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Vaccines have been the single most significant advancement in public health, preventing morbidity and
mortality in millions of people annually. Vaccine development has traditionally focused on whole organ-
ism vaccines, either live attenuated or inactivated vaccines. While successful for many different infec-
tious diseases whole organisms are expensive to produce, require culture of the infectious agent, and
have the potential to cause vaccine associated disease in hosts. With advancing technology and a desire
to develop safe, cost effective vaccine candidates, the field began to focus on the development of recom-
binantly expressed antigens known as subunit vaccines. While more tolerable, subunit vaccines tend to
be less immunogenic. Attempts have been made to increase immunogenicity with the addition of adju-
vants, either immunostimulatory molecules or an antigen delivery system that increases immune
responses to vaccines. An area of extreme interest has been the application of nanotechnology to vaccine
development, which allows for antigens to be expressed on a particulate delivery system. One of the most
exciting examples of nanovaccines are rationally designed protein nanoparticles. These nanoparticles use
some of the basic tenants of structural biology, biophysical chemistry, and vaccinology to develop protec-
tive, safe, and easily manufactured vaccines. Rationally developed nanoparticle vaccines are one of the
most promising candidates for the future of vaccine development.

� 2016 Elsevier Inc. All rights reserved.
1. A basic overview of vaccine function

Vaccines are one of the greatest public health innovations in
human history. Vaccination provides an extremely effective mech-
anism to deal with infectious diseases by preventing the develop-
ment of morbidity and mortality. The World Health Organization
estimates that vaccines prevent 2–3 million human deaths annu-
ally, and these numbers would rise by at least 6 million if all chil-
dren received the recommended vaccination schedule [1]. Only
two infectious diseases have been eliminated in human history,
both the result of a successful vaccination campaign. The first,
the human disease small-pox, was officially declared eliminated
from the human population in 1979 [2]. The second, the livestock
disease rinderpest was declared eliminated in 2011 [3]. While
other diseases such as measles and polio are also close to elimina-
tion there is still much to be done [2].

Infectious disease vaccines work by serving as a prophylactic
controlled exposure to an infectious agent. This initial exposure
ideally induces a strong immune response in a vaccinated individ-
ual. A vertebrate’s immune system is composed of two different
branches, the innate and adaptive immune system. Following
exposure to an infectious agent or administration of a vaccine,
activation of the innate immune system precedes generation of
adaptive immunity. The innate immune system is composed of a
diverse array of cell types such as neutrophils, dendritic cells,
monocytes, macrophage, and eosinophils all of which function to
interact with foreign molecules in a nonspecific manner. Innate
immune cells phagocytose infectious agents, secrete inflammatory
cytokines, and/or attract and activate other immune cells
through the secretion of chemical messengers such as chemokines.
These processes lead to initiation of an effective immune
response [4].

Vaccines are ultimately dependent on the development of an
effective adaptive immune response. Broadly, adaptive immune
responses are divided into two different categories, humoral and
cellular. Cells of the adaptive immune system respond to specific
regions of infectious agents known as epitopes. One or more
epitopes are contained on a larger molecule known as an antigen.
Humoral immune responses are dependent on the activity of
antibodies, secreted glycoproteins from B cells that bind to specific
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epitopes. A naïve B cell contains B cell receptors on its surface,
which vary in their specificities. Upon binding of the B cell receptor
to a matching epitope, B cells can mature into plasma cells and
begin to secrete epitope specific antibodies that will ideally lead
to protection against infection [5].

Cellular immune responses are based on the action of T cells. All
nucleated cells have on their surface Major Histocompatibility
Complex Class I (MHC-I) molecules. When infected with an intra-
cellular infectious agent, cells are able to present on their surface
linear epitopes from those infectious agents complexed with
MHC-I to alert the immune system of the infection. Cytotoxic T
cells (TC) that contain the matching T cell receptor are able to bind
to the MHC-I presenting specific epitopes leading to the death of
the infected cell [4].

One of the most important cell types in vaccine development
are T helper cells (TH). Antigen Presenting Cells (APCs) such as
dendritic cells, macrophage, and B cells are able to phagocytize,
process, and present CD4+ epitopes in complex with Major
Histocompatibility Complex Class II (MHC-II) on their surface.
These epitopes stimulate CD4+ T cells leading to their maturation
into TH cells. Active TH cells are able to stimulate cells of both
the innate and adaptive immune system through the secretion of
cytokines. These cytokines are able to modulate the immune
response leading to a stronger and more effective immune
response. Based on the profile of the secreted cytokine responses
they are either classed as T helper 1 response (TH1) or T helper 2
response (TH2). TH1 responses favor the development of a cellular
based immune response, while TH2 responses favor the
development of a humoral immune response. Traditionally,
vaccine development has focused on the development of strong
TH2 responses, but currently a vaccine candidate that has a
balanced TH1/TH2 response is considered optimal [5].

After activation, B cells, TH, and TC undergo proliferation to
effectively deal with infection. In an ideal situation some of these
cells persist after clearance resulting in the development of
immunological memory. When a previously exposed host is
exposed to an infectious agent again, antigen-specific immune
memory cells are activated and proliferate faster and to a greater
magnitude, leading to rapid clearance of the infectious agent and
mitigation of disease. Strong and effective memory responses pro-
tect hosts against subsequent infections leading to lifelong immu-
nity, the hallmark of an effective vaccine [5].

Vaccines not only work on the organismal level, but also on the
population level. In the concept known as herd immunity if a cer-
tain fraction of the population is immune to an infectious agent the
disease will have a very low likelihood of finding another naïve
host and spreading. The number of people who need to be vacci-
nated for herd immunity varies from disease to disease, normally
between 60 and 90%. It is extremely important because in any
given population some vaccinated individuals will not develop
protection based upon genetics, there will be individuals who can-
not be vaccinated because of age or disease state, and there will be
some unvaccinated individuals [6,7]. Herd immunity is the altruis-
tic side of vaccination that will ultimately lead to the elimination of
pathogens from either the human or animal population.

2. The origin of vaccines

By the 15th century there are documented attempts in Middle
Eastern and Asian cultures to prevent small-pox infection by vari-
olation. In these cultures, the pustules from patients with mild
cases of small-pox were taken and dried, then used to scratch
the surface of another patient’s skin, or inhaled. It was a way to
inoculate people against a more severe form of the disease. It
was protective, with lower death rates than infection of a naïve
person with the small-pox virus. The concept of variolation was
brought back to Europe in 1718 by Lady Mary Wortley Montagu,
the wife of the British ambassador to the Ottoman Empire. She
saw the practice and had her children variolated to prevent them
from becoming infected with small-pox [8].

Edward Jenner, a country doctor in late 18th century in England,
made two key observations. The first was that milkmaids previ-
ously infected with cowpox, a zoonotic disease that is easily trans-
mitted from cows to humans, did not develop smallpox. He also
noted that when he variolated patients who recovered from cow-
pox they did not develop a response of a typical small-pox lesion.
He reasoned that by inoculating people with the material con-
tained in cow-pox pustules he would protect them against subse-
quent infection with small-pox. He performed the first known
vaccine trial in 1796 by taking cow-pox pustules from a milkmaid,
and inoculating an 8-year-old boy. He noted that boy felt general
malaise for a day, but recovered quickly. He later variolated the
child with small-pox, however, the child did not show signs of
becoming infected with the disease [9].

