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From vaccine practice to vaccine science:
the contribution of human immunology
to the prevention of infectious disease

Alessandra Mortellaro and Paola Ricciardi-Castagnoli

Over the past 50 years, the practice of vaccination has reached the important goal of reducing many of the diseases that

afflicted humanity in past centuries. A better understanding of immunological mechanisms underlying the induction of immune

protection and the advent of new technology led to improved vaccine preparations based on purified microbial antigens and new

adjuvants able to boost both humoral and cellular immune responses. Despite these tremendous advances, much remains

to be done. The emergence of new pathogens, the spread of strains resistant to antibiotics and the enormous increase in latent

infections are urgently demanding more and more effective vaccines. Understanding the immunological mechanisms that

mediate resistance against infections would certainly provide valuable information for the design of new candidate vaccines.
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In the 1700s, the British physician Edward Jenner noted that milk-
maids exposed to cowpox rarely contracted the deadly disease of
smallpox, which was rampant at the time. He hypothesized, and later
proved experimentally, that exposure to the agent causing cowpox
could be used to generate protective immunity against smallpox. This
revolutionary idea marked the birth of the field of vaccinology, and
Jenner’s work is widely considered to have saved the lives of more
people than that of any other person.1

By today’s standards, Jenner’s experimental approach might be
considered rather empirical, but surprisingly much of modern vaccine
science is still carried out in the absence of a complete understanding
of how vaccines work. Nevertheless, many severe infectious diseases,
including smallpox and poliomyelitis, have been eradicated and
vaccination is certainly among the most successful medical practices.

So how is it that we still do not fully understand the mechanisms of
action of vaccines? And why have we been unable to generate
protective vaccines against major diseases such as tuberculosis (TB),
malaria and human immuno-deficiency virus (HIV)? A significant
factor is the complexity of the host�pathogen interaction. The
specifics of the intricate interplay between an invading organism
and its human host vary according to the pathogen, the genetic
background and physical environment of the host, and how well the
two parties have coevolved. Pathogens actively evade the host immune
system, either by modulating it to their own advantage or by hiding
themselves in the body, as is the case with Mycobacteria in the lungs.
This coevolution and adaptation is continuously taking place and is
why some diseases, such as aquired immuno-deficiency syndrome,

have been so difficult to prevent. This means that what we know of
one pathogen can rarely be applied to another in terms of successful
vaccine design. Understanding the ongoing and changing nature of
coevolution will require extensive immuno-monitoring on a large
scale in conjunction with vaccination trials. Further complicating the
matter, as the immune system of mammals has been shaped by its
interaction with pathogens throughout evolution, we must define the
aspects of the immune response, which provide an evolutionary
advantage to the host versus the pathogen.

In this review, we will cover the most pertinent features of the
immune response to pathogens, and how some of today’s vaccines
have harnessed these responses. We will review the commonly used
adjuvants that enable vaccine designers to potentiate and direct
immunity, and will highlight some of the most urgent challenges
remaining in the field.

HOST IMMUNE RESPONSE TO PATHOGENS

Whenever an infectious organism breaches the body’s barriers, it puts
in motion a series of highly coordinated immunological events that
aim to eliminate the pathogen (Figure 1). The first line of response is
the innate immune system, which can be activated within a few
minutes of the initial invasion. Innate immunity relies on the
combined action of humoral (complement and cytokines) and cellular
(macrophages, dendritic cells (DC) and natural killer cells) compo-
nents.2 Macrophages are important for their role in phagocytosing
and lysing microorganisms, either directly or through recognition of
complement or antibodies coating the pathogen. DC are professional
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antigen-presenting cells (APC) that have innate actions but also have a
central role in translating messages from the innate immune system
and converting them to initiation and direction of adaptive T- and
B-cell responses.3 The adaptive arm of immunity will progress to clear
the pathogen and generate immunological memory with the potential
to protect the host from reinfection by that pathogen for the rest
of its life.4,5

