Ann Allergy Asthma Immunol 125 (2020) 17e27

Contents lists available at ScienceDirect

CME Review

Key steps in vaccine development
Peter L. Stern, PhD
Manchester Cancer Research Centre, University of Manchester, UK

Key Messages
 A detailed knowledge of the pathogen structure, biology, associated disease epidemiology and its clinical characteristics is highly
inﬂuential to vaccine design.
 Vaccination aims to prime the immune response to generate immune memory to facilitate adequate control of the pathogen with
natural infection and thus prevent clinical disease but not necessarily infection.
 Whole pathogen based vaccines can be reactogenic and while partial fractionation can reduce the latter there is often a loss of
immunogenicity (through removal of natural PAMPs), reducing vaccine effectiveness which can be improved by the addition of adjuvants that act to optimise the adaptive immune response.
 Animal models that accurately mimic human disease can establish vaccine proof of principle in preclinical studies but clinical trials are
always required to provide evidence of immunogenicity, efﬁcacy and safety.
 For maximal impact on disease reduction sufﬁcient population coverage adds the indirect effects on unimmunized individuals (herd
immunity) which requires understanding of population demography, age of maximal disease susceptibility and biological and social
factors which inﬂuence the pathogen’s transmission and replication.
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A B S T R A C T
Objective: The goal of a vaccine is to prime the immune response so the immune memory can facilitate a
rapid response to adequately control the pathogen on natural infection and prevent disease manifestation.
This article reviews the main elements that provide for the development of safe and effective vaccines.
Data Sources: Literature covering target pathogen epidemiology, the key aspects of the functioning immune
response underwriting target antigen selection, optimal vaccine formulation, preclinical and clinical trial
studies necessary to deliver safe and efﬁcacious immunization.
Study Selections: Whole live, inactivated, attenuated, or partial fractionated organism-based vaccines are
discussed in respect of the balance of reactogenicity and immunogenicity. The use of adjuvants to
compensate for reduced immunogenicity is described. The requirements from preclinical studies, including
establishing a proof of principle in animal models, the design of clinical trials with healthy volunteers that
lead to licensure and beyond are reviewed.
Results: The 3 vaccine development phases, preclinical, clinical, and post-licensure, integrate the requirements to ensure safety, immunogenicity, and efﬁcacy in the ﬁnal licensed product. Continuing monitoring
of efﬁcacy and safety in the immunized populations is essential to sustain conﬁdence in vaccination programs.
Conclusion: In an era of increasing vaccine hesitancy, the need for a better and widespread understanding of
how immunization acts to counteract the continuing and changing risks from the pathogenic world is
required. This demands a societal responsibility for obligate education on the beneﬁts of vaccination, which
as a medical intervention has saved more lives than any other procedure.
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Complete the pre-test.
Read the article and reﬂect on all content as to how it may be applicable to your practice.
Complete the post-test/evaluation and claim credit earned. At this time, physicians will have earned up to 1.0 AMA PRA Category 1
CreditTM. Minimum passing score on the post-test is 70%.
Overall Purpose
Participants will be able to demonstrate increased knowledge of the clinical treatment of allergy/asthma/immunology and how new
information can be applied to their own practices.
Learning Objectives
At the conclusion of this activity, participants should be able to:
 Describe the key steps in the development of a vaccine to prevent an infectious disease.
 Discuss the formulation of a vaccine to ensure immunogenicity, efﬁcacy and safety in prevention of infectious diseases.
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Introduction
Successful vaccination strategies have already provided signiﬁcant protection against at least 31 human diseases, an extraordinary
impact on human health.1 In this article, the means for the
continuing development of safe and effective vaccines is outlined.
First, key aspects of our understanding of the molecular mechanisms underlying natural immunity are considered. Second, how
integrating the latter with a speciﬁc knowledge of the biology and
epidemiology of the pathogenic threat can provide for an appropriate antigen selection, optimal vaccine formulation, and an
effective delivery strategy are discussed. The path to vaccine licensure is then described, involving extensive preclinical studies to test
