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V

Preface

A revised edition of the textbook was planned for 2020, 3–4 years after 
the first edition. The book had been received well by the target audience, 
both as printed version and, especially, downloads. The feedback by the 
readers was positive. The book was also used as manual in education 
programs of medical, biomedical, and pharmacy students as well as in 
postgraduate medical education, harmonizing information on vaccines 
and vaccinations within and outside Europe. The plan was to keep the 
structure and scope of the book the same and update the chapters keep-
ing format the same.

Year 2020 turned out to be the year of a new coronavirus, SARS-
CoV-2, the associated disease COVID-19, and an unprecedented rush to 
vaccine development. In the process, corners have been cut, but by and 
large, the vaccine development has followed the regular path from phase 
I to phase III, only at “warp speed,” but regulatory reviews and licen-
sures have not been compromised.

New vaccine technologies have been at the forefront of the race. The 
“winner,” the first licensed vaccine against COVID-19, is based on 
mRNA technology and developed by a German company BioNTech, in 
partnership with Pfizer. The second type of vaccine that has made a 
breakthrough in the same race are adenovirus vector-based vaccines, the 
first of which is often dubbed as “Oxford” vaccine. Other new and con-
ventional (such as inactivated whole virus and protein based) technolo-
gies have been applied. COVID-19 vaccines are covered in the book, in 
a new chapter on coronavirus vaccines and vaccinations.

At the time of writing, it was unclear what the place of pediatric vac-
cinations will be in the fight against COVID-19. It would seem difficult, or 
impossible, to eradicate the virus from society without extensive 
population- based vaccinations which by necessity would include children. 
Pediatric vaccine trials with COVID-19 vaccines are now being conducted.

In addition to specific vaccines against SARS-CoV-2, a considerable 
amount of interest has been paid to the “non-specific” effects of vacci-
nations, a topic that already was well represented in the first edition of 
this textbook. Now renamed as “repurposed vaccines,” both BCG and 
MMR vaccines appear to have an ameliorating effect on the course of 
COVID-19 infection and are reviewed in the new edition. The list of 
such vaccines may still grow.

Other vaccines that have seen a lot of progress between the two edi-
tions include RSV vaccines (and immunoglobulins), dengue vaccines, 
and malaria vaccines, all of which are now covered in the revised chap-
ters. All other chapters are likewise updated and, hopefully, the book 
will again be an up-to-date resource for the readers.

Timo Vesikari
Tampere, Finland

Pierre Van Damme
Antwerp, Belgium
March 2021
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1
1.1  Introduction

Vaccination is widely considered to be one of 
the greatest medical achievements of civiliza-
tion and one of the top major breakthroughs 
of humanity.

From an almost empirical origin of vaccin-
ology to the present vaccinomics, our knowl-
edge has evolved substantially and we have 
learned important lessons. Although the main 
target of a vaccine is direct protection against a 
particular microorganism or disease, the scope 
of vaccination has expanded with the discovery 
that vaccines can also protect unvaccinated peo-
ple through herd protection, or even that certain 
vaccines can protect against additional diseases 
different from those that they were designed to 
prevent, through so-called heterologous effects.

1.2  Effectiveness and Impact 
of Vaccination

Disease prevention through vaccination is the 
most cost-effective healthcare intervention 
available. The World Health Organization 

(WHO) estimates that every year immuniza-
tion saves between two and three million lives 
across the world. One hundred years ago, 
infectious diseases were the main cause of 
death worldwide, even in the most developed 
countries. Today, common childhood diseases 
of previous generations are becoming increas-
ingly rare, thanks to vaccines, and there are 
new vaccines on the horizon with the poten-
tial to prevent even more. Furthermore, exist-
ing and newly developed vaccines are targeting 
other populations or age groups different than 
children, like pregnant women (pertussis or 
influenza vaccines) or elderly (pneumococcal 
or herpes zoster vaccines).

Mass immunization programs have proven 
successful at controlling or even eliminating 
disease (. Fig. 1.1).

1.2.1  Smallpox

Before a vaccination campaign eliminated all 
natural occurrences of smallpox in 1977, the 
disease threatened 60% of the world’s popula-
tion and killed one in four patients. 

1942 Diphteria

Pertussis

Measles

Tetanus

Mumps

Polio

1957

1963

1937

1967

1955

27

38,840

6,951

123

10,474

0549

243,344

1,715

90,546

851,849

1,585 98.3%

67.2%

99.2%

92.9%

95.7%

100%

Timeline

Vaccine introduced Total number of cases per year before
the vaccine was iintroduced (Data

available at year 2000)

2012 total laboratory confirmed
cases (Data from ECDC)

EU/EEA total

Disease Cases % Reduction

       . Fig. 1.1 Effectiveness and impact of  the introduction of  various vaccines in Europe

 F. Martinón-Torres



5 1

Approximately 350 million people are 
estimated to have been spared from smallpox 
infection and 40 million from dying, since the 
disease was eradicated.

1.2.2  Measles

Between 2000 and 2014, deaths from measles 
dropped by 79% worldwide, preventing an esti-
mated 17.1 million deaths and making the 
measles vaccine one of the best buys in public 
health. Since 1974, the number of reported 
measles deaths has dropped from two million 
to 150,000 per year, although the fight to erad-
icate the disease is still under way for reasons 
other than vaccine effectiveness. Measles erad-
ication is in sight if  we are able to deal with 
hesitancy regarding vaccination and anti-vac-
cine lobbies and to maintain global vaccina-
tion coverage at an adequate level (7 Chap. 9).

1.2.3  Polio

Total eradication of polio is within our reach. 
Since the creation of the Global Polio 
Eradication Initiative in 1988 by the WHO and 
its partners, reported cases of polio have fallen 
by 99%, with paralysis being prevented in an 
estimated ten million people (7 Chap. 8).

1.2.4  Haemophilus

The conjugate vaccines are effective tools for 
preventing Hib infections, which were the most 
common severe invasive childhood infections 
in industrialized countries. Several prospective 
studies have shown an efficacy exceeding 90% 
from the first months of life. The impact of 
vaccination in different European countries is 
summarized in . Table 1.1 (7 Chap. 19).

1.2.5  Diphtheria

Before vaccination against diphtheria became 
readily available in the 1980s, it is estimated 
that approximately one million cases occurred 
in the countries of Eastern Europe each year. 

Although diphtheria is still present in some 
European countries and epidemics broke out 
in Eastern Europe during the 1990s, it is now 
drastically reduced, thanks to vaccination.

1.2.6  Invasive Pneumococcal Disease

Several European countries have reported a 
significant decline in rates of invasive pneu-
mococcal infection and mucosal forms of 
pneumococcal disease (mainly otitis and 
pneumonia) as a result of pneumococcal con-
jugate vaccination. This benefit also seems to 
have spread to unvaccinated populations 
through herd protection.

1.2.7  Invasive Meningococcal 
Disease

Mass vaccination of children and adolescents 
with group A  +  C meningococcal conjugate 
vaccine, together with routine childhood 
immunization, has yielded reductions in hos-
pitalization and mortality in Africa. In 
Europe, meningococcal group C (MenC) 
infections and deaths decreased by more than 
90% after the deployment in 1999 of a vacci-
nation campaign with a MenC conjugate vac-
cine in the UK. A similar result was found in 
other countries that included the MenC vac-
cine in their schedules, such as the Netherlands 
or Spain. The inclusion of quadrivalent 
meningococcal conjugate vaccines against 
serogroups A, C, W, and Y into the national 
immunization program of different European 
countries like the UK or the Netherlands had 
led to a significant reduction of the cases due 
to serogroup W. Also, the use of infant vacci-
nation programs with the subcapsular 
antigens- based MenB vaccine (4CMenB) has 
shown significant impact (UK) and effective-
ness (Portugal, Italy) in Europe (7 Chap. 22).

1.2.8  Rotavirus

Within 8  years of their initial introduction 
into Europe, rotavirus vaccines have been 
shown to be highly effective, with a substan-

Expected and Unexpected Effects of Vaccination
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tial impact on the rotavirus gastroenteritis-
related healthcare burden, including 
hospitalizations, nosocomial infections, and 
outpatient visits. These findings are consistent 
in several studies and countries across Europe 
and comparable with observations from 
Australia and the USA. Some examples show 
a >95% effectiveness in the reduction of hos-
pital admissions for rotavirus gastroenteritis 
in several European countries (Finland, 
Spain, France, and the UK) and a >60% 
reduction in the number of hospital admis-
sions and emergency department visits in 
countries with universal rotavirus vaccination 
(e.g., Austria, UK, Finland, and Belgium) 
(7 Chap. 11).

1.3  Expanded and Unexpected 
Effects

The main expected benefit from vaccination is 
protection against the pathogen for which it is 
designed. This is a direct effect on a particular 
target infection. For many years, however, 
epidemiological data indicated some 
unexpected, beneficial effects were brought 
about indirectly by some vaccines. These 
expanded and somewhat unexpected effects 
have broadened the benefits of vaccines. Using 
these mechanisms, it is possible to generate 
direct protection against antigens different 
from the immunogen contained in the vaccine 
(cross-protection), protect or even eradicate a 
disease without having to vaccinate the entire 
population (indirect or herd protection), or 
even protect against pathogens different from 
those targeted by the vaccine (heterologous 
protection).