A powerful property of the immune system is its ability to tailor its
effector mechanisms to the nature of each threat. During infection, the
type of microorganism, its route of entry into the host and the site
within the body where it resides will all be taken into account in
determining the type of immune response most suitable for its
eradication (Figure 1). Humoral immunity mediated by antibody is
important for neutralization of viruses and bacterial toxins, thus
limiting both the damage and spread of infection. Cellular immunity
is necessary to eradicate intracellular pathogens and to support and
direct the humoral response. For example, in the case of the intra-
cellular bacteria Mycobacterium tuberculosis and Listeria monocytogenes,
the cellular response dominates, mediated by CD4+ T-helper type 1
(Th1) cells secreting IFNg and TNFa, as well as CD8+ T cells.6

Activated Th1 cells clonally expand and differentiate into effector
cells with the ability to activate macrophages and granulocytes,
which are important innate effectors in the clearance of pathogens.

Importantly, activated CD8+ T cells have the ability to kill infected
cells directly. Extracellular bacteria and fungi also induce cell-mediated
immunity, but this time dominated by CD4+ T cells that secrete
mainly interleukin (IL)-17, called Th17 cells in host defense.7

In contrast, infections by helminthes elicit Th2 CD4+ cells secreting
IL-4, IL-5 and IL-13.

So, how is this tailoring of the immune response actually achieved?
Many parameters of the host response, including the populations of
lymphocytes stimulated, the amplitude and the eventual downregula-
tion of effectors largely depend on myeloid DC.8 These cells are able to
interact with the pathogen and translate the information they gain
into an appropriately polarized immune response through the activa-
tion of naı̈ve lymphocytes (Figure 1). DC engulf pathogens or their
components, classify the category of microbe using a system of receptors
(discussed later) and degrade the microorganism into peptides loaded
onto major histocompatibility complex I (MHC I) and II (MHC II).
Peptide-major histocompatibility complexes are presented to antigen-
specific T cells alongside the costimulatory molecules required for
naı̈ve T cells to become activated and differentiate into effectors. An
important feature of DC is the expression of a panel of receptors
designed to identify molecular patterns that are conserved within
classes of microorganism. For example, Toll-like receptors (TLRs) that
are found on the plasma membrane and in endosomal compartments,

Figure 1 Host immune response. Humoral immune response is initiated when B cells are stimulated through B-cell receptor (BCR) by a particular antigen

(Ag), followed by its differentiation into plasma cell. Plasma cells release high-affinity antibodies that opsonize antigens and promote their removal by

macrophages. Professional antigen-presenting cells (APC), namely dendritic cells (DC), are activated by microbial-associated antigens through engagement

of surface pattern recognition receptors (PPR). Intracellular and extracellular antigens are processed into peptide by APC and loaded onto Major

histocompatibility complex class I (MHC I) and class II (MHC II) antigens presented to CD8+ and CD4+ T cells, respectively. DC activation results also in

cytokine production and costimulation of T cells. T-helper cells produce multiple cytokines that promote the proliferation and activation of other lymphocytes

and macrophages. There are three types of T-helper cells: Th1, Th2 and Th17 cells. Th1 cells produce cytokines as IFNg that activate macrophages to kill

antigen-containing cells. Th2 cells activate B cells to produce antibody. Th17 cells secrete IL-17 that activate neutrophils and IL-22 that induce secretion of
antimicrobial peptides by epithelial cells. CD8+ cytotoxic T cells (CTL) affect antigen clearance by directly killing cells, surface tissue antigens of which

become altered by exposure to infectious organisms or damaging toxins. Like phagocytes, CTLs depend on T helper cell-produced cytokines.
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recognize components of bacteria, viruses, protozoa and fungi.9

In addition, DC possess cytosolic receptors such as the nucleotide-
binding domain LRR-containing family (NLRs), that sense viral
nucleic acids or bacterial products.10 Recognition through these
receptors initiates the process of DC maturation that is characterized
by efficient uptake and processing of antigens, increased expression
of T cell costimulatory molecules and secretion of soluble T-cell-
activating factors. It is this complex process of initiation, maturation
and specific stimulation that vaccines aim to mimic in order to
harness the natural defense mechanisms that our body uses to protect
against infections.

HUMAN VACCINES

Infectious disease vaccines currently licensed for human use have
taken various approaches to achieving stimulation of the specific
immune response. These can be broadly divided into four categories
according to the type of antigen they contain: inactivated, live
attenuated, subunit and virus-like particles (VLP).

