated with traditional vaccines. First, before
the recombinant DNA era, it was difficult to obtain sufficient quantities of particular antigens in a pure
enough form to allow the appropriate testing. Recombinant DNA technology overcame this problem,
and second, recombinant DNA technology has made the study of pathogenic organisms safer because
single genes and their translation products are examined rather than the whole organism [1-3].

Synthetic peptide chemistry has greatly contributed to vaccinology, where peptides
(2-100 amino acids) could be synthesized and used as immunogens, in addition to synthesizing T and
B cell epitopes and used as vaccines. Nuclear magnetic resonance (NMR), molecular modelling and
X-ray crystallography approaches in understanding protein structures has contributed enormously
into the generation of improved vaccines. Numerous peptide based vaccines have been shown
effective in pre-clinical and in human clinical trials [4-7]. The advent of these technologies stimulated
the production of new vaccines and the identification of precise epitopes on antigens has made
synthetic peptide vaccines a real possibility. Such vaccines are designed to be safer and more efficient.
Unfortunately, there are still many obstacles for their clinical use; the limited immunogenicity of many
of these candidates has hindered their development as potential vaccines. Strategies to enhance the
immunogenicity of candidate vaccines are therefore required.
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4. Methods of Vaccine Delivery: Approaches to Enhancing Immunogenicity

Adjuvants have the ability to amplify either or both humoral and cellular immune responses to
an antigen. The most commonly used adjuvant in experimental animals is complete and incomplete
Freund’s adjuvant, and, although very effective in evoking effective and long lasting immune response,
it is not suitable for human use. There is only one registered human adjuvant (aluminum hydroxide or
aluminum phosphate) which is used in diphtheria, tetanus and hapatitis B vaccines. Aluminum salt
adjuvants are limited in their use, in that they preclude lyophilisation or freezing, they are not effective
with all antigens and they do not stimulate cell-mediated immunity. Candidates for alternative
adjuvants for vaccine development, include, the Syntex formulation, SAF-1 (containing squalene
oil, an amino acid derivative of muramyl dipeptide (threonyl-MDP) and nonionic block polymers),
Ribi formulation (containing mycobacterial cell walls and monophosphoryl lipid A) and saponin
derivative, QS21 [8].

Liposomes (phospholipid-based vesicles) were extensively used in the 1970s to deliver or
target drugs to specific sites in the body. An additional promising aspect of the system is
its immunoadjuvant action, shown to induce humoral and/or cell-mediated immune responses
for liposome-entrapped antigens with or without cytokines or other immunological active
agents [9]. Another approach involves incorporation of antigens into solid particles called ISCOMs
(immunostimulatory complexes). ISCOMs are composed of the adjuvant Quil A and peptides.
ISCOM particles contain low concentrations of adjuvant and can therefore significantly enhance
immunogenicity of an antigen [10,11].

The multiple antigen peptide approach (MAP), also known as dendrimers, is aimed at replacing a
protein carrier in a peptide based vaccine, with a small structural unit that can amplify peptide antigens
without the disadvantages associated with protein carriers. The framework of the MAP is a core matrix
consisting of branching trifunctional amino acids (such as, lysine) with the following properties:
(i) non-immunogenic; (ii) ability to amplify the peptide antigens into a macromolecule; (iii) flexibility to
incorporate multiple epitopes and (iv) accessible for chemical synthesis. MAP (dendrimer) technology
has been used to successfully induce immune responses to antigens [12,13].

The ideal vaccine for many diseases is a live attenuated derivative of the pathogen which can
induce protective immunity to antigens on the pathogen without causing any side effects. Barriers to
the development of such vaccines, however, give rise to difficulties in growing the pathogen in
the laboratory and difficulties in attenuating the pathogen. One strategy of overcoming these
barriers is to insert the pathogen’s genes into a nonpathogenic organism. The non-virulent organism
(recombinant virus) serves as a vector for the expression of the genes coding for the antigens. This has
the advantage that the recombinant virus simultaneously synthesizes the foreign antigen and delivers
it to the host’s immune system. Several vectors have been tested in the development as vaccines,
such as, vaccinia virus, vaccinia virus ankara, avipoxvirus, adenovirus, alphavirus and enterovirus
vectors [14,15].

Immunization with non-replicating plasmid DNA (“naked DNA”) encoding viral proteins may
be advantages to use as vaccines, because no infectious agent is involved, there is no requirement for
assembly of virus particles and determinant selection is permitted. In animal models strong immune
responses were generated; however, these did not translate into human clinical trials. As a result
delivery methods for DNA were required, and as such, in vitro and in vivo electroporation, gene-gun
and Biojector 2000 were developed. Other modes of delivery include, non-viral vectors and receptor
mediated uptake of DNA into cells [16,17].