While somewhat controversial in his time Jenner spent the rest
of his life publicizing his technique. At this point the germ theory
of disease had not been established, and people did not under-
stand that both small-pox and cow-pox were caused by closely
related viruses. Many people had concerns that vaccination with
a different disease would not actually lead to protection. It was
not until 1837 when England began keeping Cause of Death
Records, that William Farr was able to determine that communi-
ties that have had high vaccination rates had low rates of death
from small-pox. Ultimately, in 1840 variolation was banned in
England and vaccination became the standard prophylactic
treatment for small-pox [8,10]. Jenner had succeeded in the
development and implementation of the world’s first vaccine
(Fig. 1, Table 1).

French Microbiologist and Chemist Louis Pasteur made the next
major advance in the development of vaccines. In 1879 while
studying chicken cholera, Pasteurella multocida, he had chickens
inoculated with a month old culture after a vacation. The inocu-
lated chickens developed minor symptoms of the disease, but
recovered. He later inoculated the same chickens with a fresh cul-
ture of bacteria and saw that chickens previously inoculated with
the old culture were protected from infection, while naïve birds
still developed symptoms [10]. Pasteur had stumbled onto the con-
cept of attenuation. If microorganisms are grown in suboptimal
conditions, or are treated with certain chemicals they are not as
virulent as microorganisms grown under ideal conditions. By
exposing the chickens to the attenuated bacteria Pasteur was able
to induce protection against subsequent lethal challenge with the
virulent P. multocida. In 1881 Pasteur was able to repeat similar
findings by attenuating Bacillus anthracis and vaccinating farm ani-
mals with the attenuated B. anthracis [11].

In 1879 Pierre Galtier had discovered that something in the sal-
iva of rabid dogs caused rabies in other mammals. By 1884 Pasteur
had developed a way to propagate the infectious agent, decreasing
the incubation time to days instead of months. He demonstrated
that by inoculating dogs and other mammals with his attenuated
strain of the rabies virus the animals were protected when chal-
lenged with the normal rabies virus. When 9 year old Joseph Meis-
ter was bitten by a rabid dog in 1885 Pasteur was able to vaccinate
him with the attenuated virus preventing the boy from developing
rabies [11] (Table 1). Pasteur was able to demonstrate that an
attenuated infectious agent could still result in protection of vacci-
nated humans against subsequent exposure to the virulent infec-
tious agent. His work led to the development of attenuated
vaccines for typhoid fever, cholera, and plague in the late 19th
and the early 20th century [10] (Fig. 1).



Fig. 1. A timeline showing when different classes of vaccines became clinically available and the overlap of availability. Some vaccines like Hepatitis B technically fall into
multiple classes such as subunit as well as nanovaccines. Lighter/dashed colors indicate that these classes will most likely remain important for the foreseeable future. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
The major classes of vaccines currently or previously used.

Class Description First disease target Year first used

Heterologous A closely related microorganism Smallpox 1796
Attenuated A weakened microorganism Rabies 1885
Inactivated A killed microorganism Cholera 1896
Toxoid Inactivated bacterial toxin Diphtheria 1923
Subunit One or multiple antigens from an infectious agent Hepatitis B 1986
Conjugate A weakly immunogenic polysaccharide antigen attached to an immunogenic protein Haemophilus influenza type B (HIB) 1987
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Scientists in the same era began to determine that some dis-
eases such as diphtheria are caused by the toxins produced by
invading bacteria. Scientists recognized that Corynebacterium diph-
theria, the causative agent of diphtheria, produced an exotoxin.
They also noted that animals that were given sub-lethal doses of
purified toxin developed an antidote in their serum. These
antidotes quickly became to be understood as antibodies that
bind to the toxin, antigen, in a specific conformation leading to
neutralization [10,12]. Using a similar concept as Pasteur, scientists
developed a vaccine candidate known as a toxoid vaccine that
consisted of diphtheria toxin treated with formalin. While no
longer toxic to the animal it is still immunogenic leading to the
development of antibodies and ultimately protection against
diphtheria [10,13,14] (Fig. 1, Table 1).
3. The golden age of vaccinology

Vaccine development was initially slow, partially because of the
lack of techniques to culture infectious agents. Viruses are intracel-
lular parasites and need host tissue to reproduce and grow, so viral
culture was dependent on the development of an effective tissue
culture system. The first attempts at growing animal tissues
in vitro occurred in 1885, when Wilhelm Roux was able to sustain
part of a chicken embryo in a saline solution for a few days. Over
the next 50 years the techniques and ability of scientists to main-
tain animal cultures began to improve [15–17]. By the mid-
twentieth century tissue culture techniques had matured to the
level were scientists were able to propagate viruses in culture,
including in human tissues [18,19].

One of the first diseases targeted for vaccine development was
poliomyelitis, polio. Polio is caused by one of three strains of the
Enterovirus, Poliovirus. While polio was present in human popula-
tions since recorded history, epidemics only began to occur in
the late nineteenth/early twentieth centuries. The worst recorded
epidemic occurred in the United States in 1952 which resulted in
57,628 cases, 3145 deaths, and 21,269 cases of paralysis [20]. By
this point the virus had been already cultured by John Enders,
and vaccine development was underway [19]. Two major
approaches developed that would ultimately give clues to how
vaccinology would progress over the next 60 years.

The first approach was pioneered by Jonas Salk. Salk had previ-
ously worked on an inactivated influenza vaccine, and believed the
most effective candidate would be an inactivated poliovirus [21].
By this point scientists knew that protection against polio was
mediated by Immunoglobulin G (IgG), and that viremia preceded
any paralytic effects in patients. Salk hypothesized that by inject-
ing patients with inactivated poliovirus they would develop the
IgG response necessary for preventing clinical symptoms of the
disease from developing. Salk’s inactivated trivalent polio vaccine
(IPV) consisted of one of each of the three different strains of the
Poliovirus that had been formalin inactivated. He developed the
vaccine in 1952, and by 1953 had performed initial animal and
human studies [22]. Over the next two years clinical studies
increased in size until the IPV was determined to be safe and
between 80 and 90% effective depending on the strain of poliovirus
contracted [23]. The vaccine was approved in the United States in
1955. Between 1954 and 1961 the incidence of paralytic polio in
the US decreased from 13.9/100,000 to 0.8/100,000 due to the Salk
Vaccine [24].

The second approach was the use of an attenuated oral polio
vaccine (OPV). Some scientists believed that an IPV would not
induce long term protection; the most famous of this group was
Albert Sabin. He proposed using an attenuated virus delivered
through an oral route, the natural infection route of the virus. By
1954 Sabin had generated four different OPV candidates, and by
1956 he had determined the three attenuated viral strains that
would ultimately wind up in his final vaccine candidate [25,26].
His OPV candidate underwent clinical studies between 1957 and
1960 in the United States, USSR, and around the world [26]. The
OPV was approved in 1961 in the United States, and by 1965 had
become the most widely accepted polio vaccine [27,28]. One of
the major advantages of the OPV vaccines is because patients actu-
ally become infected with the vaccine they are able to spread the
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OPV viruses to their surrounding communities as they would if
they were infected with a virulent strain of the virus [29]. The
major disadvantage is that in a small number of patients sponta-
neous reversions will occur in the attenuated vaccine strains that
lead to a virulent virus that can lead to vaccine derived paralytic
poliomyelitis (VDPP) in the patient and their surrounding commu-
nity [30].