Inactivated vaccines use the microorganism responsible for the
disease, but in a killed form after treatment by chemical or physical
agents like heat or radiation. Some of the first vaccines were made in
this way; however, they carried the risk of incomplete inactivation, for
example, in the Salk vaccine, which in 1955 caused a number of cases
of paralytic polio. Modern inactivated vaccines include those against
hepatitis A and influenza.11 The vaccines are very safe but induce only
relatively weak immune protection as they lack many of the innate-
stimulating properties of the live organisms.

Some of the problems of inactivated vaccines can be overcome by
using live attenuated organisms, such as in yellow fever, measles,
rubella and mumps vaccines. By serially passaging the pathogen in
tissue culture, strains emerge that have lost their genes relating to
pathogenicity, virulence and immune evasion, as they are no longer
needed. These strains are then safe to inject into a healthy host, where
they retain their immunogenicity but are unable to cause disease.
Using this strategy a robust immune response is usually achieved with
just one or two administrations. However, attenuated vaccines run the
small but significant risk of reversion to virulence, potential contam-
ination of the cultures (as in the case of SV40 and polio vaccine) and a
lack of safety in immunocompromised individuals.12

Subunit vaccines work by stimulating immunity towards just parts
of the pathogen, with the hope that this will be sufficient to protect the
host, while being safer or more widely applicable than attenuated
vaccines.13 Toxoid vaccines derive from inactivation of purified
bacterial toxins (known as toxoids after inactivation), which ultimately
cause the disease. Examples are tetanus and diphtheria vaccines
containing toxoids purified from Clostridium tetani and Clostridium
diphtheriae, respectively. As with whole-pathogen inactivated vaccines,
the lack of live organism means that immunity tends to decline with
time, making booster doses necessary but thus running the risk of
inducing tolerance to the antigen.14 This risk is countered by the
inclusion of adjuvants, which will be discussed later.

An important development in the subunit vaccine field was the
advent of conjugated vaccines, which aim to enhance responses to
poorly immunogenic subunits. Such is the case for vaccines against
life-threatening invasive meningitis caused by Haemophilus influenzae
type b, Streptococcus pneumoniae or meningococci.15,16 The first
obstacle in immunizing against these organisms is that their patho-
genic components are capsular polysaccharides. These are especially
weak thymus-independent antigens that induce poor immune
responses, especially in young children. To overcome their weak
immunogenicity, the purified polysaccharides were conjugated to

carrier proteins such as diphtheria or tetanus toxoids.17 This aims
to convert the thymus-independent antigen into a thymus-dependent
form, which means that T cells will be stimulated and result in not
only a better antibody response but also significantly improved
immunological memory.

The progress of advanced molecular biology and genetic engineer-
ing techniques is opening new doors in vaccine science. Immunolo-
gically relevant proteins from many infectious agents have now been
identified, cloned and expressed in vitro. This has removed the need to
grow large amounts of dangerous pathogenic microorganisms in order
to extract their components for inactivation, and so made vaccines
safer for both the producer and the recipient. It remains to be seen
whether these recombinant protein subunit vaccines combined with
adjuvants will be sufficient to induce strong immune responses and
long-term protection.

As well as engineered proteins, recombinant DNA can be adminis-
tered directly as a vaccine. DNA vaccines are a small bacterial
DNA plasmid that has been engineered to include the sequence
encoding one or two proteins from a pathogen. By injecting DNA
into muscle tissue, some cells take up the DNA and become ‘antigen
factories’, producing the protein antigens within the plasmid. This
has the major potential advantage that the DNA-delivered antigens
are synthesized intracellularly and presented through MHC I,
leading to the activation of CD8+ T cells.18 Thus, unlike conventional
vaccines that generally induce predominantly antibody-mediated
immunity, DNA vaccines can target the T-cell response.19 Further
advantages of DNA vaccines include their low cost and high thermal
stability, which is important for their application in developing
countries. Although the concept of DNA vaccination was discovered
in the 1990s, many of the details underlying their mechanisms in vivo
remain unclear.20–22 For example, it is uncertain whether it is the
cells that first take up the DNA are in fact the primary antigen-
presenters, or whether bystander APC takes up these cells. It is
not clear how long antigen presentation lasts, or how efficiently
T-cell effector and memory responses are initiated in humans. DNA
vaccines are effective in animal models, but this lack of mechanistic
understanding has so far hindered their successful translation into the
human setting.