1.3.1  Cross-Protection 
and Heterologous Immunity

The concept of cross-protection denotes the 
ability of the immune system to recognize 
various antigens that differ from the 
immunogen, through certain flexibility in pep-
tide recognition (cross-immunity) (. Fig. 1.2). 
For this reason, different antigens appear sim-

ilar to the immune system, thereby challeng-
ing the theoretical specificity postulated by 
the clonal selection theory. To understand this 
issue, it is useful to distinguish between cross-
neutralization and cross- protection. In cross-
neutralization, antibodies elicited by 
vaccination with a certain serotype neutralize 
other serotypes in  vitro. Cross- protection 
means that immunization with a certain vac-
cine type provides clinically significant protec-
tion against infection or disease (or both) 
owing to another serotype, i.e., that the cross-
neutralizing response has a functional impact.

One example is the HPV vaccine. Immunity 
to HPV is type-specific. However, if  we look 
at the phylogenetic tree that includes the vari-
ous HPV types, we observe that some degree 
of cross-protection is possible, given the high 
level of homology of some viral types with 
vaccine types. This is the case, for instance, for 
HPV-31 and HPV-35 (strictly related to HPV-
16) and for HPV-45 (strictly related to HPV-
18). Another example can be seen with 
rotavirus vaccines. The antibodies elicited by 
these vaccines not only protect against those 
circulating strains sharing the same G or P 
variant as that contained in the vaccine strain 
but also other non-matching G and P strains 
(heterotypic protection). According to this, 
type-specific antibodies targeted at neutraliz-
ing VP7 or VP4 epitopes are not solely respon-
sible for their protective effect. The comparable 
effectiveness of RV1 and RV5 reinforces this 
conclusion: neutralizing antibody titers 
induced by RV1 or RV5 consistently underes-
timates the protection conferred by the vac-
cine. Other examples of this cross-reactivity 
have been confirmed in humans, involving 
influenza virus-specific immunity or pneumo-
coccal conjugate vaccines, among others.

Cross-protection was described five 
decades ago and later termed heterologous 
immunity. The initial observation was that 
CD8+ T cells are able to cross-recognize pep-
tides from two distinct viruses and may play 
roles not only in protective immunity but also 
in immunopathology (autoimmunity). 
According to this phenomenon, memory T 
cells that are specific to one pathogen can 
become activated during infection with an 
unrelated heterologous pathogen. As such, 

Expected and Unexpected Effects of Vaccination
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previous host exposure to unrelated infectious 
agents can greatly alter immune response to 
an infection. T cells recognize processed pep-
tides that are presented at the cell surface in 
antigen-binding grooves of class I major his-
tocompatibility class (MHC) proteins. At the 
same time, the T-cell receptor (TCR) binds to 
the peptide-MHC complex. Thus, a TCR that 
recognizes a given MHC-presented peptide 
may also recognize other peptides that fit into 
the appropriate MHC groove and have amino 
acid chains that are able to bind to TCR. This 
degeneration of the T-cell recognition is called 
molecular mimicry when the cross-reactive 
peptide has similar determinants and inter-
acts with TCR in the same manner as the orig-
inal peptide. It is called alternative recognition 
when different determinants of the TCR are 
involved in recognition. A third explanation 
for cross- reactivity is when a given T cell 
expresses two different TCRs as a result of an 
incomplete allelic exclusion of a second TCR 
chain; in this way, the two distinct TCRs 
formed may recognize different antigens.

When the term cross-protection is applied 
to vaccination, it typically refers to heterosub-
typic immunity defined as protection by virus 
(influenza is the best-known case) of one 
strain against a challenge infection with other 
strains differing in subtype. However, very 
recently, cross-protective immunity has also 
been highlighted as one of the mechanisms 
for the unexpected beneficial effects of BCG 
vaccination on infections other than tubercu-
losis. Researchers showed that BCG vaccina-
tion induces a long-lasting, nonspecific 
potentiation effect of heterologous T-helper 
responses, Th1 (IFN-gamma) and Th17 (IL- 
17 and IL-22), to non-mycobacterial stimula-
tion. Previously, other authors had 
demonstrated that both effector and memory 
CD8+ cells had the potential to secrete IFN- 
gamma in the absence of related antigens. 
According to these findings, vaccination can 
provide not only a heterosubtypic protection 
but also heterologous protection through a 
cross-immunity mechanism.

       . Fig. 1.2 Heterologous immunity. The concept of 
heterologous immunity includes both components of 
the immune system: Adaptive T cells can recognize 
cross-reactive peptides by alternative recognition of 

TCR, and “trained” monocytes of  innate system 
respond more efficiently to a non-related peptide in a 
process termed “trained immunity.” See text for more 
detailed explanation
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1.3.2  Indirect Protection

The term “herd protection or herd immunity” 
was coined a century ago, but its use has 
become widespread in recent decades to 
describe the reduced risk of infection among 
susceptible individuals in a population, 
induced by the presence and proximity of vac-
cinated individuals. Herd immunity makes it 
possible to protect a whole community from 
infectious disease by immunizing a critical 
percentage of the population. Just as a herd 
of sheep uses its sheer number to protect indi-
vidual members from predators, herd immu-
nity protects a community from infectious 
disease by virtue of the number of immune 
individuals. The more members of a human 
herd are immunized, the better protected the 
whole population will be from an outbreak of 
disease.

The terms herd immunity and herd effect 
are frequently used indistinctly, but they do 
not reflect the same concept. Herd immunity 
refers only to the proportion of subjects 
immunized in a given population, while the 
herd effect (or herd protection) is used to 
describe the indirect protection observed in 
the non-immunized segment of the popula-
tion. Furthermore, herd immunity applies to 
immunization or infection, human to human 
transmission. Conversely, the herd effect 
applies exclusively to immunization achieved 
by vaccination or other health interventions 
that reduce the probability of transmission.

Vaccination has been revealed as an indi-
rect way of protecting members of the com-
munity who cannot be vaccinated. Vaccinated 
individuals protect themselves from disease, 
but also, moreover, they prevent the spread of 
the infectious agent and limit potential dis-
ease outbreaks. The herd effect achieved 
through vaccination for a given disease 
depends on the efficacy and coverage of the 
vaccine in addition to the transmissibility of 
the infection.

There are numerous examples of herd 
immunity, illustrating the importance of indi-
rect protection for predicting the impact of 
vaccination programs. The basis for the herd 
effect is that individuals who are immune to a 

disease act as a barrier in the spread of dis-
ease, slowing or preventing the transmission 
of disease to others. When a given proportion 
of the population – known as the herd immu-
nity threshold – becomes immunized, the dis-
ease may no longer persist in this population. 
This threshold is defined based on the “basic 
reproduction number” (R

0), which represents 
the number of people in an unprotected pop-
ulation that could receive the disease from one 
infected individual. The more contagious the 
disease, the higher this number, and thus the 
higher the threshold to be reached to protect 
the community. For example, measles, an 
extremely contagious disease, has a threshold 
of 95% to ensure community protection. On 
the other hand, mumps, which is not as conta-
gious, needs a threshold of 80% (. Fig. 1.3, 
. Table 1.2).

Vaccines can either only protect against 
the development of clinical disease or prevent 
the infection also, which impacts vaccination 
strategy and policy. It is often difficult to 
establish this difference for a particular vac-
cine, but it heavily influences the establish-
ment of herd immunity by reducing 
transmission in the community. A clear exam-
ple of herd protection is the case of the menin-
gococcal serogroup C conjugate vaccine in the 
UK, the Netherlands, and subsequently in 
other countries. The impact of this vaccine on 
the prevalence of the disease was higher than 
expected according to the population covered 
with the vaccine, also reducing the number of 
cases in a nonvaccinated population. This 
indirect protection was due to the high effi-
cacy of the vaccination at preventing naso-
pharyngeal carriage and, thus, spreading of 
the pathogen to the rest of the population.

Mass vaccination is the best way to rapidly 
increase herd immunity either for accelerating 
disease control and to rapidly increase cover-
age with a new vaccine or in the setting of an 
existing or potential outbreak, thereby limit-
ing the morbidity and mortality that might 
result.

Even if the increase in population immunity 
is not sufficient to achieve infection elimination 
owing to low vaccine efficacy or insufficient 
coverage, the risk of infection among unvacci-
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       . Fig. 1.3 Simple threshold concept of  herd immu-
nity. Relationship between the herd immunity threshold, 
(R0 − 1)/R0 = 1 − 1/R0, and basic reproduction number, 
R0, in a randomly mixing homogeneous population. 

Note the implications of  ranges of  R0, which can vary 
considerably between populations, for ranges of 
immunity coverage required to exceed the threshold

       . Table 1.2 R0 values for well-known infectious diseases and herd immunity threshold

Infection Basic reproduction 
number (R0)

Herd immunity 
threshold (%)

Vaccine 
efficacy (%)

Vaccine 
effectiveness (%)

Measles 12–18 55–94 94 90–95

Pertussis 12–17 92–94 70–90 75–85

Polio 12–15 50–93 80–90 90

Varicella 8–10 87–90 90–98 95

Diphtheria 6–7 85 97 95

Rubella 6–7 83–85 94–95 95

Smallpox 5–7 80–85 90–97 ?

Mumps 4–7 75–86 95 78

SARS-CoV-2 2.5–5.8 60–83 60–95 ?

Spanish flu 1918 2–3 50–67 ? ?

Ebola 1.5–2.5 33–60 95–100 70

Cholera 1–2 50 42–66 86
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nated persons may still be reduced. This may be 
particularly important for those for whom vac-
cination is contraindicated. The paradox is that 
for an individual, with regard to vaccination in 
a population, the best option is that everybody 
else is vaccinated and the individual is not. This 
way the individual is protected from infection 
because of the herd effect, but suffers none of 
the potential adverse effects of vaccination. 
Finally, these indirect effects may eventually be 
deleterious, if as a consequence of reducing the 
risk of infection among those susceptible, there 
is a displacement of the risk of infection to 
other age groups and/or to a more vulnerable 
population, as has been suggested for varicella 
or hepatitis A in certain scenarios.

