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Abstract

The field of vaccinology was born from the observations by the fathers of vaccination, Edward Jenner and Louis Pasteur, that a

permanent, positive change in the way our bodies respond to life-threatening infectious diseases can be obtained by specific

challenge with the inactivated infectious agent performed in a controlled manner, avoiding the development of clinical disease

upon exposure to the virulent pathogen. Many of the vaccines still in use today were developed on an empirical basis,

essentially following the paradigm established by Pasteur, ‘‘isolate, inactivate, and inject’’ the disease-causing microorganism,

and are capable of eliciting uniform, long-term immune memory responses that constitute the key to their proven efficacy.

However, vaccines for pathogens considered as priority targets of public health concern are still lacking. The literature tends to

focus more often on vaccine research problems associated with specific pathogens, but it is increasingly clear that there are

common bottlenecks in vaccine research, which need to be solved in order to advance the development of the field as a whole.

As part of a group of articles, the objective of the present report is to pinpoint these bottlenecks, exploring the literature for

common problems and solutions in vaccine research applied to different situations. Our goal is to stimulate brainstorming

among specialists of different fields related to vaccine research and development. Here, we briefly summarize the topics we

intend to deal with in this discussion.
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Vaccination is one of the most important cost-effective

measures for controlling and preventing infectious dis-

eases, being responsible for preventing millions of deaths

worldwide every year in spite of suboptimal coverage (1).

It is based on the pioneering trials of vaccination

performed by Edward Jenner and Louis Pasteur. Since

these early efforts, vaccines have been developed against

important diseases that have afflicted humanity. The

eradication of smallpox, which was considered to be the

worst plague of humankind, announced in 1977 by the

World Health Organization (WHO), is perhaps the best

illustration of the power of this approach. Diseases such

as measles and poliomyelitis have been banished from

the Americas and there is an effort by the WHO to reach

worldwide eradication (2). Vaccinology has emerged as a

field that seeks to advance processes and techniques that

can more suitably provide the best candidates for

rationally designed new vaccines. Even though the

number of children’s deaths has declined dramatically

as vaccination has become more widespread, millions of

infants worldwide continue to die every year due to

vaccine-preventable diseases (1).

Vaccines were initially developed on an empirical

basis, essentially following the paradigm established by

Pasteur, ‘‘isolate, inactivate, and inject’’ the disease-

causing microorganism (3). Such model of vaccine

development has crossed the past century and has

yielded vaccines basically relying on the attenuation or

the inactivation of pathogens (4). The success of this

approach has encouraged its massive application to

obtain ‘‘a vaccine for each disease or pathogen’’, against

all types of infectious diseases.

Unfortunately, although Pasteur’s principle has proven

to be efficient for developing vaccines against several

diseases, such as smallpox, measles and poliomyelitis,

numerous other human infectious diseases of diverse

etiologies remained without prevention or control using

this strategy. The objective of the present group of review

articles is to discuss bottlenecks that hinder vaccine

development against many diseases, thereby encoura-

ging the debate of these issues by specialists regardless

of their focus on a specific pathogen or disease.

The challenges to Pasteur’s linear vaccine develop-

ment strategy ‘‘isolate, inactivate, and inject’’ have

appeared early (Figure 1). It soon became clear that for

many pathogens the Pasteur principle is not easily

applicable. Some disease-causing microorganisms are

still not cultivable, such as Mycobacterium leprae (5).
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Some attenuated vaccine strains have a residual risk of

producing disease (6,7). Furthermore, there is evidence

that virulent pathogen strains causing clinical disease may

be capable of subverting and evading the host’s immune

response in spite of proper vaccine elicitation of protec-

tion-related immune mechanisms by less virulent vaccine

organisms (8).