Cell penetrating peptides (CPP) or membrane translocating peptides (MTP) are a group of cationic
peptides that have the ability to enter into the cytoplasm of cells. CPP are able to deliver a number
of antigens, including RNA, DNA, peptides, proteins, drugs and virus particles into cells. In fact,
CPP (i) TAT from the human immunodeficiency virus transactivator of transcription protein and
(ii) penetratin from the Drosophila Antennapedia domain have been used to deliver antigens with strong
cellular and antibody response induction[18].
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In addition, an array of other methods of vaccine delivery have shown great promise in animal
models and in human clinical trials. Such methods include, use of nanoparticles, virus-like particles,
use of ex vivo grown monocyte derived dendritic cells and targeting antigens to dendritic cell receptors
such as, c-type lectin receptors, mannose receptor, DC-SIGN, DEC205, L-SIGN, DC-SIGNR, CIRE,
FIRE, Langerin, MGL, dectin-1, dectin-2, DNGR-1, Clec12A, Clec12B, Clec2, LOX1, DCIR, scavenger
receptor, F4/80 receptor, DC-STAMP and Fc receptor [19,20]. More recently, there has been an upsurge
of information regarding toll-like receptor (TLR) targeting and stimulation of DCs via TLR. In mice,
TLR ligands activate DCs and elicit immune responses [21-23], however, no substantial TLR-targeting
vaccine trials have been completed in humans and it is unknown whether TLR targeted approach
will result in significant benefits in humans as those seen in mice. Moreover, targeting antigens to
chemokine receptors on DCs (CCR1, CCR2, CCR5, CCR6, CXCR1, CXCR4) have shown to generate
strong immune responses in vitro and in vivo. Furthermore, bacterial toxins and DC binding peptides
target antigens to DCs without the requirement of DC receptor targeting [20]. In the special issue of
“Vaccine delivery”, the latest methods of, live-attenuated bacterial vectors [24], nanoparticle based
vaccines [25,26], synthetic carriers [27], cholera toxin subunit B as an adjuvant [28] and Gavi vaccination
programs [29], are extensively reviewed.

5. Conclusions

Over the last 25 years, vaccine delivery methods have been developed to induce immune
responses to the highly purified and ‘safe” vaccines. Numerous methods induce strong cellular,
humoral and/or protection in animal models, and are rapidly moving into human clinical trials.
We await the outcomes that will show which vaccine delivery method will ultimately prove useful in
eradicating disease.

Author Contributions: Vasso Apostolopoulos wrote the article.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Abdulhaqq, S.A.; Weiner, D.B. DNA vaccines: Developing new strategies to enhance immune responses.
Immunol. Res. 2008, 42, 219-232. [CrossRef] [PubMed]

2. Kutzler, M.A.; Weiner, D.B. DNA vaccines: Ready for prime time? Nat. Rev. Genet. 2008, 9, 776-788.
[CrossRef] [PubMed]

3. DPietersz, G.A.; Tang, C.K.; Apostolopoulos, V. Structure and design of polycationic carriers for gene delivery.
Mini Rev. Med. Chem. 2006, 6, 1285-1298. [CrossRef] [PubMed]

4. Apostolopoulos, V.; Yu, M.; Corper, A.L,; Teyton, L.; Pietersz, G.A.; McKenzie, LE,; Wilson, I.A.; Plebanski, M.
Crystal structure of a non-canonical low-affinity peptide complexed with MHC class I: A new approach for
vaccine design. J. Mol. Biol. 2002, 318, 1293-1305. [CrossRef]

5. Finnefrock, A.C; Freed, D.C,; Tang, A.; Li, F; He, X.; Wu, C.; Nahas, D.; Wang, D.; Fu, T.M. Preclinical
evaluations of peptide-conjugate vaccines targeting the antigenic domain-2 of glycoprotein B of human
cytomegalovirus. Hum. Vaccines Immunother. 2016. [CrossRef] [PubMed]

6. Katsara, M.; Deraos, G.; Tselios, T.; Matsoukas, M.T.; Friligou, I.; Matsoukas, J.; Apostolopoulos, V. Design
and synthesis of a cyclic double mutant peptide (cyclo(87-99)[A91,A96]MBP87-99) induces altered responses
in mice after conjugation to mannan: Implications in the immunotherapy of multiple sclerosis. J. Med. Chem.
2009, 52, 214-218. [CrossRef] [PubMed]

7. Rhaiem, R.B.; Houimel, M. Targeting Leishmania major parasite with peptides derived from a combinatorial
phage display library. Acta Trop. 2016, 159, 11-19. [CrossRef] [PubMed]

8. Rabinovich, N.R.; McInnes, P.; Klein, D.L.; Hall, B.F. Vaccine technologies: View to the future. Science 1994,
265, 1401-1404. [CrossRef] [PubMed]