1.3.3  Heterologous (Nonspecific) 
Effects of Vaccination

Some vaccines can broadly enhance immune 
responses to a range of distinct pathogens or 
even to other vaccines, indicating that immune 
protection may be influenced by previous 
exposure to unrelated microorganisms or 
microbial components. First described for 
BCG vaccine, epidemiologists showed a 
reduction in all-cause mortality or hospital-
ization rates in the BCG-vaccinated popula-
tion versus the nonvaccinated that could not 
be explained by the reduction in deaths due to 
the prevented pathogen. In recent years, a 
plethora of scientific papers have documented 
this unexpected effect of vaccination and 
explained it as resulting from an indirect 
action of vaccines on the immune system, 
other than their specific expected effect. These 
so-called heterologous or nonspecific effects 
of vaccines are now being explored not only 
for BCG – the most frequently studied in this 
regard – but also for polio, measles, influenza, 
rotavirus, and others. Scientific data reveal a 
dual mechanism for these heterologous prop-
erties of vaccines: cross-protective immunity 
(an old and well- known phenomenon 
described above) and training of innate 
immune cells, a new and revolutionary con-
cept referring to the innate immunological 
memory and its ability to be trained through 
vaccination-induced epigenetic changes.

Immunological memory, or the ability to 
remember the encounter with a pathogen, 
used to be considered an exclusive virtue of 
the adaptive immune system. For some years 
now, this concept is changing, and immuno-
logical memory is recognized too as an ability 
of the innate host defense. Immune training is 
the term applied to this recently described fea-
ture of innate immunity, and its demonstra-
tion in humans was first documented with 
BCG vaccination by Kleinnijenhuis et  al.: 
they showed a BCG- induced trained immu-
nity mechanism of nonspecific protection 
from infections through epigenetic repro-
gramming of innate immune cells as mono-
cytes. This revolutionary concept represents a 
plausible explanation for the rapid protective 
effects observed after BCG vaccination, unex-
plained by the cross- protective effect of the 
adaptive system  – the latter, with long-term 
effects but slow to develop (. Fig. 1.2).

According to this concept, vaccination 
would induce an enhanced innate immunity 
state mediated by natural killer or mono-
cytes/macrophages, which would provide 
nonspecific protection against non-related 
infections. As a consequence of  vaccination, 
innate immune cells become more efficient 
cells and better responders against micro-
bial aggressions. Epigenetic and metabolic 
modifications during innate cell develop-
ment in the bone marrow would be respon-
sible for the maintenance of  these enhanced 
features to influence the functions of  innate 
cells for longer periods. Epigenetic repro-
gramming of  cells through tri-methylation 
of  histones leads to a stronger gene tran-
scription upon re-stimulation through the 
NOD2 receptor, an intracellular pattern rec-
ognition receptor (PRR). Metabolic pro-
cesses would also be affected, with a cell 
metabolic shift toward an aerobic glycolytic 
(transformation of  pyruvate to lactate) 
pathway, as opposed to the classic and less 
efficient aerobic oxidative phosphorylation 
of  pyruvate. This shift of  glucose metabo-
lism is also known as the “Warburg effect” 
and allows the rapid production of  energy 
for the proliferation of  cancer cells or acti-
vated lymphocytes.

Expected and Unexpected Effects of Vaccination
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This epigenetic and metabolic reprogram-

ming is not the only mechanism involved in 
the immune training of innate cells. Other 
mechanisms include an increased expression 
of PRRs on the cell surface following vaccina-
tion and enhanced cytokine release, particu-
larly inflammatory signals for a protective 
function.

Future research should seek a better 
understanding of innate immune training 
mechanisms induced by vaccines, including 
the impact of age, gender, host genetics, geo-
graphical location, and sociological factors. It 
is also important to explore the timing and the 
combination of vaccines to avoid negative 
side effects and fully exploit their potential 
benefits. This will help us to improve the ben-
eficial heterologous effects of vaccination. In 
addition, vaccines that were removed from the 
immunization schedule could now be recon-
sidered in view of these beneficial nonspecific 
effects.

 Positive Heterologous (Nonspecific) 
Effects
The paradigmatic case of vaccines providing 
heterologous benefits is that of bacillus 
Calmette–Guérin (BCG). Several randomized 
controlled trials have indicated that BCG, a 
vaccine introduced in 1921 to fight against 
tuberculosis, has beneficial, heterologous, 
nonspecific effects in children from develop-
ing countries, reducing morbidity and mortal-
ity caused by unrelated pathogens. Old 
epidemiological data had already pointed 
toward a protective nonspecific effect, without 
a mechanism that could explain it. More 
recently, it has been demonstrated that this 
beneficial effect was not restricted to develop-
ing countries, with reduced early childhood 
hospitalization rates owing to respiratory 
infections and sepsis also observed in high-
income settings. Interestingly, these beneficial 
effects on all-cause mortality are greater for 
girls than for boys.

Apart from this heterologous effect on all- 
cause mortality and hospitalization of chil-
dren, BCG has been revealed in recent years 
to be a potent immunomodulator, with poten-
tial applications in the treatment of immune-
based disorders (type 1 diabetes and multiple 

sclerosis) and as immunotherapy for treating 
early-stage bladder cancer. Based on this 
“trained immunity” effect, BCG vaccination 
is being explored as a potential tool in the 
management of SARS-COV-2 pandemic. 
Several ongoing trials are aiming to assess 
whether BCG vaccination might prevent the 
clinical infection or ameliorate the course of 
COVID-19 disease (7 Chap. 17).

There are, however, reports describing het-
erologous effects for other vaccines, either live 
or attenuated. Similar to the BCG vaccine, 
measles-containing vaccines have been demon-
strated to reduce mortality and hospital 
admissions from causes other than measles 
infection, in both low- and high-income coun-
tries. Incidence of infectious diseases other 
than measles has been found to correlate 
strongly with incidence of measles in different 
countries, in both pre- and post-vaccine peri-
ods. It has been recently described that the 
prevention through vaccination of immuno-
suppressive effects of measles infection – that 
actually depletes the existing immune memory 
of the infected host  – might explain these 
long-term benefits of measles vaccination. 
According to this, measles vaccine expanded 
benefit actually relates directly to the avoid-
ance of the immunological consequences of 
the natural infection and the reduction of 
non-related diseases during the “immune 
amnesia” period.

The effect of oral polio vaccine (OPV) on 
mortality has only been assessed in a few stud-
ies, which concluded that OPV is associated 
with lower infant mortality and morbidity 
through these nonspecific effects. The obser-
vations of this beneficial effect of OPV have 
generated a controversial debate on the sub-
stitution of oral polio vaccine for the inacti-
vated polio vaccine, and the possible 
consequences of this decision on the mortal-
ity increment, particularly in high-mortality 
settings.

Rotavirus vaccination has been linked to a 
decrease in seizure hospitalizations in chil-
dren. It is not clear if  this proposed effect of 
rotavirus vaccines could be an unexpected 
direct effect through prevention of systemic 
rotavirus infection, or it could be a true indi-
rect effect through a mechanism not yet estab-
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lished. Similarly, rotavirus vaccination has 
been epidemiologically linked to a decrease of 
the incidence of autoimmune diseases as type 
1 diabetes and celiac disease.

Rabies vaccine (a nonlive vaccine) has 
shown protective nonspecific effects in people 
and in animals. The mechanism is unknown, 
and a nucleoprotein present in the vaccine has 
been pointed as a potential immune enhancer. 
Rabies vaccine was used as the control vaccine 
in a randomized trial of a malaria vaccine 
candidate in children, and a significant 
decrease of all-cause meningitis and cerebral 
malaria was found in the rabies vaccine arm. 
Rabies vaccine heterologous effects are now 
being studied in randomized controlled trials.

 Negative Heterologous Effects
Negative heterologous effects might be also 
possible. An association between the AS03- 
adjuvanted influenza pandemic vaccine and 
the development of narcolepsy has been 
described in some children and infants due to 
cross-reactivity to host antigens. In this case, 
molecular mimicry between a fragment of one 
of the influenza antigens (nucleoprotein) and 
a portion of the human brain receptor that 
promotes wakefulness (hypocretin receptor 2) 
has been suggested as an explanation for this 
heterologous effect.

Unlike BCG, measles vaccine or OPV, the 
diphtheria–tetanus–pertussis (DTP) vaccine 
has not shown the same beneficial effect, and 
in fact some studies have suggested detrimental 
effects on children’s survival. In 2013, a 
strategic advisory group of experts 
commissioned by the WHO reviewed all 
evidence concerning possible nonspecific 
effects of DTP-containing vaccines on 
survival and all-cause mortality in children 
under 5 years of age, concluding that findings 
on DTP vaccines were inconsistent. Further 
research into the potential nonspecific effects 
of DTP vaccines is warranted. Based on 
current knowledge, it is suggested that the 
order in the administration of DTP vaccines 
with other scheduled vaccines (especially 
BCG) is important in the generation of these 
nonspecific effects, as DTP seems to oppose 
the positive heterologous effects of live vac-
cines.