One of the most exciting recent developments in vaccine science has
been the use of VLP. VLP exist naturally as coproducts in viral
replication, and are essentially viral particles that lack genetic material,
while retaining the highly repetitive immunogenic structure of the
native virus. By chemically linking desired antigens to the VLP surface,
the antigen of choice is conferred the immunogenic properties of the
VLP, with little or no need for additional adjuvants. Delivering
antigens in this way induces strong humoral responses without the
risks associated with live attenuated or inactivated viral vaccines.23,24

VLP may also be engineered to allow induction of strong T-cell
responses, including CD8+ T cells, making them a flexible and
powerful tool.25 Unlike DNA vaccines, this technology has translated
well from animal models into humans; VLP-based vaccines have been
licensed for use against hepatitis B and human papilloma virus.26,27

Current research shows promise in the development of VLP vaccines
to prevent influenza and Chikungunya virus infection.28,29

ADJUVANTS: AN AID FOR INNATE CELLS

An ongoing trade-off in vaccine design is that of safety versus efficacy;
most protein and DNA-based vaccines are safer and cheaper to
produce compared with live-attenuated or inactivated whole patho-
gens, but struggle to elicit strong adaptive immune responses and
long-term protection. To boost the activity of such vaccines they are
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often administered in conjunction with substances known as adju-
vants. Adjuvants are agents that, while having little or no antigenic
effect of their own, can stimulate the immune system and thus
potentiate the antigen-specific effects of a vaccine. Although it is
known that the action of adjuvants often relies upon their structural
characteristics, their precise molecular and cellular mechanisms are
often poorly characterized, although this is beginning to change. As a
generalization, many adjuvants are thought to exert their effects
through APC, in particular DC. They promote DC maturation,
upregulation of antigen-presenting functions and costimulatory mole-
cules, coupled with cytokine secretion and migration into the T-cell
area of the draining lymph nodes.30–33

Modern adjuvants belong to two main groups: the vehicles and the
immunostimulants. Vehicles are substances that enable optimal pre-
sentation of the vaccine antigen to the immune system. They include:
mineral salts (aluminum or calcium phosphate), emulsions, liposomes,
virosomes and biodegradable polymeric microspheres. Immuno-
stimulants differ in that they directly increase the immune response
to antigens. Often they are microbial products such as TLR ligands
(lipopolysaccharide (LPS), cytidine-phosphate-guanosine, flagellin,
lipoproteins, zymosan and bacterial DNA) or bacterial exotoxins,
but may also be cytokines or of plant origin (such as saponins).34

Because of their powerful immune-modulatory properties, adju-
vants are the topic of much research and investment. However,
relatively few are licensed for human use, and our knowledge of a
selection of these will be summarized in this section.

Aluminum salts
The aluminum salts, known collectively as alum, are the most
frequently used vaccine adjuvants and are included in inoculations
against C. diphtheriae and C. tetani, hepatitis A, S. pneumonia,
meningitis and human papilloma virus.35 Alum-based adjuvants
favor the development of a Th2-polarized response by inducing the
production of IL-4, IL-5 and IL-10 by myeloid cells, leading in turn to
significantly improved antibody responses.36

Remarkably, despite the widespread use of alum and the fact it has
been licensed since 1934, until recently its precise mechanism of action
was unknown. For over 50 years, it was thought that alum worked by
forming a long-lived depot of antigen at the injection site, which
provided a continuous supply for APC.37,38 However, accumulating
evidence began to hint that alum had more complex immuno-
modulatory properties. For example, there were contradictory reports
of its ability to stimulate APC in vitro, whereas in vivo alum injected
into the peritoneal cavity of mice induced monocyte recruitment and
subsequent differentiation into functional DC.30,39–41 Tissue phago-
cytes directly engulfed alum at the injection site. These cells (including
macrophages, DC and B cells) responded by producing proinflamma-
tory mediators such as CCL2, CCL3 and CCL11, which begin the
cascade of events leading to antigen-specific immunity.30,31