9. Tandrup Schmidt, S.; Foged, C.; Korsholm, K.S.; Rades, T.; Christensen, D. Liposome-Based Adjuvants for
Subunit Vaccines: Formulation Strategies for Subunit Antigens and Immunostimulators. Pharmaceutics 2016.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/s12026-008-8076-3
http://www.ncbi.nlm.nih.gov/pubmed/19066740
http://dx.doi.org/10.1038/nrg2432
http://www.ncbi.nlm.nih.gov/pubmed/18781156
http://dx.doi.org/10.2174/138955706778992987
http://www.ncbi.nlm.nih.gov/pubmed/17168805
http://dx.doi.org/10.1016/S0022-2836(02)00196-1
http://dx.doi.org/10.1080/21645515.2016.1164376
http://www.ncbi.nlm.nih.gov/pubmed/26986197
http://dx.doi.org/10.1021/jm801250v
http://www.ncbi.nlm.nih.gov/pubmed/19072222
http://dx.doi.org/10.1016/j.actatropica.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/26995695
http://dx.doi.org/10.1126/science.7521064
http://www.ncbi.nlm.nih.gov/pubmed/7521064
http://dx.doi.org/10.3390/pharmaceutics8010007
http://www.ncbi.nlm.nih.gov/pubmed/26978390

Vaccines 2016, 4, 9 50f5

10. Cibulski, S.P.; Mourglia-Ettlin, G.; Teixeira, T.F; Quirici, L.; Roehe, PM.; Ferreira, F; Silveira, F. Novel ISCOMs
from Quillaja brasiliensis saponins induce mucosal and systemic antibody production, T-cell responses and
improved antigen uptake. Vaccine 2016, 34, 1162-1171. [CrossRef] [PubMed]

11.  Lovgren Bengtsson, K.; Morein, B.; Osterhaus, A.D. ISCOM technology-based Matrix M adjuvant: Success in
future vaccines relies on formulation. Expert Rev. Vaccines 2011, 10, 401-403. [CrossRef] [PubMed]

12.  Pini, A.; Falciani, C.; Bracci, L. Branched peptides as therapeutics. Curr. Protein Pept. Sci. 2008, 9, 468-477.
[CrossRef] [PubMed]

13.  Sheng, K.C.; Kalkanidis, M.; Pouniotis, D.S.; Esparon, S.; Tang, C.K.; Apostolopoulos, V.; Pietersz, G.A.
Delivery of antigen using a novel mannosylated dendrimer potentiates immunogenicity in vitro and in vivo.
Eur. J. Immunol. 2008, 38, 424-436. [CrossRef] [PubMed]

14. Acres, B.; Bonnefoy, J.Y. Clinical development of MVA-based therapeutic cancer vaccines. Expert Rev. Vaccines
2008, 7, 889-893. [CrossRef] [PubMed]

15. Lundstrom, K. Alphaviruses in gene therapy. Viruses 2015, 7, 2321-2333. [CrossRef] [PubMed]

16. Apostolopoulos, V.; Weiner, D.B. Development of more efficient and effective DNA vaccines.
Expert Rev. Vaccines 2009, 8, 1133-1134. [CrossRef] [PubMed]

17.  Ferraro, B.; Morrow, M.P,; Hutnick, N.A.; Shin, T.H.; Lucke, C.E.; Weiner, D.B. Clinical applications of DNA
vaccines: Current progress. Clin. Infect. Dis. 2011, 53, 296-302. [CrossRef] [PubMed]

18. Brooks, N.A.; Pouniotis, D.S.; Tang, C.K.; Apostolopoulos, V.; Pietersz, G.A. Cell-penetrating peptides:
Application in vaccine delivery. Biochim. Biophys. Acta 2010, 1805, 25-34. [CrossRef] [PubMed]

19. Apostolopoulos, V.; Pietersz, G.A.; Tsibanis, A.; Tsikkinis, A.; Stojanovska, L.; McKenzie, LE,; Vassilaros, S.
Dendritic cell immunotherapy: Clinical outcomes. Clin. Transl. Immunol. 2014, 3, e21. [CrossRef] [PubMed]

20. Apostolopoulos, V.; Thalhammer, T.; Tzakos, A.G.; Stojanovska, L. Targeting antigens to dendritic cell
receptors for vaccine development. J. Drug Deliv. 2013. [CrossRef] [PubMed]

21. Sheng, K.C.; Kalkanidis, M.; Pouniotis, D.S.; Wright, M.D.; Pietersz, G.A.; Apostolopoulos, V. The
adjuvanticity of a mannosylated antigen reveals TLR4 functionality essential for subset specialization
and functional maturation of mouse dendritic cells. J. Immunol. 2008, 181, 2455-2464. [CrossRef] [PubMed]