The work of Salk and Sabin both moved the field of vaccinology
further. They demonstrated that with two different approaches, it
was possible to develop vaccine candidates that were able to pre-
vent polio epidemics, and that each method has its own strengths
and weaknesses. After 1965 most of the world moved to using the
OPV in place of the IPV [27]. Because of the risk of the development
of VDPP from the OPV, countries that have eliminated the disease
have tended to move away from the trivalent OPV to IPV again
[31]. Currently, the United States uses only the IPV vaccine. This
history also highlights the frequently changing needs of vaccine
development in light of the biology and epidemiology of the infec-
tious agent.

The ‘‘golden age” of vaccinology also saw the generation of
three other extremely important attenuated-virus vaccine candi-
dates for childhood diseases. The first was for measles, a highly
contagious disease that greater than 90% of the people eventually
developed [32]. The second disease was mumps. The final vaccine
candidate was for rubella. By the mid-1970s these three vaccines
would be combined into a single multivalent attenuated-virus vac-
cine candidate, the measles, mumps, and rubella vaccine (MMR)
[33]. While different corporations produce different formulations
of the same product the MMR vaccine has been determined to be
safe and effective at reducing global morbidity and mortality from
measles, mumps, and rubella [34].

4. The third phase of vaccine development: subunit vaccines

During the 1950s and 1960s scientists’ understanding of molec-
ular microbial genetics increased. New knowledge as to the role of
DNA in the cell, the nature of genes, the function of phage, and the
discovery of restriction enzymes led to the proposal that DNA
molecules could be modified to include foreign DNA in the early
1970s [35]. Within fifteen years techniques were developed to
generate recombinant DNA, transform or transduce it into a host
cell such as Escherichia coli, Saccharomyces cerevisiae, or a
baculovirus-insect cell expression system to produce recombinant
proteins. Over the subsequent 40 years more and more expression
systems have been developed only increasing the ability to
produce recombinant proteins.

This revolution in biology allowed vaccinologists to approach
the concept of vaccines in a new light, working under the hypoth-
esis that using specific antigens from various infectious agents,
safe, cheap, and effective vaccine candidates could be produced.
All of the previous inactivated vaccines, attenuated vaccines, and
toxoid vaccines required a culture of a given infectious agent
before a vaccine candidate could be developed. By using recombi-
nant DNA technology, protein antigens from organisms that are
either unculturable, highly pathogenic, or extremely expensive to
culture could be generated. Subunit vaccines reduce the risk of side
effects such as spontaneous reversions of attenuated vaccines and
denaturing of antigenic peptides with inactivated vaccines [36].

There are subunit vaccine candidates for almost every known
human or animal vaccine in existence. However, there is a major
problem with these subunit vaccines. Exposure to whole organism
vaccines, whether inactivated, attenuated, or from a closely related
species, does not just expose a subject to just one copy of an anti-
gen in a vacuum. Whole organism vaccines contain multiple copies
of each antigen, as well as other immunostimulatory molecules.
The resulting problem is that subunit vaccines in general are not
as immunostimulatory [37]. This effect is most likely caused by
reduced ability to cross link B cell receptors as well as a reduced
ability to stimulate APCs [4]. Many approaches have been taken
to develop a subunit vaccine that is not only safe, easy to produce,
but also as effective as a whole organism vaccine.
5. Increasing the immune response to subunit vaccines:
adjuvants

One way that vaccines can be modified to increase their efficacy
is the addition of an adjuvant. The word adjuvant comes from the
Latin word adiuvare, which means to help. In the simplest terms an
adjuvant is something that helps a vaccine function. That could
mean the adjuvant allows the vaccine to be more immunogenic,
induce a stronger humoral or a cellular immune response, increase
antigen processing by APC, decrease the total amount of vaccine
that needs to be injected in a processes known as dose sparing,
or aid in the development of a long term memory response [38].
Broadly, there are two main classes of adjuvants, immunopotentia-
tors and delivery systems. Immunopotentiators stimulate the
immune system, while delivery systems function to carry and pre-
sent the vaccine to the hosts’ immune system [39]. While adju-
vants have been used with most vaccine formulations almost
since the dawn of the vaccine age, they are essential for use with
any subunit vaccine. Despite being used for almost a century adju-
vants are not well understood, and any new vaccine/immunopoten
tiator/delivery system formulation needs to be tested for efficacy
and toxicity [40].

The first known and most widely used adjuvant are aluminum
salts, also known as Alum. Aluminum containing salts are currently
the only universally approved adjuvant for human use in the Uni-
ted States. Aluminum potassium sulfate was first identified in 1926
to induce higher titers of antibodies in Guinea pigs when injected
in formulation with a diphtheria toxoid, in comparison to the
toxoid vaccine injected alone [41]. Subsequently, it has been
demonstrated that aluminum-containing salts result in stronger
humoral responses to vaccines, but do not affect cellular responses.
The exact mechanism of action is not completely understood and
still widely debated, and most likely depends on the vaccine, route
of injection, and organism the vaccine is being injected into. Gen-
erally, it is known that Alum attracts innate immune cells, partic-
ularly immature dendritic cells to the site of vaccination. The
cells are able to mature and present the vaccine to TH cells in
lymph nodes, which are subsequently able to stimulate B cells that
have encountered the vaccine to generate high titers of antibodies.
Alum also binds to proteins and has the potential, depending on
vaccine route, to function as both as a immunopotentiator and as
a delivery system [42,43].

Another major class of adjuvants are the emulsions. The first
emulsion adjuvant was generated by Jules Freund in 1944 and con-
tained mineral oil, an emulsifying agent, and dried ground
Mycobacterium tuberculosis creating a water-in-oil emulsion
[44,45]. This formulation known as Freund’s Complete Adjuvant
(FCA) was shown to stimulate both the humoral and the cellular
immune pathways. Ultimately, because of the presence ofM. tuber-
culosis it was determined to be too dangerous to use in humans.
This resulted in the generation of Freund’s Incomplete Adjuvant
(IFA), which contained everything in FCA except theM. tuberculosis.
IFA leads to primarily a humoral response to vaccines. Eventually,
IFA was used in formulation with IPV, however, its use was discon-
tinued in humans due to it being too reactive [46].