The question remained concerning how interaction with this metal
salt induced proinflammatory responses in APC. The major break-
through in the understanding of alum’s mechanism of action came in
2007, when it was demonstrated to induce caspase-1-dependent
secretion of IL-1b and IL-18 in human and murine macrophages
stimulated with LPS.42 Soon after, B. Lambrecht’s group made the
discovery that many in vivo properties attributed directly to alum were
in fact mediated by an intermediate, namely uric acid.30 Immuniza-
tion with alum causes a degree of necrotic cell death locally.43 This
leads to the sudden release of a number of potential inflammatory
mediators (molecules possessing damage-associated molecular
patterns), one of which is uric acid.44 Once in the extracellular

environment, uric acid forms crystals that have adjuvant properties
in vivo in their own right and in the absence of microbial stimuli.45–47

The importance of damage-associated molecular patterns in poten-
tiating vaccine responses is an emerging field that should begin to shed
light on the complex interaction of adjuvants with the immune
system.

Emulsions
One of the most widely used emulsion adjuvants is MF59 (Novartis
Vaccines and Diagnostics, Siena, Italy), formed of squalene particles
no more than 250 nm diameter, in water.48 Currently, MF59 is used
in Europe in flu vaccines, but it has also previously been used for
vaccines against herpes, hepatitis B and HIV.49–51 Despite obvious
biochemical differences with alum, in practical terms there are a
number of similarities. MF59 also promotes antibody responses at
the expense of Th1 and CD8+ type cell-mediated immunity, and may
act in part through the induction of local inflammation at the
injection site.52,53 In vitro at least, MF59 enhances the differentiation
of monocytes into DC and (unlike alum) additionally acts as a
granulocyte attractant.33 Interestingly, muscle cells may also be speci-
fically targeted by MF59, but currently its main mechanism of action
is considered to be formation of an antigen depot that provides
sustained APC stimulation and slow antigen release.32 Another oil-in-
water emulsion, called AS03 was developed by GlaxoSmithKline
Biologicals (Rixensart, Belgium) and used in the prepandemic flu
vaccine. AS03 seems to have the advantage of inducing high antibody
responses with associated T-cell activation, but its efficacy in humans
remains to be evaluated in depth.54,55

TLR ligands
As many subunit vaccines lack the original immunogenicity of the
infectious organism they came from, it is a logical step to try and
reinstate that property by coadministering microbial TLR agonists.
Nonmethylated cytidine-phosphate-guanosine sequences are potent
adjuvants in animal models and in some clinical trials.32,56–58 How-
ever, although TLR pathways in general are well characterized, it is not
yet clear how the TLR agonist-based vaccine adjuvants act in vivo.
Intriguingly, it has been shown that antigen-mediated inflammatory
responses in mice lacking important component of TLR pathways,
such as MyD88 and Trif, were still able to mount specific humoral
immune response against allergens injected with different kind
of adjuvants (incomplete and complete Freund’s adjuvant, alum and
TLR agonists).59,60 These observations suggest that, although TLR
activation can lead to increased antibody response, TLR-mediated
signaling may be dispensable to induce a greater response to antigens.

Despite the confusion concerning their mechanism of action, some
TLR-ligand-related adjuvants are showing promise. The TLR4 ligand,
LPS, is highly immune stimulatory but unfortunately to the point of
toxicity, at least in animal models. However, a derivative of LPS,
known as monophosphoryl lipid A (MPL), isolated from S. minnesota
R595 was recently approved as vaccine adjuvant for papillomavirus.
MPL retains the stimulatory properties of LPS but without its toxicity.
Studies in mice suggest that by binding TLR2 and TLR4, MPL
promotes DC maturation into potent APC that efficiently stimulate
Th1 cells and IgG2a production, making MPL one of the better-
understood novel adjuvants.61–63

WHY IN SOME CASES VACCINATION FAILS

The 1980s–1990s were debatably the golden decade of vaccine success;
with increasing vaccination coverage leading to a significant decrease
in the incidence of major vaccine-preventable diseases. Three million
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children are saved from death each year as a result of vaccines alone.
The most successful vaccines in terms of lives saved, are those against
polio, measles, mumps, rubella and yellow fever. All of these vaccines
are of the live-attenuated type, which allows them to induce specific,
lifelong protective antibodies, memory B cells and plasma cells, as well
as polyclonal CD4+ and CD8+ T cells. So why do not we employ the
same strategy for all infectious diseases? Here, we will discuss the cases
of TB and malaria, which are old enemies of human health and
remain so today despite huge efforts to design and administer effective
vaccines.