22. Wilkinson, B.L.; Day, S.; Chapman, R.; Perrier, S.; Apostolopoulos, V.; Payne, R.J. Synthesis and
immunological evaluation of self-assembling and self-adjuvanting tricomponent glycopeptide cancer-vaccine
candidates. Chemistry 2012, 18, 16540-16548. [CrossRef] [PubMed]

23.  Wilkinson, B.L.; Day, S.; Malins, L.R.; Apostolopoulos, V.; Payne, R.]. Self-adjuvanting multicomponent
cancer vaccine candidates combining per-glycosylated MUC1 glycopeptides and the Toll-like receptor 2
agonist Pam3CysSer. Angew. Chem. 2011, 50, 1635-1639. [CrossRef] [PubMed]

24. Lin, LY,; Van, T.T.; Smooker, PM. Live-attenuated bacterial vectors: Tools for vaccine and therapeutic agent
Delivery. Vaccines 2015, 3, 940-972. [CrossRef] [PubMed]

25. Taki, A.; Smooker, P. Small wonders-The use of nanoparticles for delivering antigen. Vaccines 2015, 3, 638-661.
[CrossRef] [PubMed]

26. Xiang, S.D.; Gao, Q.; Wilson, K.L.; Heyerick, A.; Plebanski, M. A nanoparticle based Sp17 peptide vaccine
exposes new immuno-dominant and species cross-reactive B cell epitopes. Vaccines 2015, 3, 875-893.
[CrossRef] [PubMed]

27. Powles, L.; Xiang, S.D.; Selomulya, C.; Plebanski, M. The use of synthetic carriers in malaria Vaccine design.
Vaccines 2015, 3, 894-929. [CrossRef] [PubMed]

28. Stratmann, T. Cholera toxin subunit B as adjuvant—An accelerator in protective immunity and a break in
autoimmunity. Vaccines 2015, 3, 579-596. [CrossRef] [PubMed]

29. Hanson, C.M.; Eckert, L.; Bloem, P.; Cernuschi, T. Gavi HPV Programs: Application to Implementation.
Vaccines 2015, 3, 408-419. [CrossRef] [PubMed]

® © 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.vaccine.2016.01.029
http://www.ncbi.nlm.nih.gov/pubmed/26826546
http://dx.doi.org/10.1586/erv.11.25
http://www.ncbi.nlm.nih.gov/pubmed/21506635
http://dx.doi.org/10.2174/138920308785915227
http://www.ncbi.nlm.nih.gov/pubmed/18855698
http://dx.doi.org/10.1002/eji.200737578
http://www.ncbi.nlm.nih.gov/pubmed/18200633
http://dx.doi.org/10.1586/14760584.7.7.889
http://www.ncbi.nlm.nih.gov/pubmed/18767940
http://dx.doi.org/10.3390/v7052321
http://www.ncbi.nlm.nih.gov/pubmed/25961488
http://dx.doi.org/10.1586/erv.09.94
http://www.ncbi.nlm.nih.gov/pubmed/19722884
http://dx.doi.org/10.1093/cid/cir334
http://www.ncbi.nlm.nih.gov/pubmed/21765081
http://dx.doi.org/10.1016/j.bbcan.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19782720
http://dx.doi.org/10.1038/cti.2014.14
http://www.ncbi.nlm.nih.gov/pubmed/25505969
http://dx.doi.org/10.1155/2013/869718
http://www.ncbi.nlm.nih.gov/pubmed/24228179
http://dx.doi.org/10.4049/jimmunol.181.4.2455
http://www.ncbi.nlm.nih.gov/pubmed/18684936
http://dx.doi.org/10.1002/chem.201202629
http://www.ncbi.nlm.nih.gov/pubmed/23090901
http://dx.doi.org/10.1002/anie.201006115
http://www.ncbi.nlm.nih.gov/pubmed/21308921
http://dx.doi.org/10.3390/vaccines3040940
http://www.ncbi.nlm.nih.gov/pubmed/26569321
http://dx.doi.org/10.3390/vaccines3030638
http://www.ncbi.nlm.nih.gov/pubmed/26350599
http://dx.doi.org/10.3390/vaccines3040875
http://www.ncbi.nlm.nih.gov/pubmed/26529027
http://dx.doi.org/10.3390/vaccines3040894
http://www.ncbi.nlm.nih.gov/pubmed/26529028
http://dx.doi.org/10.3390/vaccines3030579
http://www.ncbi.nlm.nih.gov/pubmed/26350596
http://dx.doi.org/10.3390/vaccines3020408
http://www.ncbi.nlm.nih.gov/pubmed/26343194
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Vaccination 
	Technologies Used in the Generation of New Improved Vaccines 
	Methods of Vaccine Delivery: Approaches to Enhancing Immunogenicity 
	Conclusions 