The initial successes with the immunogenicity of emulsions
lead to the desire to create safer alternatives to FCA or IFA that
would be as immunogenic, without the side effects. Focus moved
to oil-in-water emulsions. In 1997 MF59 (Novartis) the first
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oil-in-water emulsion was approved in Europe. It is a mixture of
squalene, span 85 (a surfactant), and tween 80 in a citrate buffer
combined with the antigen [47]. It is believed to function by
recruiting innate and adaptive immune cells to the site of injection,
but like alum the mechanism is not completely understood. It is
known to induce higher titers of antibodies as well as TC responses
[47,48]. Other companies and laboratories have developed
oil-in-water emulsions to varying degrees of success. Each one is
slightly different, but as of now only MF59 is approved and only
for an inactivated influenza vaccine in Europe [45].

One of the most exciting areas in adjuvant development is the
use of pathogen associated molecular patterns (PAMPs) as adju-
vants either by themselves, or in combination with another type
of adjuvant (Table 2). PAMPs are repetitive molecules that are pre-
sent in or on invading microorganisms. Multicellular organisms
have evolved pattern recognition receptors (PRR) that are germ-
line encoded receptors that recognize PAMPs. Some PRR are pre-
sent on the cell membrane such as Toll-Like Receptors (TLR), and
C-Type Lectin Receptors (CLR). While others are internal receptors
such as NOD-Like Receptors (NLR) and RIG-I-Like Receptors (RLR).
Each class of PRR is further subdivided into different receptors and
each has a specific target and a specific signaling pathway. Many
are well understood, which is a major advantage in adjuvant devel-
opment. By using PAMPs that are well understood, vaccine formu-
lations can be developed that lead to safer and more effective
immune stimulation by reducing the side effects of other
adjuvants.

One of the best-studied and understood PAMPs is Lipopolysac-
charide (LPS) also known as endotoxin (Table 2). LPS is a compo-
nent of the gram negative bacteria’s outer cell wall, composed of
three different domains. The outermost region is known as the
O-specific chain, the middle domain is known as the core domain,
the final domain known as lipid A [49]. Lipid A is responsible for
signaling through TLR4. Upon initial stimulation of TLR4 signaling
through TIRAP-MyD88 adapter protein leads to transcription via
AP-1 and NF-jB transcription factors of proinflammatory cyto-
kines. As signaling continues TLR4 is endocytosed which leads to
signaling through TRAM-TRIF and transcription of interleukin-I
genes, leading to antimicrobial activity [50,51]. These two
responses can be activated independently of each other [52]. Wild-
type LPS is not a good adjuvant, even though it is highly immuno-
genic. Too much LPS leads to septic shock, and too little leads to
endotoxin tolerance [53,54]. By chemically modifying Lipid A from
Salmonella minnesota 595 to remove a phosphate group and gener-
ating slight alterations to the fatty acid chains a potential new
adjuvant was generated known as monophosphoryl lipid A (MPLA)
[49]. MPLA only signals through the TRAM-TRIF signaling pathway
preventing the generation of proinflammatory cytokines [55]. This
adjuvant has been shown to be able to increase serum antibody
titers as well as inducing strong cellular immune responses
[54,56,57]. In humans 10,000 times the dose of MPLA is better tol-
erated than wildtype lipid A [58]. This adjuvant has been approved
in combination with Alum for use in the Cervarix human papilloma
virus (HPV) vaccine in the United States.

Another PAMP that is a potential adjuvant candidate is flagellin,
a component of the bacterial flagellum (Table 2). Each flagellin
monomer is subdivided into four different domains D0, D1, D2,
Table 2
The major PAMPs that are currently being used or being investigated as potential adjuvan

PAMP Microorganism of origin

LPS Gram negative bacteria
Flagellin Flagellated bacteria
ssRNA agonists ssRNA viruses
CpG microorganisms
and D3 [59]. D0 and D1 are highly conserved regions, while D2
and D3 are considered variable regions. Flagellin stimulates cells
through TLR5 via the conserved D1 domain [60–62]. Upon stimula-
tion TLR5 signals through a MyD88 pathway leading to the activa-
tion of the transcription factors AP-1 and NF-jB and the
transcription of proinflammatory cytokines [63]. All studies indi-
cate that flagellin functions to increase antibody titers [64,65]. This
increase is attributed to the flagellin activating DC as well as other
APCs and the recruitment of B and T cells to the lymph nodes [66–
71]. This leads to interactions between B cells and TH cells leading
to increased antibody production [64]. Initial studies seemed to
indicate that flagellin is not a strong adjuvant for TC responses,
however, it has repeatedly been demonstrated that it does function
in this regard as well [72–76]. Flagellin is also able to activate the
inflammasome via amino acids 441–476 which are present on the
C terminus in the D0 domain. These amino acids are able to inter-
act with the PRR Naip5 [77,78]. The role of the inflammasome in
regard to adjuvant function is not completely clear.

Unmethylated CpG motifs are also currently being investigated
as potential adjuvants (Table 2). Bacteria do not frequently methy-
late CpG motifs, however, vertebrates do allowing for the differen-
tiation of foreign DNA [79]. During a natural infection process CpG
motifs are recognized by TLR9, which is present in endoplasmic
reticulum (ER), late endosomal compartment, and the lysosomal
compartment. Different organisms localize TLR9 to different cell
types, but it is most frequently localized to plasmacytoid DC and
B cells in humans [80]. Upon stimulation TLR9 exits the ER and
interacts with MyD88, which leads to the activation of signaling
pathways leading to the activation of NF-jB and AP-1, the produc-
tion of TH1 proinflammatory cytokines and increased innate and
adaptive immune response [81]. For adjuvant use synthetic CpG
oligodeoxynucelotides (CpG ODN) are generated that contain
unmethylated CpGs. Generally, CpG ODNs contain a phosphoroth-
ioate linkage in place of a phosphodiester linkage, which causes the
CpG ODN to have a longer half-life in vivo. CpG ODNs are divided
into different classes based upon the number and location of CpG
repeats, each has different strengths and weaknesses as well as
slightly different biological effects [81]. Clinical trials using CpG
as an adjuvant have been performed in a wide range of infectious
diseases. All resulted in an increase in the immunogenicity of the
vaccine tested, with effects ranging from increased antibody pro-
duction, faster memory response, or a change in the cytokine pro-
file of the vaccine leading to a stronger immune response [80,82].

RNA binding TLRs are also being examined as potential targets
for adjuvant development (Table 2). TLR7 and TLR8 are both local-
ized to endosomes, with TLR7 primarily present in plasmacytoid
DC and B cells and TLR8 primarily present in monocytes/-
macrophage and myeloid DC. Both receptors bind single stranded
RNA sequences from infecting microorganisms and TLR7 the syn-
thetic agonist Imiquimod (R837) with both binding the synthetic
agonist Resiquimod (R848). Stimulation of both leads to signaling
through MyD88 and activation of NF-jB and AP-1, and ultimately
proinflammatory cytokines [83,84]. The short half-life of RNA
necessitates that in the development of successful long lasting vac-
cine formulation one of the synthetic agonists is used. Initial stud-
ies indicated both of these agonists are immunostimulatory when
given as a topical ointment, however, when given admixed as an
ts.