immunogenicity, followed by different stage human clinical trials to
rigorously ensure safety and provide early evidence of efﬁcacy. The
design of vaccination strategies including sufﬁciency of population
immunization coverage to deliver useful and sustained protection is
discussed. Finally, the importance of post-vaccine licensure aspects,
including monitoring of efﬁcacy and safety in the immunized populations, are discussed in the context of sustaining conﬁdence in
vaccination programs in an era of increased vaccine hesitancy.2
Natural Immune Control of Infection
Innate immunity is the ﬁrst line of defense and is nonspeciﬁc,
whereas the adaptive immune response is characterized by the
expansion of secreted and cellular effectors with speciﬁcity and the
generation of immune memory. The sequential activation of innate
and adaptive components is bridged by specialized antigenpresenting cells (APCs) (eg, dendritic cells), providing for integration of an optimal immune response to the speciﬁc threat.3 Within
4 to 96 hours of an infection, the activation of local APCs occurs
through 1 or more of their pattern recognition receptors (PRRs) that
recognize different pathogen- or damage- associated molecular
patterns (PAMPs, DAMPs).4 The PAMPs are molecules shared by
groups of related microbes that are essential for the survival of
those organisms and are not found associated with mammalian
cells. Examples of PAMPS (sources) and their PRRs, including their
principle mode of action, are summarized in Table 1. The DAMPs are
unique molecules displayed on stressed, injured, infected, or
transformed human cells, which also can be recognized as a part of
innate immunity. Examples include heat-shock proteins and
altered membrane phospholipids. The infection-delivered/induced PAMPs or DAMPs transduce signals through their speciﬁc
PRRs that activate the APCs with a ﬂavor that provides for the
expansion of a suitable combination of cells of adaptive immunity
targeted to the particular pathogen through antigen-speciﬁc T cells
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and antibodies. Antibodies can neutralize pathogens directly (receptor blocking, toxin neutralization) or indirectly (activation of
complement and granulocytes; opsonization to aid phagocytosis),
whereas cellular effectors can target infected cells directly by
cytotoxicity or through the actions of cytokines such as tumor necrosis factor or interferon gamma. Thus, the integrated combinations of innate and speciﬁc immune effector mechanisms develop
sufﬁciently rapidly to provide for control and elimination of the
infection. The consolidation of this gain is the provision of a legacy
of immune-speciﬁc memory cells. This enables a more rapid
(amnestic) adaptive immune response, through speciﬁc antibody
and T cells, on reencounter with the same pathogenic threat.
Figure 1 summarizes the key components, and Figure 2 the general
kinetics leading to the immune control of an infection or in some
circumstances other outcomes.5,6
Pathogen Biology and Epidemiology
A detailed knowledge of the pathogen structure, biology, associated disease epidemiology, and its clinical characteristics is highly
inﬂuential to vaccine requirements. This information also can help
select the antigen component(s) of any potential vaccines. Challenges include being able to distinguish commensal and pathogenic
forms of a microorganism and the need to generate cross-reactive
or individual type-speciﬁc immunity to recognize the most medically important strains or serotypes of a pathogen. Serotypes also
may vary in geographic or temporal distribution, and this consideration can signiﬁcantly inﬂuence the composition of vaccines, the
cost-effectiveness of their production, and the delivery strategy (eg,
meningococcal vaccines7). When variation of the target antigens is
inevitable, as with seasonal inﬂuenza, a new vaccine is required
annually.8 Vaccination approaches also need to consider the route
of entry and subsequent replication locations of a pathogen (eg,
respiratory: inﬂuenza; pneumococcus; gastrointestinal: salmonella; genital tract: herpes simplex; bloodstream via damage, human immunodeﬁciency virus, or malaria via mosquito bite). The
demographics of infection (eg, poverty), speciﬁc risk groups, and
age-speciﬁc infection rates all determine the populations to
immunize and at what age. To determine the impact of any vaccination program, one must be able to accurately diagnose the
infection, including the speciﬁc types. Equally important is the
value of a clear immune correlate of protection,9 such as is observed
for measles infection, in which speciﬁc antibody levels are correlated with clinical outcome.10
In war the number one rule is deception (Sun Tzu), and different
pathogens use a plethora of such strategies that can allow for an
infection to proceed relatively unhindered by the immune system,