In summary, vaccine effectiveness and 
impact have exceeded expectations, often 
ahead of our actual understanding of all the 
mechanisms behind this success. We are now 
beginning to understand these mechanisms 
for the oldest vaccines and are now applying 
this knowledge to the design of the next gen-
eration of vaccines.
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2.1  Smallpox Was Not Eradicated 
by Immunising Everyone

Edward Jenner demonstrated direct protec-
tion against smallpox in a human challenge 
study in a single subject conducted a century 
before the pioneering work of Pasteur and 
Koch laid the foundations of our current 
understanding of the microbial causes of 
infection. His paper “On the origin of the vac-
cine inoculation” published in 1801 concludes 
with the words: “…and it now becomes too 
manifest to admit of controversy, that the 
annihilation of the Small Pox, the most dread-
ful scourge of the human species, must be the 
final result of this practice”. So Jenner accu-
rately predicted the eradication of smallpox 
some 175  years later using the technique he 
had discovered. There are no words with 
which adequately to do justice to his remark-
able foresight. However, Jenner must have 
taken his observation in James Phipps, the 
boy he vaccinated with material from a cow-
pox lesion and then repeatedly challenged 
with material from smallpox lesions and mul-
tiplied it in his head by the number of people 
living on the planet. Even he could not have 
known then, what we know now, namely, that 
his vaccine and nearly all the others developed 
and widely used since can do much more than 
protect recipients against target infections. 
Setting aside the possibility of non-specific 
effects, which are beyond the scope of this 
chapter (see 7 Chap. 1), vaccines can break 
the train of transmission of their target infec-
tions between humans, and so vaccinating just 
some people can be enough to protect every-
one. In the cases of smallpox and more 
recently polio virus type 2, mass vaccination 
has led to eradication and thus protection for 
everyone who will ever live. No other advance 
in medicine comes anywhere close to this 
extraordinary power of vaccines.

The strategy adopted in the final phase of 
the eradication of smallpox in the 1970s 
reflects the growing understanding at the time 
that vaccinating people can also protect oth-
ers. The very visible clinical features of small-
pox made it relatively easy to recognise each 
individual case and then immunise around it, 

generating a ring of human immunity that the 
virus could not escape from. In fact many 
countries stopped universal smallpox vaccina-
tion long before global eradication had been 
achieved. Thus vaccine supplies could be used 
exclusively in areas where the infection was 
still circulating. Ring vaccination reappeared 
recently in the context of the Ebola epidemic 
in West Africa.

2.2  Why Direct Protection 
and Indirect Protection  
Are Not the Same Thing

It is easy to fall into the trap of thinking that 
direct and indirect protection afforded by vac-
cines are both one and the same thing. 
Immunise James Phipps and he will not get 
smallpox. That he will also therefore not infect 
his brother seems simply an inevitable conse-
quence of the protection he got from the vac-
cine himself. To demonstrate that it is not as 
simple as that, it is worth considering the 
example of developmental “transmission- 
blocking” malaria vaccines. Given to humans, 
these consist of antigens expressed by the 
malaria parasite only during the stages of its 
life cycle when it is resident in the mosquito. 
When the insect takes a blood meal from an 
immunised human, it ingests not only malaria 
parasites but also vaccine-induced antibodies, 
which bind to them as they develop inside the 
insect reducing their viability and thus afford-
ing protection to the human providing the 
mosquito’s next blood meal. The altruism 
inherent in such vaccines creates problems for 
their licensure as regulation of medicines is 
driven by considerations of safety and of ben-
efit to the recipient, not others. For these vac-
cines in particular, but actually for most other 
vaccines as well, we need a new developmental 
paradigm that recognises that they really work 
for the common good and need to be deployed 
towards that end to achieve maximum impact 
and cost benefit.

Of course the concept of indirect protec-
tion  – previously often referred to as “herd 
immunity”  – is not novel. Implicit in long-
standing advice to attain and then maintain 
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95% (and not 100%) coverage with measles-
containing vaccine was the recognition that 
while there would always be some who would 
not receive or make protective responses to 
the vaccine, disease control for all could nev-
ertheless be achieved, even for an infection as 
contagious as measles. However the ubiqui-
tous nature of such effects among the vaccines 
used in universal programmes (tetanus  – 
acquired from soil bacteria, not other people, 
being the one unequivocal exception) and the 
dominance of such effects in ensuring the 
effectiveness of many programmes have only 
become evident more recently. Indirect effects 
are no longer considered a “bonus extra” but 
are understood to be at the core of how vac-
cines impact on disease and, to an increasing 
extent, they drive the design of the pro-
grammes used – the numbers of doses of vac-
cines given and the ages of the recipients.

2.3  Immunising Teenagers 
and Protecting Everyone 
Against Meningococci

The recent history of  the deployment of  con-
jugate meningococcal vaccines in the UK  
is a particularly informative example of  this. 
In the 1990s, in the wake of  the successful 
introduction of conjugate vaccines against 
Haemophilus influenzae type b, several pro-
tein-polysaccharide conjugate vaccines 
against Neisseria meningitidis capsular group 
C were developed. A rapid rise in the number 
of  severe and fatal cases of  meningitis and 
septicaemia had been occurring in the UK 
during that decade due to spread of a hyper-
invasive strain (clonal complex (cc) 11) bear-
ing this capsule, both in young children and 
teenagers. The target of  the rolling pro-
gramme introduced in late 1999 was infants 
who received three doses of  vaccine, while a 
one-off  “catch up” programme offering vac-
cine to all children up to the age of  20 years 
was also rapidly implemented with the aim of 
preventing cases in older age cohorts. The 
licensure of  the vaccines was based upon 
their ability to induce serum bactericidal anti-
body. From this, it was inferred that they 

would protect recipients against invasive dis-
ease. Between 2009 and 2015, a very similar 
epidemic of  hyperinvasive cc11 meningococ-
cal disease was detected, this time expressing 
group W capsule. Once again the UK author-
ities acted rapidly and decisively to attempt to 
control the epidemic using conjugate vac-
cines. However the strategy used was entirely 
different. This time infants and young chil-
dren were not immunised at all – despite the 
availability of  licenced vaccines and the fact 
that severe cases were being seen in this age 
group. Instead vaccination has been targeted 
exclusively at teenagers  – the age group 
among whom upper respiratory tract carriage 
of  meningococcus is most prevalent. In the 
15 years between the two interventions, it had 
become clear that conjugate meningococcal 
vaccines actually work at the population level 
by eliminating the circulation of hyperviru-
lent strains among the target capsular 
group(s) of  the vaccine(s) used. Infants and 
young children may have the highest risk of 
disease, but carriage is comparatively rare in 
this age group. By immunising adolescents, 
(in whom the vaccines also induce larger and 
more long- lasting responses than in young 
children), all age groups are indirectly pro-
tected (see 7 Chap. 22).

2.4  Maternal Immunisation

Problems with control of pertussis by child-
hood immunisation have been an emerging 
concern since early in the twenty- first century. 
Development, licensure and adoption of acel-
lular pertussis vaccines for infants and young 
children in many wealthier countries, along-
side continued use of whole cell vaccines in 
others, both combined with diphtheria, teta-
nus and other antigens for infants, led initially 
to effective pertussis control (see 7 Chap. 18). 
However the first decade of the twenty-first 
century saw new resurgences of disease in sev-
eral acellular vaccine-using countries. Several 
lines of evidence suggest that pertussis vac-
cines in general and acellular vaccines in par-
ticular induce protection that is shorter lived 
and incomplete against onward transmission. 

How Vaccinating People Can Also Protect Others
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Pertussis presenting as chronic cough in ado-
lescents and young adults has become more 
widely recognised, and transmission from 
these individuals to their newborn unimmun-
ised infants can result in severe cases and 
deaths. The UK authorities responded to just 
such a resurgence in 2012 by offering vaccine 
to pregnant mothers. Subsequent case-screen-
ing and case-control evaluations of effective-
ness have provided convincing evidence that 
this approach works and many other coun-
tries have now followed suit (see 7 Chap. 6). 
Protecting infants by immunising their moth-
ers is, again, nothing new, having been used to 
prevent neonatal tetanus for many years in 
poorer settings where this is a significant pub-
lic health problem. It has also been an 
observed benefit of maternal influenza 
immunisation programmes implemented to 
protect pregnant women at high risk from flu. 
Its success and widespread acceptance as a 
means to prevent pertussis is likely to acceler-
ate development of similar programmes using 
developmental maternal vaccines against 
other severe neonatal infections including 
group B Streptococcus and respiratory syncy-
tial virus (see Part IV).

2.5  Indirect Effects of Influenza 
Vaccines in Healthcare Workers 
and Children

Over the many years they have been available, 
the vast majority of seasonal influenza vac-
cine use in most countries has aimed at direct 
protection of recipients. Every autumn, large 
numbers of doses are earmarked for elderly 
people and patients with a range of chronic 
disorders, all deemed to be at high risk of 
severe or fatal flu infection. Even if  high cov-
erage rates are achieved, which is unusual, this 
approach cannot be expected to impact sig-
nificantly upon flu circulation in the popula-
tion at large as transmission occurs in all age 
groups and particularly in childhood. 
However, one aspect of traditional flu vaccine 
use does aim higher than simple prevention of 
morbidity in recipients and that is immunisa-
tion of healthcare workers (HCWs). Hospitals 

are subject to major seasonal fluctuations in 
workload due to wintertime epidemics of 
respiratory and gastrointestinal viruses. Staff  
are continuously exposed and often infected. 
Two serious adverse consequences are that 
they then infect other vulnerable patients and 
that they may be absent from work during 
their illnesses reducing the capacity to deliver 
healthcare at times of peak demand. 
Immunisation of HCWs against flu has the 
potential to reduce these problems and is 
actively promoted in many settings. Given that 
there is good quality evidence that – at least 
when there is a good match between the vac-
cine and circulating strains – flu vaccines pre-
vent flu in healthy adults and can also prevent 
onward transmission in some settings, this 
policy, designed to protect the function of the 
health service and to reduce flu morbidity and 
mortality among its patients as well as its 
employees, makes good sense. However, evi-
dence that this approach actually delivers on 
these endpoints in the healthcare setting is 
surprisingly weak. This undermines the argu-
ment that such immunisation should be man-
datory as, for example, it commonly is for 
hepatitis B vaccine. In addition, studies that 
suggest that repeated annual doses of inacti-
vated flu vaccine may result in progressive falls 
in immunogenicity and effectiveness suggest 
that other strategies may be needed to tackle 
this problem.