Host receptor Adaptive immune branch activated

TLR4/inflammasome Humoral/cellular
TLR5/inflammasome Humoral/cellular
TLR7/TRL8 Humoral/cellular
TLR9 Humoral/cellular
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injection extremely high doses were necessary. Subsequent studies
have determined that fusion of these agonists to a given antigen,
admixture with other PAMPs, and newer agonist designs show pro-
mise as successful adjuvant candidates [85,86].
6. Increasing the immune response to subunit vaccines:
repetitive antigen displays

While the addition of a chemical or biological adjuvant to a vac-
cine is one mechanism to induce stronger immune responses, there
are other ways too. One aspect of a whole organism vaccine that
makes it so successful is the fact that it expresses multiple antigens
in a repetitive array. In most cases there is not just one copy of a B
cell antigen on the cell or viral surface. By vaccinating with a
recombinant protein this effect does not occur, because the anti-
gens become diluted in the patient’s body fluids. Work beginning
in the 1960s would lead to the development of another mechanism
to generate more effective vaccine candidate that would more clo-
sely mimic a whole organism vaccine.

Patients infected with hepatitis B virus (HBV) produce a nonin-
fectious particle in their blood [87,88]. This particle is actually
composed of a protein antigen (S or HBsAg) that is present in the
envelope of the HBV. HBsAg is produced in large quantities during
infection and is able to self-assemble into a 22 nm virus-like parti-
cle (VLP) [89]. VLPs are particles that resemble the size and shape
of viruses but do not contain any viral genetic material, meaning
they are not infectious [90] (see Fig. 2B). Quickly it was identified
that the VLP was about 1000 times more immunogenic than non-
assembled HBsAg [91] and these particles were identified as poten-
tial vaccine candidates [87].

At the time there was no culturable method for HBV, and only
humans and certain non-human primates (NHP) could be infected.
It was proposed and eventually carried out that the best mecha-
nism for developing a HBV vaccine was to harvest plasma from
asymptomatic volunteers, chemically treat the plasma to
inactivate it like it was an infectious particle, and use it as a vaccine
candidate [92–96]. While these initial studies were successful in
high risk populations, they were occurring in the late 1970s and
early 1980s which coincided with the beginning of the Acquired
Human Immunodeficiency (AIDS) epidemic. The vaccine was
approved for human use in 1981, but fears about the use of a
human blood product, lack of volunteers, and cost led to abandon-
ment of this vaccine and its eventual withdrawal from the United
States by 1986 [97].

A recombinant HBsAg based HBV vaccine became a top priority
at the dawn of recombinant vaccines. HBsAg produced in E. coli
was not immunogenic which led to a search for a different expres-
sion host [98–100]. In 1982, HBsAg was produced in its naturally
glycosylated immunogenic form from S. cerevisiae [101]. The vac-
cine was shown to be immunogenic and safe [102–104]. The vac-
cine was approved in 1986 and still remains the standard HBV
vaccine (Fig. 1, Table 1). The recombinant HBsAg has the distinc-
tion of not only becoming the first approved subunit vaccine, but
also the first approved VLP. The knowledge used during the devel-
opment of the recombinant HBsAg vaccine was eventually applied
to other diseases such as HPV, leading to the development of clin-
ically approved HPV vaccines [105]. It also became the foundation
for other vaccines such as the most advanced malaria vaccine
candidate RTS,S [106].

VLPs also offer the advantage of being repetitive antigen dis-
plays. It has been consistently demonstrated that when antigens
are displayed repetitively there is an increase of antibody titers
[90,107]. This occurs because of increased crosslinking of the B cell
receptors leading to B cell activation [5,108,109]. VLPs, because
they are made of viral proteins, are processed by APC cells as a
virus. Increased and efficient processing leads to activation of T
cells and also increased immune responses [90]. One problem with
VLPs is that not every virus that a vaccine is needed for has a capsid
protein that can self-assemble into an immunogenic VLP. The sec-
ond problem is not every infectious disease is a virus. For some dis-
eases, successful fusion constructs have been generated such as
RTS,S for malaria that uses the HBsAg as a carrier [106]. Generation
of fusion constructs is not always successful, however [90]. These
problems have led for the development of new technologies that
would incorporate the strengths of VLPs while minimizing their
weakness.
7. Nanotechnology and nanovaccines

An exciting area in the development of vaccines is the use of
nanotechnology. On December 29, 1959 physicist Richard Feyn-
man gave a talk entitled ‘‘There’s Plenty of Room at the Bottom.”
He predicted in the future scientists would be able to manipulate
matter on the atomic level leading to the development of tiny man-
ufacturing machines [110]. In 1981 K. Eric Dexler using the con-
cepts of Feynman, and the advances in genetic engineering
proposed that proteins could be designed to carry out atomic level
fabrications [111]. Dexler eventually published a book, The Engines
of Creation: The Coming Era of Nanotechnology and founded the
Foresight institute to direct the development of nanotechnology
over the coming years [112]. Dexler’s work is considered the true
beginning of the field of nanotechnology, a field that has under-
gone exponential growth over the subsequent three decades.

Today nanotechnology is defined by the United States National
Nanotechnology Initiative as the field that deals with nanoscale
objects that are 1–100 nm in size. A nanoparticle is defined as an
individual nanoscale object that is able to function as an indepen-
dent unit [113]. These nanoscale objects are composed of a wide
range of materials including organic polymers, inorganic polymers,
and biological macromolecules. Nanoscale assemblies have a
diverse array of biomedical implications including use as biological
sensors, cell targeting systems, drug delivery systems, and as sub-
unit vaccine carriers [114].

One of the major benefits in the use of nanotechnology for the
development of vaccines is the resulting nanovaccines can be
designed to be effective antigen delivery systems. Attempts have
been made with many different types of nanomaterials to develop
effective vaccine candidates. Nanotechnology is not a uniform
field, but rather a mixture of many different nanoscale materials
that vary in their chemical composition and behaviors. The diver-
sity in the field has led to the development of different approaches
for nanovaccines. Each group has its own advantages and its own
disadvantages making it unlikely that one approach will work for
the development of each necessary vaccine.

One approach is the use of different polymers and copolymers.
A polymer is a molecule made up of one repeating subunit, while a
copolymer is a molecule made up of multiple repeating subunits.
Polymeric vaccines are made up of a broad range of compounds
including (D,L-lactide-co-glycolide) (PLGA), poly(lactic acid) (PLA),
poly(g-glutamic acid) (g-PGA), poly(ethylene glycol) (PEG), and
polystyrene [115]. Polymers can either function to encapsulate
antigens, have antigens conjugated to their surface via a linker,
have antigens adsorbed to their surface, or be admixed with the
antigen. The chemistry of the polymer, and its interactions with
the antigen determines the most effective mechanism for vaccine
delivery.