Table 1
PAMPS and PRRsa
PAMP

Pathogens

PRR

Innate response

Microbial cell wall components
Mannose-rich glycans
Capsular polyanionic
saccharides
Lipoproteins of gram-positive
bacteria; viral proteins
Double-stranded RNA
Lipopolysaccharide of gramnegative bacteria
Flagellin (from bacterial
ﬂagella)
Uracil-rich single-stranded RNA

Streptococci, Staphylococci
Salmonella species
Pneumococci, Haemophilus species

Complement (C)
Mannose binding protein
Scavenger receptor

Opsonization; C activation
Opsonization; C activation
Phagocytosis

Streptococci, staphylococci; CMV and HSV

TLR2

Rotavirus, other RNA/DNA viruses
Escherichia coli, Salmonella, Haemophilus,
Neisseria species
Pseudomonas species, E coli

TLR3
TLR4

CpG motif-containing DNA

RNA viruses including HIV, replicating RNA
virus
High frequency in viral and bacterial genomes

TLR7
TLR8
TLR9

Macrophage activation, secretion of
inﬂammatory cytokines
Type 1 interferon
Macrophage activation, secretion of
inﬂammatory cytokines
Macrophage activation, secretion of
inﬂammatory cytokines
Type 1 interferon

Triacyl lipopeptides

Various bacteria, parasites

TLR1/2

a

TLR5

Macrophage activation, secretion of
inﬂammatory cytokines
Macrophage activation, secretion of
inﬂammatory cytokines

Human TLR1, 2, 4, 5, and 6 are at cell surfaces; TLR3, 7, 8, 9 within endosomes. Heterodimerization extends the ligand spectrum recognized.
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Figure 1. The immune control of infection (The Art of War by Sun Tzu). In the left panel, particular PAMPS/DAMPS of infection stimulate immature dendritic cells to mature
differentiate and process pathogen-derived antigen, while migrating to the lymph nodes. In the center panel, these APCs induce the adaptive immune response, including
activation of T cells into effector cells and differentiation of T cells into memory cells. Naïve B cells differentiate into antibody-secreting plasma cells and memory B cells after
activation by helper CD4þ T cells. Activated tissue-resident macrophages are also stimulated by the CD4þ T cells. In the right panel, various effector mechanisms are shown.
Antibodies can enhance the effector functions of various innate cells as well as also neutralize pathogens directly. Cytotoxic T cells can directly kill infected tissue/cells via
molecular and chemical signalling and also induce infected cells/phagocytes to kill intracellular pathogens, or inhibit pathogen replication. Not all T-cell subsets are represented in this illustration.5 To the left of the illustration is a summary of the key events in the immune control of an infection with parallels to The Art of War by SunTzu.

increasing the likelihood of overt disease.11,12 This includes some
viruses and bacteria that manage to infect individuals without any
signiﬁcant alert of the innate immune response through their
stealthy life cycles, which cause little tissue damage. The often
considerable genetic diversity of a pathogen species can derive
from the selection of advantaged subtypes driven partly by the
need for immune evasion. Such virulence factors contribute not
only to immune avoidance but also can facilitate infectivity,
transmission, and structural changes to promote intracellular
sequestration. Many pathogens produce proteins (eg, enzymes) or
nucleic acids (eg, microRNAs) that can directly inhibit
hostepathogen recognition mechanisms that otherwise would
activate innate immunity. Other evasion strategies include production of toxins that lead to tissue destruction, deployment of
mimics of host proteins, or life cycles that include latent phases
where the microorganisms remain undetected by the immune
system. The very high mutation rates of RNA viruses (inﬂuenza,
human immunodeﬁciency virus, and hepatitis C) result from their
rapid replication with relatively poor ﬁdelity. This generates many
variants, allowing for selection of strains with immune advantage
and thus continuously compromising effective immune control.13
Understanding the impact of such immune escape mechanisms is
central to the design of effective vaccines to prevent acute or
chronic and possibly latent infection. Most vaccines do not