There is emerging evidence that annual 
universal childhood immunisation against 
influenza using live attenuated intranasal vac-
cine (LAIV) could be an effective approach to 
population-wide influenza control. The UK 
started offering universal one-dose LAIV for 
2- and 3-year-old children in 2014 and has 
progressively raised the upper age limit in suc-
cessive years. Ecological data support the idea 
that preventing flu in young children reduces 
the incidence of influenza-like illness in other 
age groups, and, most recently, 2015–2016 
data from Scotland and Northern Ireland, 
where the programme was implemented more 
effectively with higher coverage and across a 
wider age range, show that the incidence never 
crossed the epidemic threshold, unlike 
England and Wales where fewer children were 
immunised. This apparent success is bolstered 
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by early supportive data from Canada and 
Finland with the nasal vaccine in children. 
However, recent data from the USA has failed 
to demonstrate effectiveness, particularly 
against the H1N1 strain, which has led to 
removal of the recommendation to use LAIV 
vaccine there in 2016 (see 7 Chap. 14).

However, the indirect effects of childhood 
flu vaccination may extend further than pre-
vention of flu in the wider population. Serious 
bacterial infections, including those caused by 
pneumococcus and meningococcus, have been 
associated epidemiologically with influenza, 
and potential pathogenic mechanisms are well 
described. These observations hint that pre-
venting bacterial infections may turn out to be 
as effectively done using vaccines against 
viruses, including flu, as by using vaccines tar-
geted at the bacteria.

2.6  Indirect Protection Against 
Covid-19

Covid-19 is a respiratory infection with sys-
temic symptoms. Immunity may be like that 
after “old” respiratory coronaviruses such as 
229E and OC43, i.e. not very long- lasting. 
One example is the city of Manaus which was 
hit hard in 2020 with 80–90% of the popula-
tion being infected. In 2021 with a new wave 
and a new variant of Covid-19 in Brazil, many 
were reinfected and there were again deaths. It 
is unlikely that vaccine- induced immunity 
would be better or last longer than after dis-
ease. In both cases, emergence of new variants 
of SARS-CoV-2 will pose a challenge for any 
immune population, with natural or vaccine-
induced immunity.

So far there are few examples of 
population- level vaccination. In the USA 
with more than the third of the population 
being vaccinated, Covid-19 is still increasing 
in most states. The UK with almost 50% cov-
erage is doing better; the effect of vaccinations 
is combined with an almost total lockdown. 
In Israel with over 50% of the total popula-
tion and 90% of the 70-year-old being totally 
vaccinated, there is a great reduction of new 
Covid-19 cases, some of which may be attrib-

uted to breakage of transmission chain, i.e. 
herd immunity. This does not mean a perma-
nent herd immunity, but more likely the 
unvaccinated people in the population remain 
susceptible to infections that are carried into 
the country.

To reach coronavirus-free state in an area 
or country, a vaccine coverage of 80–90% may 
be needed, taking into consideration the more 
infectious variants and the vaccine effective-
ness lower than 90%. This by necessity will 
mean vaccinating children, at least from a cer-
tain age up. Still such a society will not be 
fully protected from infections coming from 
outside. Such newly introduced infections are 
likely to cause at least small outbreaks. New 
SARS CoV-2 variants that evade even if  
partly, vaccine-induced immunity will pose a 
greater threat. Therefore, a herd immunity in 
a population will remain volatile, and periodi-
cal revaccinations are likely to be required.
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3.1  Introduction

In 2005, the World Health Assembly adopted 
resolution WHA58.15 on global immuniza-
tion strategy. It “urged Member States to meet 
immunization targets expressed in the United 
Nations General Assembly special session on 
children; to adopt the Strategy as the frame-
work for strengthening of national immuniza-
tion programmes, with the goal of achieving 
greater coverage and equity in access to immu-
nizations, of improving access to existing and 
future vaccines, and of extending the benefits 
of vaccination linked with other health inter-
ventions to age groups beyond infancy; to 
ensure that immunization remains a priority 
on the national health agenda, ….”

The diversity of the European Region is 
reflected not only in the cultures and lan-
guages but also by economies and health sys-
tems. The economic, cultural, and historical 
differences have all contributed to the result-
ing diversity seen in the health systems and 
health governance among them, differences 
that have contributed to the wide variation of 
immunization programs currently in place.

All Member States of the European Union 
and a large number of the non-EU countries 
in the WHO European Region have a national 
immunization technical advisory group 
(NITAG) on immunization, and most of these 
NITAGs have a legislative basis for making 
recommendations to the government (i.e., the 
Ministry of Health). The effect of the recom-
mendations varies according to how immuni-
zation programs are organized (centralized or 
decentralized) and the balance between public 
and private sector provision of services. In 
countries such as Belgium, Germany, and 
Spain, the communities (Belgium), the Länder 
(Germany), or the “autonomous regions” 
(Spain) have the responsibility for prevention 
and protection of public health. Although 
each country has a NITAG, its recommenda-
tions can be applied differently at the local 
level, and the vaccines actually provided 
depend on the choice of private practitioners 
and reimbursement arrangements with insur-
ance companies, or on the (de)centralized 
public policy of the (local) government.

Immunization policy or practice has not 
been subject to European legislation for har-
monization, although many relevant processes 
such as batch release are controlled through 
EU legislation.

The vaccines and immunization schedules 
used in the 53 countries of the WHO European 
Region are undergoing continuous change, 
with the introduction of new antigens and the 
increasing use of combined antigen vaccines 
and simplified schedules with a lower number 
of vaccine doses. Annual information is col-
lected from WHO Member States on immuni-
zation programs and vaccine- preventable 
diseases using the WHO/UNICEF joint 
reporting form. This information can easily be 
consulted through the WHO website at: 
7  http://apps. who. int/immunization_moni-
toring/globalsummary/schedules. ECDC 
offers a Vaccine Scheduler tool; it is an interac-
tive platform of vaccination schedules for indi-
vidual European countries and specific age 
groups (7 http://vaccine- schedule. ecdc. 
europa. eu/Pages/Scheduler. aspx).

Country immunization schedules can be 
consulted by vaccine or target disease, or 
compared with each other.

3.2  Childhood Vaccination

In Europe, childhood vaccination is offered 
through routine immunization programs at 
“well-baby” clinics, through the private sector 
(general practitioners or pediatricians), or 
through a combination of both public and 
private sector.

The current childhood immunization 
schedules for vaccination below 24 months of 
age in the EU countries can be divided into 
four major groups for the infant vaccination 
schedule:

 z Group 1
Early-onset 3 plus 1 schedule with vaccination 
at 2, 3, and 4  months of age (Bulgaria, 
Germany, Hungary, Luxemburg, Malta, and 
Belgium using timings of 8, 12, and 16 weeks) 
or the schedule similar to that of the USA of 2, 
4, and 6  months of age (Croatia, Cyprus, 
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Greece, Ireland, Latvia, Liechtenstein, 
Lithuania, Poland, and Portugal), all followed 
by a fourth dose in the second year of life.

 z Group 2
Early onset according to a 2 plus 1 schedule, 
with vaccination at 2 and 4 months, followed 
by a third dose at 11  months (France, 
Romania, Slovakia, and Spain).

 z Group 3
Late-onset 2 plus 1 schedule with vaccination at 
3 and 5 months of age followed by a third dose 
at 12 months of age (Austria, Czech Republic, 
Denmark, Finland, Iceland, Italy, Norway, 
Slovenia, Sweden, and the Netherlands).

 z Group 4
Late-onset 3 plus 1, starting at the age of 
3 months (Estonia), with a fourth dose in the 
second year of life.

Only one or two countries use only a three- 
dose primary immunization schedule with no 
penta- or hexavalent booster in the second 
year of life. In the remaining WHO European 
Region countries, the Extended Program of 
Immunization (EPI) schedule is often 
implemented together with primary infant 
immunization offered at 6, 10, and 14 weeks – 
in some countries followed by infant booster 
immunization.

The various childhood immunization 
schedules in Europe evolved historically, tak-
ing into consideration the local vaccine- 
preventable infection epidemiology, and were 
based on the experiences gained from immu-
nization with whole-cell pertussis- containing 
diphtheria–tetanus–pertussis (DTP) vaccines 
(2-, 3-, 4- and 2-, 4-, 6-month schedules), 
where the need for three doses was shown. 
The 3- and 5-month schedule, on the other 
hand, evolved from the vaccination priming 
schedule for the diphtheria–tetanus (DT) vac-
cine, which was introduced first in Italy in 
1981 and in Sweden in 1986. That schedule 
was maintained in a number of countries 
when a pertussis vaccine was added to DT.

The four different schedules used in 
Europe have been shown to accomplish their 
primary goal, i.e., to induce rapid protection 

and immunological memory against the 
vaccine-preventable infections targeted by the 
immunization, in close to 100% of vaccinated 
infants. By starting at 2  months of age (or 
8  weeks, which offers a smaller range than 
2  months), protection will be achieved 
1 month earlier than with a 3-, 4-, and 5-month 
schedule or 3- and 5-month schedule.