The PLGA nanoparticle vaccines are the prototypical encapsu-
lated vaccine. PLGA has been widely studied for about 60 years
for a variety of biomedical applications including drug delivery
and diagnostics [116]. A nanoparticle consisting of PLGA has a



Fig. 2. Types of protein assemblies that are used as vaccines carriers. (A) Vaults: The example shows the rat liver vault comprising 78 identical major vault protein chains
(PDB-RCSB code 4V60). The view is perpendicular to the 39-fold symmetry axis. (B) VLPs: The example shows the RNA bacteriophage Q beta forming a T = 3 icosahedral
particle (PDB-RCSB code 1QBE). The view is down the twofold axis of the icosahedron. (C) Ferritin: Shown is the octahedral structure of ferritin from the marine pennate
diatom Pseudo-nitzschia multiseries (PmFTN) (PDB-RCSB code 4ZKW). The view is down the fourfold axis of the octahedron. (D) SAPNs: The example shows a SAPN composed
of a pentameric (blue) and trimeric (cyan) coiled-coil domain displaying the trimeric coiled-coil epitope HRC (red) from the SARS coronavirus. The view is down the threefold
axis of the icosahedron. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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core made up of its desired cargo, which is encapsulated by the
polymer. Since 1969 PGLA has been approved by the Food and
Drug Administration (FDA) for use as a drug delivery system.
The benefits of PLGA nanoparticles for any biomedical applica-
tions is they slowly degrade when exposed to water, meaning
they can protect hydrophobic, hydrophilic, small molecule, or
biological macromolecule cargo and release it over an extended
period of time [117]. In preclinical studies this has been
demonstrated to be an effective carrier in mouse models for
vaccines composed of HBsAg, tetanus toxoid, Helicobacter pylori
lysate, Listeria monocytogenes antigens, malaria antigens, and B.
anthracis spores [116,118–125]. These vaccines are able to gen-
erate long lasting humoral and cellular immune response. They
can also be given in an oral, aerosolized, subcutaneous,
intraperitoneal, or intermuscular manner because of the nature
of PLGA.

Further strategies can be taken with polymer based nanoparti-
cles to make them more effective vaccine candidates such as the
synthetic vaccine particles (SVP). These particles can be used to
carry not only antigens in their cores but also PAMPs as adjuvants.
They can be encoated with phospholipids and decorated with B cell
antigens leading to potentially more efficient vaccine candidates
that function as repetitive antigen displays, delivery systems, and
as immunopotentiators [126,127].
Polymers can also serve as inert cores for antigen conjugation or
adsorption. One such example are polystyrene beads. Nanoparti-
cles with a solid inert core are also known as nanobeads. Proof of
principle ovalbumin vaccines have been developed [128–130].
These vaccines function as repetitive antigen displays, but still
need an external adjuvant added to generate strong immune
responses. In comparison with other vaccination techniques they
are not better at stimulating immune response [129]. Polymers
such as polystyrene are thought to be biocompatible, however,
they are not biodegradable. Toxicology studies in cell culture mod-
els and small animals indicate that they do not generate free rad-
icals and do not appear to cause adverse effects [128,129,131].
Long-term health effects are not known, however. While nano-
beads with inert polymer cores function as repetitive antigen dis-
plays they still need to be adjuvanted and their long-term health
effects are unknown making them not ideal candidates for vaccine
development.

Inorganic molecules can also be used as delivery systems for
nanovaccines. One of the best studied are gold nanoparticles
(AuNP). Many materials take on unique chemical and physical
properties on the nanoscale level. Gold is easily modified into
nanoparticles of different sizes and shapes. Gold also takes on
unique optic properties based upon nanoparticle size and shape
that has attracted attention for use in cellular imaging, drug
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delivery, and photothermal therapy [132,133]. Studies have
determined that AuNP appear to be inert and biocompatible
[134]. AuNP can be used in a variety of ways in the development
of vaccines with antigens adsorbed or conjugated to their surface
[115]. Size and shape of AuNP has been linked to their function
as vaccine candidates. Different geometric shapes can lead to
differential APC phagocytosis and antigen presentation. These find-
ings also indicate that AuNP can function as effective delivery
systems for vaccines [135]. Successful, preclinical vaccine candidates
have been developed for diseases such as influenza, West Nile
Virus, and plague [135–137]. There has also been interest and initial
studies on the development of both prophylactic and therapeutic
cancer vaccines based off of AuNP [138,139]. Despite the fact that
AuNP can be easily modified into the most immunogenic shape
and size in all published studies an external adjuvant needed to
be added to generate a protective or effective vaccine candidate.

Carbon nanotubes (CNTs) are another class of inorganic
nanoparticles of interest in vaccine development. These are sheets
of graphene that are folded into a tube shape, that can occur in a
single layer, single-walled carbon nanotubes (SWNT), or in multi-
ple layers, multi-walled carbon nanotubes (MWNT). CNTs have
many advantages that make them an ideal candidate for vaccine
development. They have a large surface area that makes them
excellent potential repetitive antigen displays. Adsorption and or
conjugation of antigens to their surface is fairly easy [140]. Studies
have indicated that they are highly immunogenic in and off them-
selves, which could potentially indicate that besides functioning as
antigen delivery systems they also could function as immunopo-
tentiators [140–143]. One of the major problems with the applica-
tion of CNT to vaccinology is that their toxicology is not established
and studies are highly conflicting.

Other inorganic nanoscale assemblies based on silica, alu-
minum, and calcium phosphate, have been used in an attempt to
develop effective vaccine candidates [144]. However, many of the
same problems occur with all classes. The primary issue is that
the long-term health effects are not known. Initial studies have
focused on in vitromodels and small animal models. For every class
of inorganic nanoparticle, studies have indicated that there is some
form of toxicology [145]. While there are benefits to each class, the
lack of understanding of their long-term health effects makes
developing a clinical product difficult at this current time.
8. Biologically derived nanovaccines

As first proposed by Dexler, the use of biological molecules has
many advantages for development of nanotechnology, particularly
nanovaccines. The first approved subunit vaccine, HBV vaccine, is
technically a nanoparticle that is composed completely of protein.
The VLPs made by the HBsAg self-assemble into 22 nm particles,
which falls well into the 1–100 nm designation of nanoscale
assemblies. Other biologically based technologies have also been
developed to repetitively display antigens, with potentially lower
levels of toxicity in comparison to inorganic and synthetic polymer
nanoparticles. By capitalizing on biological macromolecules scien-
tists are able to develop vaccine candidates that more closely
resemble microorganisms, meaning they should function more
efficiently inside the host.

One example of biologically derived nanoparticles are lipo-
somes, which are phospholipid bilayers surrounding an aqueous
chamber. In 1965 it was noted that phospholipids could assemble
into these structures [146]. By 1974 the first study came out that
indicated that liposomes could function as an adjuvant to increase
the immune response to diphtheria toxoid vaccine contained in
their aqueous chamber [147]. In the subsequent years, studies have
established liposomes as safe and effective antigen delivery system
as well as adjuvant. Liposomes are extremely plastic, meaning size,
shape, charge, phospholipid composition, and supporting molecu-
lar composition can be altered to elicit the desired effect. They
can function as repetitive antigen displays when antigens are
either incorporated into the phospholipid bilayer, or adsorbed onto
the membrane. Liposomes can also carry T cell epitopes as cargo in
their aqueous chamber [148].

Studies indicate that liposomes are functional for two main rea-
sons. The fact that they are composed of phospholipids increases
the ability of APC cells to phagocytose the particles leading to
increased antigen processing and presentation [149]. Studies have
indicated that cationic liposomes are the most effective adjuvants
because they remain longer associated with cell membranes
because of electrostatic interactions [150,151]. The longer a lipo-
some is associated with the membrane the higher the probability
that APC will phagocytose and present the antigens. Liposomes
can also carry external adjuvants in their chambers, or have adju-
vants like PAMPS incorporated into their membranes leading to
stronger immune responses [148,152,153].