TB
TB is a mycobacterial disease that continues to claim approximately
2 million human lives each year.64 Surprisingly, perhaps, a live-
attenuated vaccine against TB has been widely administered for the
last 75 years. This vaccine is derived from M. bovis, a primarily
veterinary pathogen that was attenuated by tissue culture to give the
vaccine strain ‘bacillus Calmette-Guérin’ (BCG).65 BCG has undoubt-
edly helped to reduce TB outbreaks in developed countries, but is
unreliable in endemic situations such as those of developing countries,
where it is needed most.66,67 Randomized controlled trials in adults
show that the protective efficacy of BCG vaccination against pulmon-
ary TB ranges from 0–80%. In children, the vaccine is generally
effective against the most serious manifestations of the disease, such
as meningitis or disseminated TB, but even then protection does not
last a lifetime.

For many years, the reasons for the shortcomings of the BCG
vaccine have been sought, and there are a number of hypotheses.68–70

The nature of attenuating an organism carries with it the risk that
important antigenic determinants of protection will be lost. In the case
of BCG this is especially pertinent; first, because it was not originally
derived from M. tuberculosis, but rather the homologous pathogen
M. bovis. Second, the original BCG strain has undergone repeated
passage over the last 75 years, so not only has it drifted genetically
(and so antigenically) but also it is likely that today’s strains of
M. tuberculosis are also different than those BCG used to protect
against. It is also difficult to accurately determine BCG’s efficacy on a
large scale, as before the advent of universally accepted world health
organization guidelines each country implemented its own immuni-
zation and monitoring policy.71

The most common explanation for the variability in protective
efficacy of BCG is differences in exposure to nonpathogenic environ-
mental mycobacteria, which can mask or inhibit the protection
induced by BCG.69,70 Research to learn the lessons of BCG could
hardly be more urgent. Coinfection of susceptible individuals with
HIV and the emergence of multidrug resistant M. tuberculosis strains
threaten to permit a resurgence of widespread TB death. With this in
mind, new strategies for vaccination against TB are under develop-
ment. For example, it may be possible to genetically modify BCG to
increase immunogenicity, or to generate new attenuated strains of
M. tuberculosis through the targeted deletion of genes that confer
virulence to the bacterium.72–74

Malaria
Malaria is an infectious disease affecting almost 40% of the world’s
population, and is prevalent across Africa, South-East Asia, Latin
and Central America. The disease kills one to two million people
each year, mainly children under 5 years of age. Malaria is caused
by the Plasmodium parasite, which is transmitted to humans
through mosquito bites. Along with TB, malaria is one of the most
pressing candidates for an effective vaccine. A large scale vaccine

trial based on the dominant surface protein of the sporozoite,
RTS,S is undergoing in Africa, but preliminary observations revealed
that it offers only partial protection.75–77 One of the reasons, why the
development of malaria vaccines is so challenging is because of the
complex life cycle of the parasite and its array of immune-evasion
strategies. Malaria is caused by four types of Plasmodia (P. falciparum,
P. vivax, P. malariae and P. oval), and in endemic areas, simultaneous
mixed infections are common. Even within one Plasmodium species,
the parasite expresses polymorphic or variant genes in different stages
of the life cycle.78–80 This means that immunity to a single antigen
expressed during a particular life-stage is unlikely to protect against
clinical disease. Specific antibodies that prevent binding of the parasite
to erythrocytes would be certainly enough to achieve protection, but
the mutation of the antigenic epitopes on the parasite surface render
this strategy almost impossible.81 The malaria parasite at the blood
stage induces immune suppression, and this may be another impor-
tant mechanism evolved by the parasite to evade host-immune
response.82–84