A measurable antibody response does not 
develop in all children after the priming doses, 
and the level of the antibody responses may 
be low. The booster dose will induce 
measurable antibody responses in almost 
100% of children and result in much higher 
antibody levels than after the priming doses.

European vaccination schedules all call for 
at least one or two booster doses between the 
ages of 2 and 18 years, but with quite a varia-
tion in  local schedules. Such a variation cre-
ates issues for migrating families, as parents 
and physicians have to face difficult decisions 
on how to adapt or complete vaccination 
schedules when families move from one 
European country to another.

3.3  Adolescent Vaccination

Vaccinating adolescents offers three types of 
immunization opportunities: catch-up on 
missed vaccinations, boosting waning immu-
nity (derived from previous childhood vacci-
nations such as for pertussis), and the 
achievement of primary immunization 
through administration of new vaccines best 
delivered during adolescence (e.g., meningo-
coccal and human papillomavirus vaccines; 
. Table 3.1). In the future, adolescence may 
also be the target age range for administration 
of some vaccines currently in development.

Adolescent vaccination can prevent con-
siderable morbidity in adolescent and adult 
age groups and limit the spread of infectious 
diseases in the population. In Europe, adoles-
cent vaccination can be provided through rou-
tine immunization programs or campaigns, 
run with the support and participation of 
either the private sector or the public sector, 
or both. Vaccines can be administered through 
clinic-based schemes (e.g., in health centers), 
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       . Table 3.1 Examples, advantages, and disadvantages of adolescent vaccination strategies (Brabin et al. 2008)

Vaccine implementation

Strategy Example vaccine Advantages for adolescent 
programs

Disadvantages for adolescent programs

Universal Meningococcal 
conjugate 
(MCV4)

Increased likelihood of 
achieving herd immunity

The ability to achieve herd immunity is 
undermined if  low vaccination rates 
occur

Decreased likelihood of 
inducing stigma around 
certain diseases such as 
sexually transmitted infections

Higher costs to society

Targeted Hepatitis B virus 
(HBV)

Reduced costs if  every 
adolescent does not require 
vaccination

Target groups can be difficult to 
identify

Adolescents may not perceive 
themselves to be high risk

Reduced risk of adverse events 
in the whole population

Adolescents may be unwilling to seek 
care if  fear of judgment or lack of 
confidentiality exists, especially for 
sexually transmitted infections

Increased risk of stigmatization, 
particularly for sexually transmitted 
infections

School- 
based

Rubella (MMR, 
MR, or R)

In countries with school-based 
programs, success has been 
mediated by the requirement 
to attend school and by a lack 
of private sector healthcare

School attendance by adolescents is low 
in many countries

School-based healthcare infrastructure 
is generally directed at younger 
children; therefore, retention and/or 
creation of appropriate infrastructures 
in many countries need to be developed 
to create an adolescent program

Future adolescent vaccines targeted at 
sexually transmitted diseases 
necessitate integration with health 
promotion; in particular, sexual health 
issues associated with absenteeism 
require development of catch-up 
programs

Catch-up Pertussis (Tdap) Maintain immunity to prevent 
infection and subsequent 
infection of un-immunized 
individuals

Timing of catch-up programs needs to 
coincide with other preventive services 
to increase the likelihood of 
vaccination uptake

Reduced healthcare costs 
associated with decreased 
disease burden
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in the community, or in schools. Mixed sys-
tems of school health and private sector can 
offer benefits, but require coherence, coordi-
nation, and good communication between all 
parties.

However, because of the age of the target 
group – the WHO definition of an adolescent 
being aged between 10 and 19  – legal issues 
arise: parental consent, minors’ consent 
(assent) and legality thereof, the concept of 
“capacity to understand” and “competence,” 
and action in case of parental opposition. 
Another feature that emerges is the discon-
nect between the practice of immunization 
and other medical procedures (“treatment”), 
including the role of school health services in 
dealing with other health problems, such as 
drug use, alcohol use, and violence.

Furthermore, medical issues in this age 
range also complicate the matter of immuni-
zation; a substantial proportion (about 10%) 
of young people suffer from chronic illnesses 
(e.g., diabetes, whose incidence in young peo-
ple is increasing) that need to be considered 
before vaccination is given. Other temporal, 
coincidental associations in adolescents, e.g., 
asthma, autoimmune thyroiditis, and 
Guillain–Barré syndrome may raise safety 
concerns.

In Europe, as for the implementation of 
the childhood immunization program, the 
adolescent program differs by country and 

sometimes by state, region, or canton and 
involves the public and/or private sectors.

In general, in Europe, adolescent immuni-
zations lag behind childhood uptake figures, 
in particular for the second dose of measles, 
mumps, and rubella vaccine, the booster dose 
of the pertussis vaccine, or the uptake of 
human papillomavirus vaccines. Waning 
immunity or absence of immunity in adoles-
cents makes them reservoirs of infection, with 
transmission possibilities to other age groups 
in the population. In many countries, adoles-
cents are an underserved group that is hard to 
reach because of their good health and sparse 
preventive medicine visits.

Studies among adolescents have identified 
risk factors associated with suboptimal immu-
nization, which may include financial and 
logistic constraints, in addition to parental 
and adolescent knowledge and beliefs: e.g., 
socioeconomic status, lack of medical insur-
ance, large family size, divorced parents, for-
eign nationality, and language barriers.

School health services have been identi-
fied as playing a specific role in the prevention 
and response to adolescent health problems 
(. Table  3.2). Where there were no strong 
school health facilities or vaccine programs, 
such as in France, Germany, and Italy, rates 
of  adolescent vaccination have been low. 
With school attendance mandatory for high 
proportions of  adolescents in Europe, the 

       . Table 3.1 (continued)

Vaccine implementation

Mass 
vaccination

Typhoid fever 
(Ty21a, Vi)

Large number of individuals 
can be vaccinated within a 
rapid timeframe

Suitable for single-dose vaccinations; 
however, less effective for multi-dose 
vaccines, as the likelihood of 
individuals returning for subsequent 
vaccination decreases with each 
additional dose

Excellent for outbreak 
situations

Limited amount of 
resources can be mobilized

Childhood and Adolescent Immunization Programs in Europe
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presence of  a captive audience makes vacci-
nation at school feasible. Benefits of  school 
health programs (besides high coverage rates) 
include easy access to vaccination for parents 
(no effort required from them) and easy mon-
itoring of  coverage and side effects. On the 
down side, school immunization programs 
form only one part of  a school medicine sys-
tem and cannot manage common adolescent 
problems including smoking, alcohol and 
drug use, sexual behavior, and violence, 
unless it is fully embedded in a comprehen-
sive program. In addition, communication 
with parents is indirect, which can raise some 
legal issues.

The introduction of a centralized immuni-
zation information system (enabling record-
ing, recall, and informing healthcare workers 
and parents), the organization of a school 
health program, offering the vaccine free of 
charge, and the implementation of school-
entry mandates have been recognized as fac-
tors that could contribute to improved 
vaccination coverage in adolescents. In addi-
tion, advocacy and educational initiatives for 

parents, adolescents, and vaccinators should 
help to support these programs and safeguard 
the health of adolescents.

The concept of promoting health in 
schools seems to be successfully taking off, 
but healthcare providers alone cannot meet 
adolescents’ needs: there has to be a partner-
ship and networking of vaccinators, teachers, 
parents, and young people all playing a role. 
Vaccination should be integrated into other 
interventions in health systems (e.g., sexual 
health education and sports medical examina-
tions). Various approaches are currently being 
successfully used by different countries to 
reach adolescents.

3.4  Vaccination of Refugees 
and Immigrants

Since 2011, Europe has been facing one of the 
greatest migration inflows in its history: during 
2011, there were an estimated 1.7 million immi-
grants into the EU from countries outside the 

       . Table 3.2 School health system per country: vaccine type and school health system

Country Coverage Vaccine School health system

Belgium >68–75% Hepatitis B Present

Croatia >93% Hepatitis B Present

Finland Estimated 95% Not specified Present

France 35–95% Not specified No longer existing since 1998

Germany Low coverage in adolescents Not specified Not present

Greece 18–45% Not specified Not present

Hungary >99% Not specified Present

Italy >90% Hepatitis B Present

Norway 90–92% Not specified Present

Slovenia 92–99% Not specified Present

The Netherlands >90% Not specified Present

Turkey 85–98% Not specified Present

Adapted from FitzSimons et al. (2007)
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EU. According to Eurostat, after the Northern 
African turmoil, in 2012, EU countries received 
300,000 asylum applications, which peaked at 
1,300,000 in 2015, after the Syrian conflict and 
almost double the previous great migration 
inflow recorded in 1992, after the crisis in the 
former Yugoslavia. The UNHCR estimated 
that, in 2015, more than one million migrants 
arrived in Europe after crossing the 
Mediterranean Sea. Refugees and immigrants 
often come from countries in which poverty-
related diseases are endemic, with disrupted 
healthcare systems and consequently a fall in 
vaccination coverage. This explains why they 
are at a high risk of vaccine-preventable dis-
eases, not to mention the risky conditions they 
endure during the journey to Europe (unsani-
tary conditions, overcrowding).

Overall, migrants and refugees have lower 
immunization rates than European-born indi-
viduals, with children being at a higher risk of 
being unvaccinated against measles, mumps, 
and rubella (MMR; . Table 3.3). The cover-
age for the oral polio vaccine has been esti-
mated to be less than 15% among Syrian 
children refugees in Germany.

In 2016, the WHO, UNICEF, and 
UNHCR officially stated that migrants, asy-
lum seekers, and refugees should have nondis-
criminatory and equitable access to 
vaccinations. They recommended vaccinating 
these populations; avoiding delays, in accor-
dance with the immunization schedule of the 
host country; and offering documentation of 
administered vaccines to avoid duplications.