Virosomes could be considered a cross between VLPs and lipo-
somes. Traditionally, each virosome is composed of the phospho-
lipids contained in the envelope of influenza virus along with the
viral envelope proteins hemagglutinin and neuraminidase. With
this design the particles function as immunogenic influenza
viruses, but because they do not contain a genome they are unable
to replicate. They demonstrate increased fusion with APC and sub-
sequently, elevated antigen presentation [154]. The phospholipids
and envelope proteins were originally isolated from influenza viral
cultures grown in embryonated eggs, but now they are syntheti-
cally produced and assembled. As with liposomes antigens can
be added to the membrane, adsorbed onto the membrane, or car-
ried as cargo in the virosome [155].

Two different virosomes have been used successfully since in
the 1990s in humans. The first is Inflexal, which is an influenza
vaccine [156]. The second is Epaxal, which is formalin inactivated
hepatitis A that is adsorbed to an influenza virosome [157]. Both
vaccines have been shown to be effective with good safety profiles.
They have also demonstrated that virosomes can function both as
antigen delivery system as well as adjuvants. Currently, vaccines
for malaria, hepatitis C, various cancers, HIV, and Candida albicans
are in various stages of clinical development using influenza viro-
somes as a core [158].

Nanoparticles composed of protein that can self-assemble into
repetitive antigen displays are an area of intense interest in the
development of nanovaccines. One class of these nanoscale assem-
blies are derived from the protein ferritin (Fig. 2C). Ferritin is an
iron metabolism protein that is present in bacteria, animals, and
plants. Under normal conditions 24 monomers of ferritin will
self-assemble into a spherical particle with octahedral symmetry
containing an open central cavity. This structure is known as a fer-
ritin cage [159]. Ferritin cages have an overall diameter of 12 nm,
while the cores have a diameter of 8 nm [160]. Under starvation,
bacterial ferritin can assemble into a particle with tetrameric sym-
metry composed of 12 ferritin monomers [161]. Ferritin cages have
been used for a wide variety of biomedical applications including
medical imaging and drug delivery [159].

Studies have determined that ferritin cages can function as
vaccine delivery systems. Hemagglutinin from H1N1 subtype of
influenza has been fused to ferritin from H. pylori leading to the
generation of an influenza vaccine candidate. The resulting particle
expresses eight trimeric hemagglutinin molecules in their native
conformation on the vertices of the particle. When vaccinated into
ferrets the animals developed antibodies to both the head domain
and the stalk domain of hemagglutinin. Challenged animals
were protected [162]. The head domain of hemagglutinin from
influenza is immunodominant, but it is subject to antigenic drift
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necessitating seasonal changes in vaccine formulations. In a desire
to generate a vaccine candidate that focuses on the conserved stem
domain, a recombinant ferritin molecule was generated that lacked
the head domain. This construct was able to raise stalk specific
antibodies and completely protect mice against challenge, and
partially protect ferrets [163].

While ferritin cages are exciting potential repetitive display
antigen candidates, they do have weaknesses. Ferritin cages have
a very rigid assembly. If an antigen needs to be presented in a cer-
tain conformation to be immunogenic, ferritin cages may not be
able to present it in the most immunogenic form. Ferritin cages
seem like excellent candidates for the development of some vacci-
nes, but will not be able to be used for every antigen.

Another naturally occurring nanoscale assembly that has
attracted attention are vault proteins (Fig. 2A). These proteins are
naturally occurring in most eukaryotes, and may play a role in
nuclear transport, signal transduction, and innate immune
responses, but no exact function has been established [164]. Each
vault is a 70 nm organelle-like structure that is composed of three
proteins: the major vault protein (MVP) makes up 70% of the com-
plex, telomerase associated protein-1, poly ADP-ribose polymerase
(PARP), and non-coding RNAs [165]. Vaults can be designed to
express heterologous proteins inside their central cavity. This is
easily done by adding a specific sequence to the protein that has
been determined to associate the PARP protein with MVP [165].
Vaults are not immunogenic themselves and do not lead to the
development of autoimmune responses making them a good vac-
cine delivery system [165,166]. Using the model protein ovalbu-
min, vaults were successful at inducing TC and TH responses in
vaccinated animals. They were less successful at inducing humoral
immune responses [167]. Vaults have been developed as vaccine
candidates for Chlamydia muridarum infections. Inoculation
induced both TH and TC responses leading to protection against
challenge [168]. Despite the success with vaults their biggest
weakness is that the antigen is contained within the vault cavity,
which prevents it from stimulating B cells leading to strong
humoral responses. Currently, vaults could function as strong vac-
cine candidates for intracellular pathogens, or for diseases such as
cancer, but further development is needed for their use against a
wide range of pathogens.
9. Rationally designed protein nanovaccines

While naturally occurring nanoscale assemblies can be good
vaccine candidates for certain infectious diseases, they may not
be applicable to a wide range of infectious organisms. Another
approach in development of nanovaccines is the use of rationally
designed proteins. By combining knowledge of structural biology,
biophysics, protein engineering, infectious disease biology, and
molecular biology new proteins can be developed to function as
ideal vaccine candidates. This approach is considered a bottom-
up approach, taking small parts and generating a more complex
assembly [169]. VLPs and other approaches are a top-down
approach and take a complex protein assembly and strip it down
to its basic components, which in the terms of a vaccine would
be the smallest part that induces protective immunity [170].

There are many benefits and challenges associated with vaccine
development from bottom-up rationally designed proteins. The
major benefit is that these designed proteins can function as repet-
itive antigen displays for a wide range of antigens. They are not
limited like ferritin cages or vaults in what conformations of anti-
gens they can present. They also can be optimized to induce both
strong cellular and humoral immune responses by the addition
of new antigenic domains. To be functional these proteins need
to be able to self-assemble using non-covalent interactions into
nanoscale assemblies. This self-assembly needs to occur without
an added enzyme in a specific and reproducible manner [171].
The major drawback of this approach is protein sequence, no mat-
ter how well designed, it does not always perfectly correlate with
structure and function [172]. This problem leads to the need for
each design to be empirically tested and optimized to achieve
the desired structure and ultimately the desired protective effect
in vaccinated animals.

A technique that has been applied to the development of ration-
ally designed protein nanoparticles is the layer-by-layer (LbL) fab-
rication of polypeptide films on solid CaCO3 cores. In this method
polypeptide layers of alternating opposite charges are deposited
on a CaCO3 nanoparticle core. The electrostatic interactions
between the opposite charged polypeptide layers keep particles
together. Contained within the different layers different B and T
cell antigens can be added allowing for the development of vaccine
candidates for different disease states [173]. A malaria and a respi-
ratory syncytial virus (RSV) vaccine candidate designed using this
approach were immunogenic and capable of raising neutralizing
antibodies for both either malaria or RSV respectively and the
malaria candidate was able to generate cellular responses as well
[174,175].