necessarily protect against infection per se but rather protect
against the consequences of infection. The goal of a vaccine is to
prime the immune response so that this immune memory can be
used to facilitate a rapid response to adequately control the pathogen on natural infection and prevent disease manifestation. The
kinetics of the immune response and how vaccination essentially
provides the means to prevent an infection running out of control
and leading to disease is illustrated in Figure 2.
Antigen Selection and Vaccine Formulation
Vaccine evolution has progressed from a largely empirical
approach exempliﬁed by the use of variolation with live smallpox in
the 18th century (a protection with signiﬁcant risk but 10-fold
reduced compared with the consequences of a natural smallpox
infection), through the development of procedures for attenuation
and inactivation of whole pathogens for use as vaccine antigens.
However, whole organismebased vaccines may not always be
practical (eg, pathogen production), or reversion of infectivity (after
attenuation) or the presence of reactogenic components may
compromise their safety or tolerability. Examples of vaccines based
on whole live and attenuated pathogens include oral poliovirus,
measles-mumps-rubella (MMR), varicella, inﬂuenza and bacillus
Calmette Guerin (BCG).14 These mimic natural infection and
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Figure 2. The kinetics of the immune response and how vaccination prevents an infection outunning control & leading to overt disease

effectively prime durable immunity. They can induce mild symptoms and, albeit rarely, there can be virulence reversion, which
prevents their use in immunosuppressed or pregnant women. In
addition, a need for consistency of live vaccine stocks can present
production hurdles. This approach is also unavailable if the pathogen cannot be grown in culture or where the pathogen has latent
stages or variable characteristics in its natural lifecycle (eg, parasites), as well as when there are effective immune evasion
mechanisms.
Whole killed pathogen vaccines include inactivated poliovirus,
hepatitis A, and whole-cell pertussis, and these induce broad
immune responses to multiple antigens. They can be reactogenic;
some important epitopes may be destroyed, and multiple doses
are often required. For example, acellular pertussis vaccine is
based on partially puriﬁed protein components. This is not infectious, shows low reactogenicity, and although it can induce a
highly speciﬁc response it is of lower immunogenicity.15 In other
cases, the 3D structural integrity of some important epitopes may
be destroyed, or multiple subunits may be required, with the
consequence that any induced immunity may show little crossreactivity, and thus the potential for immune escape. Clearly this
approach is not appropriate for pathogens with changing characteristics across their life cycle or some chronic and latent
infections.
Although partial fractionation can reduce the reactogenicity,
there also can be a loss of immunogenicity, potentially signiﬁcantly
reducing vaccine effectiveness. This is now recognized as a consequence of the removal of natural components of whole organisms
such as PAMPs. It is also possible to use recombinant nucleic acid or