While component-based vaccines obtained by recom-

bination technologies without the need to culture the

pathogenic organism have been successfully obtained

(4), with the added advantage of abolishing the risk of

residual virulence, the major challenge is still to select the

given antigen(s) that will allow the elicitation of a

protective immune response to the pathogen in a

consistent manner. The approaches to antigen selection

have evolved from empirical tests of single components to

high throughput screening (9), but in both cases antigen

selection is performed on the basis of our often limited

understanding of the phenomena involved in host-patho-

gen interaction, which guides our selection of the proper-

ties that are desirable for the successful candidate.

Antigen selection also has to take into consideration the

intra-species and intra-host antigenic variation of the

target pathogen, which may result from its genetic

diversity and/or escape mechanisms (10). Noteworthy,

as shown for pneumococcus (11) and influenza (12), the

replacement of major strains associated with disease with

otherwise less represented vaccine-resistant strains after

massive vaccination has been shown to occur as a result

of vaccine selection pressure that changes the population

dynamics of the disease-producing organisms. In the

opening review of this group of articles, Lemaire et al. (13)

(Table 1) discuss the modern approaches to the selection

of candidate antigens, which take into account the genetic

variation of both pathogen and host and the knowledge

generated within different disciplines about how these

entities interact and the spectrum of scenarios this

interaction can produce, from resistance to susceptibility

to disease.

Unlike live organisms, killed pathogens, inactivation

products and particularly isolated pathogen components

will often lack the ability of properly eliciting by themselves

the innate immune response (14), a step that is required

for immune memory induction (15). This is circumvented

by adding components that aid with the proper develop-

ment of the immune responses to the candidate vaccine

antigen, which are known as adjuvants (14). Their

mechanisms of action are still not fully understood. It is

known, however, that adjuvants do not act uniformly on

the immune system, and adjuvant development and

selection have proven to be of the utmost importance

for the success of new vaccine strategies (16). Adjuvant

research is the theme of the review by Pérez et al. (17)

(Table 1), which highlights the role of adjuvants and

formulation in the generation of appropriate immune

responses to vaccine antigens, and also raises important

issues regarding the licensing of new adjuvants.

The use of recombinant live vectors, consisting of live

organisms incapable of inducing disease but preserving

the ability to elicit the innate immune system, is still at an

early stage: the first human vaccine using a viral vector is

Figure 1. Issues regarding the development of new vaccine

strategies. The Pasteur paradigm is highlighted in bold. Issues in

vaccine development that are found in the successful accom-

plishment of each step are highlighted laterally. On the left: some

issues of vaccine development are beyond the challenges

involved in following the Pasteur paradigm. The choice of the

diseases to be targeted by new vaccine strategies may be

influenced by aspects that escape the strictly technical issues

and challenges imposed by the pathogen: the market expecta-

tions of profit, as well as the costs to the end consumer (either to

individual subjects or governments), may limit the availability and

usefulness of new vaccine strategies to reduce the burden of

infectious diseases. On the other hand, non-infectious conditions,

as listed in the text, have been addressed as targets for the

development of new vaccines, and the strategies for their

development are not covered by the Pasteur paradigm. The

genetic variation among human populations may influence

vaccine efficacy, as already shown for vaccines currently in

use, which may raise the need for specific vaccines for different

regions of the world. On the right: even for infectious diseases the

steps suggested by the Pasteur paradigm may yield important

issues to be overcome during vaccine research and develop-

ment. Not all pathogens are culturable, rendering strategies such

as the use of inactivated or attenuated organisms not applicable

to some diseases. When selecting pathogen antigens to be

obtained without the need to culture the organism, issues

regarding which antigen(s) to choose and the antigenic variation

of the pathogen will often need consideration. Inactivated

organisms may retain residual virulence that may limit their

usefulness in susceptible populations, or may lack antigen

determinants or adjuvant properties that are needed for optimal

stimulation of a proper immune response to the pathogen

targeted. An optimal response to antigen administration is

influenced by the delivery systems, vectors and adjuvants of

choice, which impact on variables such as route of entry and

need of multiple doses. Suitable strategies to assess the efficacy

of newly proposed vaccine strategies may also need to be

developed, from appropriate animal models to adequate markers

of protection that may serve as evaluation endpoints other than

the frequency of disease in tested populations.
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expected to be approved this year (18). The major