However, access to complete vaccination is 
difficult to ensure: migrants are moving 
throughout Europe, whereas vaccines must 
often be given in consecutive doses; informa-
tion on the immunization status of the 
migrants is often lacking; recommended 
immunization schedules differ among EU 
countries complicating the catch-up programs; 
a number of the host countries face severe eco-
nomic crises, challenging migrants’ access to 
the local healthcare services; migrants may 
refuse registration by medical authorities for 

the fear of legal consequences; a lack of coor-
dination among EU public health authorities 
may cause either a lack of vaccine administra-
tion or duplication.

Although migrants have the right to 
healthcare under legal settlements issued by 
the EU, there is no standard European 
approach for offering healthcare to migrants. 
Each country has its own policy.

To overcome many of these issues at the 
EU or country level, the WHO proposes tai-
loring immunization services to the specific 
needs of the target population, to strengthen 
social mobilization, advocacy, and communi-
cation toward these specific populations, to 
develop electronic vaccination registries, and 
to introduce coordination among public 
health authorities of EU countries.

In general, the vaccination status of 
migrants and refugees arriving in Europe 
should first be assessed through documenta-
tion; when this is lacking, they should be 
regarded as unvaccinated and should then be 
vaccinated according to the local recom-
mended schedule. Catch-up immunization 
programs should prioritize MMR and inacti-
vated poliovirus vaccines, followed by the 
DTP vaccines and hepatitis B vaccine 
(depending on the age after first screening). 
Vaccination against polio should be consid-
ered a high priority for migrants coming from 
countries in which polio is endemic. In 2016, 
some countries or regions (e.g., Flanders) 
started to offer asylum seekers polio (when 
indicated), MMR and diphtheria, tetanus, 
and acellular pertussis vaccination (for preg-
nant women) immediately on entry into the 
country, with further follow-up of the immu-
nization in the respective centers for asylum 
seekers. Recently in a number of EU countries 
(e.g. Belgium) also COVID19 vaccines are 
offered to refugees and saylum seekers.

Clearly, under-immunization and there-
fore susceptibility to vaccine-preventable 
infections pose a risk to the health of migrants 
and refugees and, in turn, can result in epi-
demics in the host country.

Childhood and Adolescent Immunization Programs in Europe
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4

4.1  Background

The World Health Organization defines vac
cine hesitancy as “…a delay in acceptance or 
refusal of vaccines despite the availability of 
vaccination services. Vaccine hesitancy is 
complex and context specific varying across 
time, place and type of vaccine.” The hesi
tancy continuum extends from those that 
accept all vaccines, but are unsure about their 
decisions for some or all vaccines, through to 
those who refuse all vaccines, but are unsure 
about these decisions (. Fig.  4.1). In that 
sense, hesitancy affects demand and is most 
closely associated with negative demand. 
Addressing vaccine hesitancy requires an 
understanding of the magnitude and setting 
of the problem, diagnosis of the root causes, 
tailoring strategies based on local evidence to 
address the causes, evaluation to gauge if  the 
intervention has been successful in improving 
vaccine acceptance, and monitoring.

In March 2012, the Strategic Advisory 
Group of Experts (SAGE) on immunization 
established a working group to define vaccine 
hesitancy and its scope and provide advice on 
how to address vaccine hesitancy, including a 

landscape analysis of stakeholders working on 
the issue and identifying promising practices. 
It presented its work to SAGE at the WHO 
premises in Geneva, in October 2014 (7 http://
www. who. int/ immunization/sage/mee
tings/2014/october/1_Report_WORKING_
GROUP_vaccine_hesitancy_final. pdf), and 
shortly thereafter published a supplement in 
Vaccine in August 2015. Later that same year, 
an informal working group was established to 
develop an understanding of “demand” (defi
nition, components, actors, and determinants) 
and to explore the means of measuring prog
ress on improving demand. The informal 
working group has been instrumental in build
ing consensus and understanding around the 
term demand and its determinants, sharing 
promising practices from around the globe 
and considering the best approaches and 
methods to measuring demand and the impact 
of demand generating initiatives. For the pur
poses of this chapter, we align with the hesi
tancy and demand working groups’ definitions 
and understanding of demand  – considering 
hesitancy and acceptance as factors of 
demand. We focus primarily on hesitancy, its 
scope and expression in the European Region, 

High demand Low or no demand

Vaccine
refusers

Vaccine
deniers

some
Accept
delay
refuse

Accept
but

doubts

Accept
all

vaccines

Vaccine hesitancy continuum

       . Fig. 4.1 History of  vaccine acceptance in Europe. Noni Mac Donald, 7 www. sabin. org/sites/sabin. org/files/1 
vaccine_hesitancy_final_draft_7_jan26_2017. pdf
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and strategies to address it from a program 
planning and an individual (provider–parent/
patient) perspective.

. Figure  4.1 demonstrates the spectrum 
of demand and the effect of vaccine hesitancy.

In Europe, program organizers have 
become acutely aware of the potential dam
age and threat that vaccine hesitancy, public 
mistrust of vaccines and immunization ser
vices, and the rejection of vaccines pose. It is 
unclear whether vaccine hesitancy and associ
ated risks have increased within the European 
public over recent years (as some observers 
suggest) or whether, instead, vaccination pro
grams have become more sensitive and aware 
of the phenomena as they attempt to reach 
remaining underimmunized populations and 
meet ambitious coverage targets and disease 
control goals.

Vaccine hesitancy is not a new phenome
non. Following the introduction of small pox 
immunization, as early as the mid1800s, hesi
tancy and vaccine objection have been docu
mented in Europe. In the UK, the smallpox 
vaccination induced fear and protest: some 
believing that the practice of inoculation was 
unChristian and others skeptical of Edward 
Jenner’s ideas or objecting on the grounds 
that the practice violated their personal lib
erty (mandatory vaccination for infants up to 
3 months of age was introduced in 1853). At 
that time, antivaccination lobbies or “leagues” 
were established with their own journals and 
communication materials.

A resurgence and lingering of vaccine 
preventable diseases such as measles, rubella, 
diphtheria, and pertussis, resulting in hospi
talization and deaths of infants, children, and 
adults over the past decade, have prompted 
renewed interest in understanding why 
Europe, a region rich in resources and capac
ity, has been unable to close the immunity 
gaps and meet regional disease control and 
elimination goals. Immunization service 
 managers and administrators are, in turn, 
eager to better understand parent/patient hes
itancy and healthseeking behaviors to appro
priately motivate them to vaccinate and 
remove factors limiting their ability or oppor
tunity to utilize immunization services. 
Member States of the European Region 

restated their commitment to immunization 
by adopting the European Vaccine Action 
Plan (EVAP) 2015–2020  in 2014, the first 
regional plan to openly acknowledge the 
extent of vaccine hesitancy, vaccine skepti
cism, and suboptimal parent/patient demand 
for immunization services and need for vac
cine trust. The EVAP second strategic objec
tive calls for “individuals [to] understand the 
value of immunization services and vaccines 
and demand vaccination,” and the third calls 
for “the benefits of vaccination (to be) equita
bly extended to all people through tailored, 
innovative strategies.”

4.2  Shortcomings of Terminology

As a term, “hesitancy” has often been used 
synonymously and interchangeably with “lack 
of confidence” or “confidencegap” by some 
academics and practitioners alike. However, 
in Europe its expression is multifaceted, 
including but not limited to trust in vaccines 
and/or the authorities that provide them. 
Attributing recent disease incidence and out
breaks in Europe to parental or provider con
fidence is arguable and may deflect attention 
from systemic and service delivery shortcom
ings by placing responsibility solely on the 
“hesitant” parent/patient. In this sense, the 
term should be used with caution. In Europe, 
other system side factors have contributed to 
disease burden. Even when demand is evident, 
there are factors that prevent action, despite 
an intention to vaccinate by a parent/patient. 
Demand for immunization services does not 
equate to immunization service utilization. 
Vaccine supply disruptions, economic/finan
cial/societal crises, program delivery disrup
tion or weaknesses (e.g., delayed introduction 
of a second dose of measles, or a period of 
health worker shortages), and poorquality 
service delivery, including poor communica
tion, for example, have all resulted in sub 
optimal coverage and underutilization of 
vaccination services in Europe. Some of these 
factors continue to affect program reach, cov
erage, and utilization, particularly in coun
tries challenged by high vaccine prices, lack of 
longterm secured domestic funding for their 

Vaccine Hesitancy, Acceptance, and Demand
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programs, and unstable vaccine supply. Some 
countries, particularly those with weak infra
structures, have had to face the additional 
burden of addressing the migrant influx into 
Europe, many of whom also require immuni
zation in addition to having other support 
needs.

4.3  Vaccination Complacency, 
Convenience, and Confidence 
in Europe

Vaccine hesitancy includes factors such as 
complacency, convenience, and confidence, 
each of which is exhibited at parent/patient, 
provider, and decisionmaking levels in 
Europe today.

In terms of convenience, parent/patients 
are not presented with opportunities to access 
immunization services outside traditional 
working hours and in  locations other than 
health facilities. Very few countries have con
sidered pharmacies as an option for immuni
zation service delivery (Ireland and Portugal 
are the exceptions to this), despite strong evi
dence from the USA and Canada that influ
enza vaccine rates have been boosted by the 
use of pharmacies, minimarts, and other 
nontraditional outlets, for many years now.