biochemical puriﬁcation approaches to produce subunit vaccine
antigens. Clearly there is a requirement to know that such puriﬁed
targets are immunologically relevant. Importantly, reduced
immunogenicity can be improved by the addition of adjuvants that
act to optimize the adaptive immune response. For example, alum
(aluminium hydroxide or phosphate) is an adjuvant used by multiple vaccines, including combined diphtheria-tetanus-acellular
pertussis (DTaP).16 It is believed to act through a depot effect,
directing responses favoring T cell help for antibody production.
The adjuvant MF59 is an oil-in-water emulsion with squalene that
is used with inﬂuenza (seasonal and pandemic) vaccines and promotes antigen uptake by APC, cytokine and chemotactic responses
stimulating local immunity increasing the magnitude and breadth
of the antibody response.17 Adjuvant system (AS) 01, used in malaria and zoster vaccines, combines Quillaja saponaria Molina
fraction (QS)-21 and deacylated monophosphoryl lipid (MPL) with
liposomes. This induces activation of a broad population APCs
through the synergistic action of QS-21 and MPL that enhances the
adaptive immune response.18 In particular, MPL is a detoxiﬁed form
of bacterial lipopolysaccharide (LPS) that binds to toll-like receptor
receptor (TLR) 4. Likewise, in AS04 (used in human papillomavirus
[HPV]), a particular hepatitis B, and some inﬂuenza vaccines), MPL
is adsorbed onto aluminium hydroxide or phosphate, and this leads
to transient nuclear factor kappaB, cytokine, and chemokine responses stimulating increased numbers of activated APC enhancing
antibody responses.19 AS03 is composed of a-tocopherol, squalene,
and polysorbate 80 in an oil-in-water emulsion. It has been used to
boost the immunogenicity of an inactivated split-virion pandemic
inﬂuenza vaccine.20
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Table 2
Strategies of Vaccination for Disease Reduction Goalsa
Vaccination strategy

Goal

Pathogen examples

Routine vaccination (selective immunization)
Single birth cohort
Double cohort (eg, infants and adolescents)
Mass immunization (entire population in
affected area or high-risk priority groups);
response to emerging epidemic
Response to a predicted epidemic

To eradicate, eliminate, or contain disease

Diphtheria, tetanus, pertussis, rotavirus

To eradicate, eliminate, or contain disease
To rapidly limit morbidity and deaths
attributable to veriﬁed detection of vaccine
preventable disease
To establish population immunity before risk
occurs
To establish population immunity and reduce
case numbers in monitored groups of people
To protect unimmunized individuals
To eradicate, eliminate or contain disease when
not delivered by routine vaccination

Hepatitis B virus
Yellow fever

Response to a disease outbreak
Catch-up vaccination
Speciﬁc campaigns for particular vaccinations
a

Inﬂuenza
Hepatitis A
Measles, mumps, rubella
Oral poliovirus

After Hardt et al. Vaccine. 2016;34:6691-6699.

Polysaccharide protein conjugates are used to trigger T
celledependent mechanisms that enhance immune memory to
target epitopes in vaccines against Neisseria meningitis, Streptococcus pneumoniae, and Haemophilus inﬂuenzae type b.21 The
encapsulated strains of these bacteria are a major virulence factor
and deﬁne distinct serotypes within each species. Key victims of
such infections are young children, who cannot mount an effective
immune response and are at high risk of death or serious consequences if not promptly treated by antibiotics. Vaccines against the
puriﬁed polysaccharides components have only a limited short-

lived protective affect and are only poorly immunogenic in young
children. With vaccine conjugates, speciﬁc B cells bind the carbohydrate part, leading to internalization, processing, and presentation in the context of major histocompatibility complex molecules
of the protein carriers such as tetanus or diphtheria toxoids. The B
cells can then act as APCs to activate speciﬁc T cells. which subsequently provide T cell help for the polysaccharide speciﬁc B cells,
leading to immunoglobulin class switching, yielding improved
antibody responses and provision of long-lived memory B cells.
However, there are both technical and cost limitations in their

Figure 3. Vaccine strategies to prevent HPV associated disease.
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Figure 4. Virus-like particles in the formulation of HPV vaccines.

production, with only a ﬁnite number of strains possible in 1 vaccine. This is because with additional distinct serotypes in the vaccine, there can be antigenic competition where increasing the
concentrations of any disadvantaged components may still not be
sufﬁcient to provide adequate immunogenicity and can signiﬁcantly increase the vaccine price.
Nucleic acid recombinant technologies for efﬁcient manufacture of
subunit antigens are particularly appropriate where the growth of the
pathogenisdifﬁcultinculture:HepatitisBvirus(HBV),HPV,andHerpes
zoster. When such subunit vaccines use pathogen-like particles such as
for hepatitis B22 and the virus-like particles of HPV,23 supranormal
immune responses are induced compared with natural immunity.
Using RNA replicons for target antigenexpressionwithout infectivity is
another strategy in development, although antigen spread may be
limited, and there is theoretically a possibility of recombinant events
leading infectivity. Various safe viral and bacterial vectors also can be
used as an alternative means for target antigen delivery, but preexisting antibodies to the vehicle may limit responses, and different
vectors for prime and boost may be required.24
Vaccine Preclinical Testing
The principle hurdle for any new vaccine design is how to
measure the effectiveness in the target populations. The use of
animal models that accurately mimic human disease can establish