concerns about using such strategy are: 1) the residual

risk of causing disease, especially in immunocompro-

mised or not fully immunocompetent individuals (children,

the elderly, immunosuppressed individuals), and 2) the so

far unverified possibility of facilitating the transfer of

genetic material from the inoculated vaccine organisms

to the ‘‘wild’’ organisms that inhabit the bodies of all of us.

This genetic material could confer antibiotic or other less

predictable resistance to such wild strains. Nascimento

and Leite (19) (Table 1) present an overview of

recombinant vaccine strategies and their use in different

prime-boost schemes, and also highlight the issues still

pending regarding their safety for human use.

Returning to the Pasteur paradigm, once the vaccine

candidate is isolated and assuming it is fairly incapable of

causing disease or important side effects, it will be

subjected to proof by being injected and tested. Even

though the earliest attempts at vaccine development have

indeed involved direct human testing of the vaccine

candidates (1), it is clear that prior to this stage both the

safety and the potential efficacy of the vaccine candidate

need to be proven by using alternative tests. Animals

have been used since the earliest vaccine development

efforts as surrogates for the assessment of the safety and

efficacy of proposed vaccine candidates (20). However,

their responses both to pathogens affecting humans and

to vaccine candidates may not be consistently similar to

what is ultimately observed in humans, as observed for

bacterial (21), viral (22), and parasitic (23) chronic

infectious diseases. Furthermore, human immune

responses to vaccination are influenced by genetic

polymorphisms (24), nutritional status (25), infections

and other morbidities (26), and by the exposure to

environmental organisms (26), factors that are in general

kept under control in experimental animals undergoing

testing. Addressing such variation is a matter of concern

in the translation of pre-clinical results and expectations to

clinical and pragmatic clinical trials. Teixeira and Gomes

(27) (Table 1) discuss the advantages and concerns

regarding the use of animals in vaccine development, with

special focus on the development of vaccines against

malaria and leishmaniasis.

The primary goal of vaccination is to avoid the

establishment of disease following a natural encounter

with the pathogen. However, some pathogens of public

health concern may infect the host for long, even life-long

periods, without ever causing disease. Furthermore,

some of these are very successful pathogens, which

infect a considerable parcel of the population: the

tuberculosis bacilli (28) and cytomegalovirus (29) are

examples. For such pathogens it would be desirable to

develop vaccines that would be effective even if adminis-

tered post-exposure. The major challenge to the success

of this approach is the pursuit not of the mounting of a

proper immune response from zero, but rather of attaining

a favorable modulation of the immune response that is

already ongoing against that pathogen. This will require a

deep understanding of the pathogen’s escape mechan-

isms that prevent its elimination by the immune system on

the one hand, and of the host active mechanisms that

restrain pathogen multiplication and disease production

on the other. It is worth mentioning that sterilizing

immunity may also not be the ideal goal to pursue in

order to avoid disease establishment, since exacerbated

immune responses against pathogen challenge can also

lead to severe disease (30).

The assessment of vaccine efficacy can be impaired

by the fact that the traditional endpoint represented by

pathogen sterilization may not be feasible to obtain, or

desirable, or sufficient to restrain pathology. For chronic

infections with long pathogen latency periods, with not all

infected individuals progressing to disease, the long time

frame and large sample size necessary to evaluate

vaccine efficacy in field clinical trials also imply that

alternative methods to assess vaccine efficacy will need

to be employed, in order to consider only very promising

candidates for later phases of vaccine assessment. In this

respect, the search for surrogates of protection and

biomarkers of disease severity has been considered to

be a research priority within the vaccinology field (31-33).