Certainly, vaccination against malaria is a very promising approach.
Infection of human volunteers with sporozoites attenuated by irradia-
tion was successfully tested in humans.85–87 Unfortunately, this
method is not applicable as routine immunization because of the
elevated number of sporozoites that have to be injected to achieve
protective immunity. An alternative and promising approach success-
fully tested on humans was to expose healthy volunteers undergoing
prophylactic treatment with chloroquine to a serie of P. falciparum-
infected mosquito bites.88 All vaccinated subjects developed immune
protection. This represents the first proof-of-concept study in humans
not previously exposed to malaria.

REMARKS FOR EFFICACIOUS VACCINE DESIGN

Vaccine delivery route represents an important variable in vaccination
design. Virus and bacteria naturally penetrate through various anato-
mical sites. HIV is transmitted through genital and gastrointestinal
mucosal surfaces, whereas influenza and bacterial pneumonia through
the respiratory tract. In immunocompetent individuals, immune
response generated at mucosal sites is crucial for effective clearance
of the infection and long-term protection. The majority of vaccines
currently used are administered through intramuscular, intradermal
or subcutaneous injections.89,90 Vaccine delivery should follow the
natural route as possible. It could therefore be of vital importance to
formulate vaccines administrable through natural routes of transmis-
sion. An example comes again from the polio vaccine. Polio vaccine
was originally prepared from the inactivated virus (Salk type),
administered through intramuscular or subcutaneous injections.
Later, the oral polio vaccine (Sabin type) made of attenuated
virus was developed. We must not forget that poliovirus infection
occurs by fecal-oral route through ingestion of contaminated food or
water, or by saliva droplets emitted by sick people or healthy carriers.
Both Salk and Sabin vaccines are currently in use throughout
the world. However, the benefits of oral polio vaccine are enormous:
it is easily administered in young children, it guarantees immunity
for life, it protect against viral reinfections through the digestive
tract, and finally it is much more economic.91,92 Similarly to Salk
vaccine, Sabin oral vaccine induces IgG antibody production respon-
sible for systemic protection, but more importantly, stimulates secre-
tion of IgA in Peyer’s patches and lamina propria. Intestinal
production of IgA antibodies prevents both systemic and intestinal
viral replication, minimizing the risk of latent infections due to viral
persistence in the gut that could be potentially spread to other
individuals.
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Despite of the numerous advantages of oral vaccines, only a few are
used because they are extremely difficult to produce. Indeed, oral
vaccines must overcome the physical, chemical and enzymatic barriers
of the oral-gastrointestinal tract. To make more effective mucosal
vaccines, a number of specific adjuvants based on bacterial toxins
acting at intestinal level, such as cholera toxin or E. coli labile toxin,
have been successfully developed.93,94

For viral diseases transmitted through the respiratory tract, such as
influenza, the development of a vaccine administered intranasally by
aerosolization is promising.95,96 Several formulations of intranasal
vaccines for seasonal and pandemic influenza were developed, they
seem to be safe and effective but evaluation of protection remains to
be defined.

The ability of the immune system to respond to infective agents is
very different in children than in adults or the elderly. Over the years,
the immune system undergoes a process known as immune senes-
cence, characterized by a series of changes leading to a weakening or
partial loss of the body’s defensive capabilities.97 The absolute number
of B cells, CD4+ and CD8+ T cells is significantly reduced, accom-
panied by an increase in natural killer cells.98,99 Thymic involution
results in a decline in the number of naive T cells, but memory
T-cells pool increases.100 Interestingly, increased levels of inflamma-
tory cytokines, such as TNFa, IL-1 and IL-6, were observed
that might contribute to deregulation of cell-mediated responses in
aged people.101 Indeed, expansion of Th1 cells producing IFNg was
observed at the expense of IL-4-secreting Th2 cells.102