proof of principle but do not easily translate into useful immune
correlates of protection.25,26 Unfortunately, in many cases such
correlates of protection are unknown either for natural infections
or during early vaccine development. In addition, such measures
may not necessarily account for all the immune mechanisms that
ultimately contribute to infection control. For example, amnestic
responses primed by vaccination can quickly induce speciﬁc antibodies to slow an initial infection through pathogen neutralization,
whereas subsequent additional (nonevaccine-related) adaptive
cell-mediated immunity can develop to target virus-infected cells
to deliver clearance of the infection. Operationally, effectiveness of
immunization against HBV surface antigen was ﬁrst shown to
correlate with continued protection against infection. However, on
longer follow-up, waning antibody levels did not correlate with
increase susceptibility with an amnestic response still recoverable
on vaccine boosting.22 The lesson here is that the antibody levels
measure immunogenicity, not necessarily efﬁcacy. Fortunately, in
some cases such as pneumococcal and inﬂuenza vaccines, a sufﬁciently strong relationship exists between vaccine-induced protection and certain measures of immunogenicity to allow the
magnitude of antibody response to be accepted for licensure, even
if the serological response is not the whole story accounting for
protection.27,28 Such preclinical studies provide the platform for
reﬁning the vaccine design in terms of hostepathogen interaction,
the protective immune mechanisms, and the appropriate antigen
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Figure 5. A vaccine strategy to help prevent malaria. World Health Organization. Q&A on the malaria vaccine implementation program (MVIP). www.who.int.malaria; 8
November 2019.

and adjuvant combination to elicit the desired response before
entering into clinical trials. In addition, issues of antigen production, vaccine formulation, and delivery may need to be optimized,
as well as the development of assays to measure immunogenicity.
The ﬁnal vaccine design needs to be comprehensively tested for
single and repeated-dose toxicity, immunogenicity, pharmacodynamics (safety), pharmacokinetics, and local tolerance. For the
in vivo studies, a relevant age and physiological state of test animal
for assessing the dose, route, and treatment regimen of the vaccine,
including stability measures of the candidate material, are all
necessary requirements before the initiation of clinical studies.
Recent preclinical studies in the development of vaccines against
Ebola29 and Zika virus30 illustrate some of these challenges.
Clinical Trials
Further development requires the testing of vaccines in healthy
volunteers to evaluate safety, immunogenicity, and clinical efﬁcacy
in 3 distinct phases. When there is an effective treatment for a
human disease, challenge trials in which volunteers agree to
pathogen exposure after vaccination is a valuable means to test
vaccines where no animal models are available (eg, HPV and
malaria). Phase 1 studies are focused on safety, phase II trials
concentrate on establishing an immunogenicity proof of concept

and dose ranging (sometimes efﬁcacy data), and larger phase III
studies are designed to evaluate whether the dosing and vaccination schedule can deliver the desired impact on the clinical
problem with an acceptable safety proﬁle.31 At the same time, the
vaccine’s physicochemical and biological qualities must be established for consistency by the testing of different timed manufactured vaccine lots.32,33 To enable success, there is a need for
speciﬁc and relevant immunological and clinical endpoints,
particularly when there is no known immune correlate of protection. Trial design requires accurate estimates of sample size
based on disease incidence, with sufﬁciency of subject numbers to
deal with any dropout rates combined with rigorous data management. Safety is of paramount importance through all the
clinical studies and continuous monitoring procedures, so that any
adverse events ﬂagged at the earliest opportunity are obligated.34
Several categories of adverse events after immunization need to
be recorded. These include a reaction or induced event to correctly
delivered vaccination, such as pain, redness, swelling, or fever or
caused by vaccine properties such as the presence of an adjuvant
leading to local site inﬂammatory reactions or a mild fever or rash
after immunization with attenuated viruses such as MMR or
paralytic polio after live attenuated poliovirus vaccines. Such reactions are thus documented during the procedures, leading to
licensure, and may limit or reﬁne the vaccination procedure or
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Figure 6. Vaccine development phases. The preclinical, clinical, and postlicensure phases can take a considerable time (10-30 years). The process integrates the requirement to
ensure safety, immunogenicity, and efﬁcacy in the ﬁnal licensed product.