One approach for the development of a rationally designed pro-
tein nanoparticle are nanofibers, nanoscale assemblies that are
derived from the b-sheet secondary structure. The initial design
of the nanofiber core consisted of 11 amino acids (Q11) that could
self-assemble into unbranched antiparallel b-sheets [176,177]. Ini-
tially designed for the purpose of regenerative medicine, nanofi-
bers were determined to be non immunogenic and well tolerated
in animals [177]. When a 17 amino acid fragment of ovalbumin
with established B and T epitopes was added to the N terminus
of the construct, nanofibers that self-assembled functioned as
repetitive antigen displays. Antibody titers from vaccinated ani-
mals were greater than animals vaccinated with the ovalbumin
fragment with FCA [178]. Another study also indicated that when
animals are vaccinated with nanofibers that contain only TC epi-
topes from ovalbumin they develop strong TC responses [179].
These initial prototypical studies determined that nanofibers could
function as successful vaccine candidates.

Nanofibers have been successfully used in infectious disease
models as well. A vaccine candidate against malaria was able to
induce high titers of antibodies that functioned to prevent infec-
tion in an in vitro assay [180]. Attempts have been made to increase
TH responses to nanofibers by adding the pan-allelic DR epitope
(PADRE) a universal TH epitope. A heterogeneous mixture of Q11,
Q11-B-cell epitope, and Q11-PADRE was used to develop a Staphy-
lococcus aureus vaccine candidate. Addition of PADRE resulted in an
antibody titer increase in a PADRE concentration related manner
[181]. While there have been some successes with the nanofiber
technology there have been instances were nanofibers did not
elicit strong immune responses [182].

While nanofibers are a successful application of rationally
designed protein nanoparticles many problems exist with their
use. The core sequence is only 11 amino acids long. This is extre-
mely short preventing the addition of large antigens. Allowing
for only the addition of short regions of antigens severely limits
their immunogenicity. These short peptides need to be chemically
synthesized, cannot be epitope tagged, and expressed in a protein
expression system [178–183]. This fact limits their ability to be
scaled up in a cost effective manner.

One of the most appealing protein structural motifs for rational
design of nanovaccines are coiled-coil oligomerization domains.
These motifs consist of two or more a-helices wrapped around
each other. Coiled-coils are one of the most common, best under-
stood, and stable oligomerization domains [184]. One application
of the coiled-coil oligomerization domain to vaccine design are
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Synthetic Virus Like Particles (SVLP). These particles are based on
chemically synthesized monomers that consist of a lipid attached
to a coiled-coil trimeric domain that is chemically attached to an
antigen. Based on basic biophysical properties 60–90 monomers
can self-assemble into a 20–25 nm particle that contains a lipid
core and a surface decorated by antigens. SVLP function as repeti-
tive antigen displays and are capable of inducing humoral
responses in vaccinated animals [185,186].

Perhaps, one of the most promising nanoscale assemblies for
vaccine development are Self-Assembling Protein Nanoparticles
(SAPNs; Fig. 2D). SAPNs are rationally designed repetitive antigen
displays that can function for a diverse array of antigens. Disease
antigens can be added to either the C or the N terminus of each
SAPN monomer, and in the prototypical SAPN 60 monomers will
self-assemble into a particle with regular symmetry [187–190].
Each assembled SAPN is decorated on its surface with 60 copies
of an antigen, making them excellent repetitive antigen displays
(Fig. 2D). Not only do SAPNs function as repetitive antigen displays,
but the individual particles resemble small viruses in both shape as
well as in size at about 25 nm. Together these factors make them
excellent immunostimulatory particles and prime vaccine
candidates.

One of the major benefits of the SAPN design is the wide variety
of coiled-coil oligomerization domains. In nature coiled-coils exist
that consist of 2, 3, 4, 5, and 6 a-helices while 7 membered coiled-
coil domains have been synthesized in the laboratory [191]. B-cell
epitopes can be conformational, meaning the epitope is based on
the structure of the antigen, not the linear sequence [192]. The
toolbox of well-established well-understood coiled-coil oligomer-
ization domains allows for the presentation of antigens, in partic-
ular for oligomeric antigens, in their native conformations. The
best immunogenic presentation can be chosen to develop the most
effective vaccine candidate. Choosing different oligomerization
domains will ultimately change the geometry of each SAPN
particle, however, they will still self-assemble and function as
effective repetitive antigen display. Another enticing feature of
the SAPN is the ability to add universal TH epitopes to the core
[193].

SAPNs have been used as effective vaccine candidates for a vari-
ety of diseases. Successful candidates have been developed for the
viral diseases Avian Influenza, SARS, and HIV [194–196]. In each
viral disease that SAPN technology has been applied to high anti-
body titers have been observed, and in most cases these antibodies
were demonstrated to be functional in in vitro assays. One of the
most challenging classes of infectious agents to develop vaccines
for are parasitic diseases. Parasites are complex organisms with
multiple life stages, immune avoiding mechanisms, and generally
infect multiple hosts [197]. SAPNs are effective in the development
of parasitic vaccine candidates. SAPN candidates induce strong
humoral and cellular immune responses against malaria in murine
models leading to protection against challenge [193,198,199].
SAPNs have also been shown to be immunogenic and able to
induce protection against challenge in a murine model of Toxo-
plasma gondii [200]. This success further demonstrates the strength
of the SAPN as a vaccine technology.
10. Future directions

Since Jenner developed the first vaccine candidate in 1796 great
advances have been made in the field of infectious disease vacci-
nology. Despite the advances that have been made there is still
much work to be done. The field has moved from the traditional
method of vaccine development, where an organism had to be cul-
tured, attenuated, or killed before it could become an effective vac-
cine candidate. Today, through modern biological techniques
extremely targeted safer vaccines can be developed much more
quickly than ever before. The major problem with these candidates
is that they tend to be less immunogenic and ultimately less pro-
tective than whole organism vaccines. Resolving these issues is
the current main focus of vaccine development.

There is a current need for the rapid and effective development
of infectious disease vaccines. Besides the big three diseases in
need of vaccines, HIV, tuberculosis, and malaria, there are out-
breaks of new and emerging diseases such as Ebola and Zika Virus
that threaten global public health. New technologies may provide a
mechanism for quick development and rapid implementation of
vaccines. By further developing vaccine technologies to include
more immunostimulatory molecules as well as more epitopes bet-
ter vaccine candidates will be generated.

Vaccinology as a discipline has traditionally been focused on the
development of vaccines for the prevention of infectious diseases.
This unique relationship has allowed vaccinology to develop hand
in hand with immunology and infectious disease biology. As
knowledge of these disciplines has increased it has allowed for
the development of new vaccine technologies to be applied to
other disease states such as cancer. As development of vaccine
technologies continues to be refined and improved more applica-
tions will become available to disease states such as cancer, addic-
tion, and obesity. Potentially, in the near future scientists will be
able to apply these new technologies to the development of pro-
phylactic treatments to a broad range of diseases leading to further
decreases in global morbidity and mortality from everything from
infectious diseases to cancer. Vaccinology in its first 200 years of
development has only scratched the surface of what is possible.
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