The validation of these markers is not simple, requiring

not only a deep understanding of the host-pathogen

interaction and disease progression-related mechanisms

integrated in complex regulatory networks (34,35), but

also the tackling of issues associated with the translation

to humans of the results obtained using animal models

(31), as well as dealing with statistical tools capable of

addressing the problems of multi-testing, confounding and

bias (36) when assessing the relevance of each marker or

set of markers. Noteworthy, a TB vaccine blueprint has

been recently published highlighting the need for efforts to

integrate biological state-of-the-art technologies in order

to identify ‘‘signatures of efficacy’’ to evaluate the

induction of protective responses as a fundamental

strategy for TB research and development (37).

Table 1. Titles of Challenges in the Research and Development of New Human Vaccines.

Coping with genetic diversity: the contribution of pathogen and human genomics to modern vaccinology Lemaire et al. (13)

Human prophylactic vaccine adjuvants and their essential role in new vaccine formulations Pérez et al. (17)

Recombinant vaccines and the development of new vaccine strategies Nascimento and Leite (19)

Experimental models in vaccine research Teixeira and Gomes (27)
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Finally, this group of review articles also welcomes to

this debate the discussion of other issues regarding the

use and regulation of newly proposed vaccines. As we

gain better understanding of the activities of the immune

system both in its homeostasis and during disease, it also

becomes possible to use vaccination strategies to prevent

and cure non-infectious diseases. Vaccines may not only

be applicable against inflammatory, auto-aggressive

conditions that derive from a deregulated, dysfunctional

immune system, such as inflammatory bowel diseases

(38-40), diabetes (41-43) and multiple sclerosis (44,45),

but also against cancer (46,47), and degenerative

disorders (48,49), and even for contraception (50,51).

These novel uses for vaccine strategies constitute a

challenge per se to the field of vaccinology, not only

because of the conceptual and technological issues that

need to be overcome to make them possible, but also

because non-infectious diseases constitute an ever-

growing problem to be addressed with public health

measures (52).

The promising success in the development of new

vaccine strategies raises still another challenge, i.e., how

to predict and assess the effects of vaccination on

untargeted immune responses. Although the possibility

of adverse effects to some currently used vaccines has

raised political and social concern in many instances (53),

which justify more research to guarantee the safety of

their administration, the possibility that nonspecific effects

on host immunity may be elicited by vaccine administra-

tion needs to be further explored (54). Among these

issues is the problem of multiple vaccination, especially

among children, as they are the target population of many

of the immunization strategies both currently used and

under development. Vaccine administration schemes

need to be better studied to help address these issues.

Also the effects of the combined stimulation of the

organism with multiple antigens and adjuvants on the

efficacy of each vaccine against its specific pathogen

need to be further explored, as well as the combined

adverse effects they may cause when given concomi-

tantly or separated by short intervals.

Some required solutions of vaccinology challenges will

also extrapolate the science-technology field. The local

validation of results obtained in pragmatic trials will be

necessary, since it has already been shown that different

populations can vary significantly in their average

responses to a given vaccine (55). Countries differ in

terms of policies regarding the local validation of efficacy

studies. They also have different policies regarding the

marketing of new vaccines, which may not be made

widely available due to their cost or because of the choice

of targeting specific populations (56). Restrictions to

vaccine coverage may interfere with the success of

vaccination due to a diminished herd effect (57). Given

the fact that infectious diseases constitute a burden that

can ultimately interfere with the socioeconomic develop-

ment of a nation (58), vaccine research should be

regarded as strategic not only from the point of view of

public health.

In summary, the objective of the present group of

review articles is to describe the state-of-the-art scientific

and technologic resources that allow us to address the

obstacles to a more rational design of new human

vaccines. We extend this debate to consider the frontier

between what is being done within the scientific and

technology field and on sociopolitical grounds to help

make vaccines available for the current scourges that

affect human populations worldwide.
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