target populations, but overall need to be safe and tolerable,
thereby not outweighing the beneﬁts of the protections of the
vaccination. Other events include immunization errors that occur
in the preparation, handling, or maladministration of vaccines;
coincidental events that can happen shortly after immunization
but are not caused by the vaccine; immunization anxiety reactions
such as syncope and panic attack; vaccine failures through, for
example, inadequate storage; and ﬁnally, unknown events without
an attributable cause. Inability to make a sufﬁcient response to a
potent vaccine also can result from inherent differences in the
recipients (eg, genetics). Such variation is seen in some receiving
standard HBV vaccination, where alternative formulations, for
example with ASO4, can counteract this problem.35
When adverse events are recorded, evaluating whether there is
any causal relationship with the vaccine administration or whether
it is just coincidental is vital. The monitoring systems need to be
sensitive enough to activate further inquiries whenever necessary.
There are sets of clinical deﬁnitions of adverse events and some
standardization of processes that help to unify the consistency of
reporting worldwide.36,37 Such investigations need to be forensically analyzed because the consequence can be far reaching
without sufﬁcient cause, as is exempliﬁed by the spurious associations claimed for MMR vaccination in 1998. Because mumps,
measles, and rubella all have the potential to cause death, disability,
and death, respectively, the questioning of the safety of the trivalent MMR vaccine led to a drop in vaccination coverage in several