It is therefore necessary to protect this cohort of subjects with
highly immunogenic vaccines. The pulmonary infections are especially
important targets for novel vaccines as a result of the high social
impact of such diseases in an ageing population. The paradox is
created. The aim of vaccination is to induce and boost immune
protection against infections. However, in aged people, the number of
T-cell clones is limited. To what extent does the flu vaccine, that every
autumn mobilizes the media, protect the eldest? Generally, the
effectiveness of vaccines is evaluated as serum-antibody titer, and
this correlates with changes in the pool of T cells. However, in recent
years, it was found that the cell-mediated response better correlates
with protection in older adults.103 The lack of effective assay that can
measure the cell-mediated T cell response has greatly limited the
ability to fully assess the efficacy of vaccines in humans. Adjuvated
vaccine formulations based on TLR agonists may offer a good
opportunity to elicit cellular immunity in the elderly. The use of
poly I:C, an agonist for TLR3, as adjuvant, have shown promising
results in aged animals.104

More and more randomized controlled studies are showing that
there is no major evidence for the effectiveness of the influenza vaccine
in over 65s, despite vaccination has been recommended for high-risk
groups for the last 40 years.105,106 It is not impossible that behind the
wide advertising campaign that is made each year for anti-flu vaccines
there is a reason dictated largely by economic purposes.107

Similarly to natural immunity, vaccine-induced immunity may vary
among individuals depending on their genetic characteristics.108,109

Genetic factors in fact explain, at least in part, why some people resist
infection more successfully than others. The system of human
leukocyte antigens involved in antigen presentation is highly poly-
morphic and influences significantly the variation in immune
response to vaccination. Several studies pointed out a clear association
between human leukocyte antigens haplotypes and immune response
to vaccines against hepatitis B and C, papilloma viruses and influ-
enza.110,111 Approximately 5% of subjects receiving vaccines against
hepatitis B are not able to generate a specific antibody response.

In vitro studies showed that T-cell proliferation and IL-2 secretion in
response to hepatitis B antigens were impaired in nonresponder
individuals. Haplotype association analysis in related and unrelated
populations identified several other genes coding for cytokines
and adhesion molecules, such as CD44, CD58, CDC42, IL-19 and
IL-1RI.112,113

There is no doubt that a deeper understanding of the genetic factors
that determine susceptibility to infections may provide the key for
optimal vaccine formulation to prevent the most common and deadly
infectious diseases, such as aquired immuno-deficiency syndrome,
malaria and TB.

CONCLUSIONS AND FUTURE DIRECTIONS

In the last 200 years, the practice of vaccination was an empirical
science, which used approaches that do not require a detailed knowl-
edge of individual antigens or the cellular immune responses elicited.
Despite that, very successful vaccines have been developed using
conventional culture methods. However, these strategies are no longer
enough to rapidly address novel and emerging infectious diseases, as
HIV, pandemic influenza, malaria and TB. The past decades of animal
and human studies taught us that, to make a good vaccine several
aspects should be considered. Humoral response sometimes is not
sufficient, but cell-mediated immunity, which depends on CD4+ T-cell
help and cytotoxic T cells, is required for effective immune protection.
Nevertheless, the only biomarker of vaccine efficacy is currently
antibody titer. It is clear that this is inadequate as a measure especially
in the case of the very young, old or immunecompromised indivi-
duals. Moreover, in many cases, we do not even know whether
antibody production is the key to protection from human disease,
and therefore in future studies it will be imperative to more fully
characterize all the facets of immunity to the pathogen. Moreover,
immune escape mechanisms can not be ignored any longer.

An improvement in rational vaccine design can only follow more
detailed knowledge of both the disease process and the mechanisms of
action of current vaccines and adjuvants. To study correlates
of immune protection, we should invest heavily in development of
in vitro functional assays and in vivo animal models that better mimic
the human disease, but also in clinical immunomonitoring of vaccine
trials.

Recent advances in molecular biology, genomics transcriptomic and
proteomics have opened up new frontiers in the interface between
microbiology, immunology and vaccinology. Indeed, integration of
the traditional disciplines with these novel approaches has begun
to shed light on the mechanisms underlying the immune protection to
infections, but much remains to be done for a rational design of
new and improved vaccines. The benefits derived from these new
approaches may be enormous, considering that they may be broa-
dened to vaccination against noninfectious chronic diseases, such as
cancer and autoimmunity.
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