countries, which unfortunately has persisted in the face of almost
universal use and accepted effectiveness. Recent work has noted
that MMR vaccination is unlikely to be associated with autism,
asthma, leukemia, hay fever, type1 diabetes, gait disturbance,
Crohn’s disease, demyelinating diseases, or bacterial or viral infections. However, there is still room for improvements in the
design and reporting of safety outcomes in MMR vaccine studies,
both before and after marketing.38,39
The Path to Licensure and Beyond
Comprehensive information on the chemical and structural
properties of the vaccine, all preclinical and clinical trial results,
and the data on manufacturing quality assurance are all required
to produce a regulatory dossier, which is used to apply for product
registration. Issues relating to the ﬁlling of vials or syringes, any
storage conditions (eg, a cold chain) must all be documented for
quality testing control.33,40 Not underestimating the necessary
details of packaging and distribution is important, particularly
because individual countries often have their own requirements
for product information display. This can complicate the supply
chains in times of shortage. Once a vaccine is licensed, it may be
recommended by public health authorities or the World Health
Organization, but the effectiveness and safety of the new vaccine
must be continuously monitored in “in the wild” conditions.41-43
Such monitoring is essential for risk/beneﬁt assessments to be
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appropriately vigilant. Given that most vaccines are provided as a
preventive measure in otherwise healthy individuals, the
threshold for any risk must be higher than for a medication used
to treat a disease that might otherwise cause harm. The provision
of vaccines is generally widespread in populations compared with
therapeutic interventions, so detection of rare events associated
with vaccination could possibly be clinically relevant. An important example of postlicensure studies impacting on the use of an
oral rotavirus vaccine resulted from the observation of a small
increase in the risk of intussusception.44 The latter is most common in children 6 to 12 months in age, so mitigation of risk was
achieved by completing the course of vaccination before 6 months
of age.45
Optimizing Protection for the Many
Any impact on disease reduction ultimately depends on sustained immunization coverage as well as individual vaccine effectiveness. Thus, with sufﬁcient population coverage, the indirect
effects on unimmunized individuals (herd immunity) are also
provided against the infectious agent.46,47 Although immunizing
those with the highest risk of disease or its consequences would be
a very efﬁcient way to deliver cost-effective vaccination, the risk
groups for many infections such as measles, rubella, varicella, and
rotavirus are simply not easily identiﬁable. In practice, a combination of strategies based on targeting age or risk groups has often
proved the best means for disease reduction. Table 2 summarizes
some examples of different vaccination strategies.48-54 For any new
vaccination, it is necessary to understand the population demography, the age at which the disease most occurs, and the biological
and social factors that inﬂuence its transmission and replication.
Knowledge of the disease burden, incidence, and prevalence rates
of infection can be used in mathematical modeling to estimate the
necessary coverage for vaccination rates to impact disease spread
and its reduction. Health economic analyses then can be used to
persuade funding authorities of the cost-effectiveness of such
vaccination programs. Figures 3 and 4 illustrate aspects of the
complexities and diversity of the major events in the development
and implementation of vaccination against HPV,23,55 and Figure 5
summarizes the ongoing process of producing an effective malaria vaccination strategy against Plasmodium falciparum.56,57
Particular populations such as pregnant women, preterm infants, adolescents with chronic medical conditions, and older
adults have recommended variations in vaccine dosing schedules
to account response differences.58 For example, maternal pertussis
vaccination is a very effective way of protecting against pertussis
infection in early infancy, which is endemic in much of the world;
infants are especially at risk when maternal antibody levels wane.
Likewise, speciﬁc vaccination scheduling or indeed contraindication may be recommended for individuals who are immune
compromised by a condition or its treatment. For example, live
vaccines are not used in such immunosuppressed individuals. With
age, there is a decline in innate and adaptive immunity, and this
immunosenescence increases the susceptibility to vaccinating
against preventable diseases. Thus, there are recommendations for
annual vaccination programs for those older than 65 years for
seasonal inactivated inﬂuenza vaccine, tetanus/diphtheria/
pertussis, Herpes zoster, and pneumococcal vaccinations. Although
immunodeﬁcient patients (genetic, transplant-related, or diseaseinduced) present additional challenges for vaccination, alternative
strategies have been developed to provide for useful protection.59
The 3 vaccine development phases, preclinical, clinical, and
postlicensure, can take a considerable time (10-30 years), and some
key elements are summarized in Figure 6. The process integrates
the requirement to ensure safety, immunogenicity, and efﬁcacy in
the ﬁnal licensed product.

Conclusion
No doubt the tools available to meet the needs of improving
existing and developing new vaccines are very powerful. The
challenge is coordinating this potential in the face of the diverse
agendas of political, corporate, and individual group lobbies. A key
goal must be to provide the available protections as widely as
possible (sufﬁcient coverage in all countries at risk), but this can
only be achieved by global cooperation (and funding) to help
developing countries. However, vaccination is only 1 component of
disease prevention, and it also requires the medical infrastructure
for successful implementation. In the future, pandemics will occur,
and although the infrastructure to successfully intervene in such
circumstances may theoretically exist, at least in developed countries, it is yet to be signiﬁcantly tested. The recent outbreaks of
Ebola exemplify the processes whereby a vaccine can be developed
and tested in the midst of an epidemic.29,60 This required a significant international response, which used combinations of state-ofthe-art technology combined with some understanding of the
disease epidemiology, pathogen biology, and host immunity.
Importantly, the rapid isolation of Ebola disease cases was a critical
component limiting disease spread, thereby providing a platform
for implementing a successful ring-vaccination strategy.
In most circumstances, any individual who refuses vaccination
against an infectious pathogen potentially threatens everyone in
that society. In an era of increasing vaccine hesitancy, it is a societal
need for the general public to be appropriately educated to understand the need for immunization to counteract the continuing
and changing risks from the pathogenic world.2
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