Immunizations can be unnecessarily stress
ful and anxious events for many children and 
adults who fear needles and the pain of immu
nization. This can lead to longterm nonad
herence with recommended schedules, missed 
immunizations, and even a shunning of 
healthcare services in general. Very few pro
grams have considered the negative impact of 
pain of immunization. Few have made efforts 
to improve provider and parent/patient knowl
edge and skills to mitigate stress and anxiety 
during immunization. There are evidence 
based strategies including  noninvasive meth
ods such as liquidjet injection or even 
distraction techniques with better positioning 
that can address this problem. New technolo
gies such as microneedles also promise to not 
only minimize pain but potentially enable the 
delivery of services through nontraditional 
outlets using nonmedical personnel.

Many parents/patients in Europe have 
grown complacent about diseases that most 
communities have not seen in decades. 
Complacent individuals thus consider the 
risks of  the vaccine to outweigh the risk of 
contracting the disease. In that sense, vac
cines have become a victim of  their own suc
cess. This even extends to healthcare 
providers where many have not seen, first
hand, diseases such as measles, rubella, 
diphtheria, and pertussis in their practice. 
Complacency is also evident in political deci
sionmaking, with many countries unable to 
secure domestic resources for their programs 
against competing health, economic, and 
security priorities. This is particularly appar
ent in countries that have not experienced 
outbreaks recently. The decision making 
environment in these countries faces an addi
tional dilemma as the direct and indirect 
costs of  outbreaks have not been calculated 
and appropriately understood, thereby ham
pering adequate planning.

The overall confidence and trust in vac
cine effectiveness and safety, and in the 
authorities that deliver them, are positive, but 
do vary across Europe. The proliferation of 
conflicting information, from multiple 
sources within and outside of  the region, has 
challenged decisionmaking regarding par
ent/patient vaccine acceptance and eroded 
the value of  and trust in providerdelivered 
advice and recommendations. The ability of  a 
single anti vaccine individual to influence the 
health seeking behavior of  others, including 
the intention to vaccinate, is greater now than 
ever before. Indeed, such individuals who 
understand how new media platforms are lev
eraged effectively is often more influential 
and may even be perceived as being more 
trustworthy than a trained medical or public 
health professional. This phenomenon has 
damaged vaccine acceptance and trust in 
many European countries. In some extreme 
cases, a single vaccine opponent has been 
responsible for the suspension of a vaccine 
program or severely undermined vaccine 
acceptance and uptake (human papilloma 
virus, Denmark, 2014). At the extreme end of 
the demand/hesitancy spectrum are vaccine 
deniers who oppose vaccines for diverse rea
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sons, but are not open to a change of  mind. 
In Europe, these very small groups are not 
organized into a cohesive, financed, coordi
nated body and therefore cannot be consid
ered a “movement” or “lobby,” as is more 
commonplace in the USA or in Australia, for 
example. Recent work to mitigate the nega
tive influence of  “vocal” vaccine deniers has 
been undertaken by the WHO in Europe with 
a guidance document and training program 
based on psychological research into persua
sion, on research into public health, on com
munication studies, and on WHO risk 
communication guidelines.

Many immunization programs in the 
region have relied over the years on communi
cation campaigns solely focused on address
ing misconceptions and misinformation. 
These fail to decrease hesitancy and, in some 
cases, backfire entirely. To some degree, this 
can be attributed to a lack of understanding 
by the program organizers that informed indi
viduals are not necessarily behaviorally 
responsive ones and that knowledge does not 
predict action, and as such, closing the infor
mation gaps through awareness campaigns 
does not address hesitancy, ensure demand, or 
guarantee utilization. Social copying and 
behavioral imitation are also manifest among 
parent/patients, which are largely seen to be 
beneficial in increasing and maintaining vac
cination coverage but are also evidently hav
ing a negative impact by amplifying 
nonvaccination behavior and antivaccination 
sentiment.

4.4  Strategies to Address 
Hesitancy

4.4.1  Understanding the Target 
Population: Diagnosing 
Hesitancy

As demand, hesitancy, and acceptance are 
contextspecific, and program and commu
nity resilience variable across Europe, it 
should be considered a prerequisite for a pro
gram to locally gauge and diagnose the fac
tors influencing vaccination intentions, 

decisions, and behaviors, with participation 
of affected (underimmunized) communities. 
General public and subgroup attitudes, 
knowledge, and behaviors must be regularly 
monitored and assessed frequently, to be able 
to inform and tailor program delivery and 
response to match the needs of the target sub
groups. Success in countering anti vaccination 
sentiment and safety concerns depends on this 
in particular. By tracking patient/parent senti
ment and behavior with the use of operational 
research (such as surveys or rapid assess
ments), the immunization program ensures 
that people and communities, not only dis
eases, are at the center of immunization sys
tems and empowers people to take a more 
active role in their own health. Using WHO 
tools, behavioral insight studies have uncov
ered the reasons for lower vaccination uptake 
in Roma, migrant, Jewish ultraorthodox, and 
anthroposophic communities and found that 
both vaccine hesitancy (individual) and inap
propriate or insufficient service delivery (pro
gram) affect uptake in each of these 
communities. The application of such 
“insight” and social science techniques and 
methods in some European contexts clearly 
demonstrates how programs can adopt 
approaches to tailoring the extension of ser
vice delivery according to the needs of com
munities.

Alongside the importance of diagnosing 
vaccine hesitancy and demand determinants 
in any population group, in addition to a con
sideration of the factors and determinants 
previously noted in this chapter, we should 
consider evidenceinformed strategies for 
addressing vaccine hesitancy and improving 
vaccine uptake from the program perspective 
and from the individual provider–parent/
patient perspective. Some of the strategies 
covered in this section are adapted from 
MacDonald et al. (2018) and are considered 
appropriate options in the European Region.

4.4.2  Communications Planning

The primary demand indicator of EVAP mea
sures the presence of a communications plan 
as a proxy for resilience and a signal of com
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munications and advocacy capacity. Crisis 
(outbreak and vaccine safetyrelated “events”) 
and risk communication plans should be 
developed and tested by programs. The com
munication plans should adhere to best prac
tice and the key principles of risk 
communications and be proactive in nature. 
Clear roles and responsibilities of vaccination 
programs and emergency communication 
tasks should be accounted for, including the 
costing and resourcing of immunization com
munication activities. Audiences should be 
clearly identified and multiple channels of 
communication and messages envisioned. 
Communication plans must be bidirectional 
with the immunization programs being sensi
tive to the values and incorporating the con
cerns of the target audience. The drafted 
messages should be tailored to fit the target 
audience and strengthen or reinforce individ
uals’ understanding of the benefits and risks 
of vaccination and the diseases it prevents, 
enabling them to make evidencebased 
informed choices and encouraging them to 
seek immunization services and overcome 
barriers to vaccination. National vaccination 
programs should also acknowledge that by 
developing effective communications plans 
and capacity, the public’s perception of the 
credibility, trustworthiness, and competence 
of the program is enhanced.

4.4.3  Optimizing 
the Provider’s Role

Healthcare providers, pediatricians included, 
remain the most trusted source of informa
tion and health advice; however, there is a sig
nificant minority of providers in Europe today 
that do not actively promote vaccination, are 
vaccinehesitant, or are outright anti 
vaccination. These providers influence their 
patients and parents. Therefore, national 
immunization programs need to ensure that 
the concept of vaccinology and immunology 
features on medical curricula in medical and 
nursing colleges and that opportunities for in 
service training of healthcare providers are 
continuously provided and kept up to date. 
Such education and training should include 

interpersonal communication techniques and 
skills to tackle hesitancy.

National vaccination programs should 
consider reinforcing the learning about vac
cine hesitancy and demand determinants with 
fact sheets and job aids that assist healthcare 
providers in explaining the risks and benefits 
of vaccination in a clear and concise way to 
the parents and patients without the use of 
jargon or medical terminology. Parents and 
patients behave more rationally when they 
receive information in such formats from their 
credible and trusted healthcare provider. 
Inconsistent messaging and contradictory 
information among healthcare providers can 
confuse patients and parents, prompting mis
trust and inaction.

Those healthcare providers that actively 
advocate and champion vaccination should 
be identified and supported to share their 
opinions and engage a broader audience (than 
the parent/patient and clients they see on a 
daily basis). These same gatekeepers and 
influencers also have a role to play in commu
nicating the value and full benefit of vaccines 
to other providers who themselves are hesi
tant and those being educated/trained to 
become healthcare professionals. Professional 
societies and associations should be consid
ered here as partners in addition to prominent 
scientists and renowned healthcare luminar
ies. There is also substantial evidence that vac
cine acceptance can be increased by engaging 
local religious and community leaders, and 
this should be considered.

4.4.4  Interpersonal Risk 
Communication

People are hesitant for various reasons, and 
their levels of concern range from very high to 
very low. Providers should avoid confronta
tion and adversarial situations. Rarely do 
such encounters end with a positive outcome. 
Providers should adopt an easyto understand 
approach and use frameworks for facing hesi
tancy, those based on the principles of good 
risk communication practices. 4step 
Framework for Communicating Science: 
Making the CASE for Vaccines presents such 
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an approach from the University at Albany’s 
School of Public Health.

 z 4-step Framework for Communicating 
Science: Making the CASE for Vaccines

Corroborate: – Acknowledge the parents’ 
concern and find some point on which you 
can agree. Set the tone for a respectful, suc
cessful talk.

About me: – Describe what you have done to 
build your knowledge base and expertise.

Science: – Describe what the science says.

Explain/advise: – Give your advice to the 
patient, based on the science.

Example: – “I want to spread out the shots so 
they won’t overwhelm my child’s immune 
system.”

Corroborate: – Children today certainly have 
more shots than years ago.

About me: – Our practice follows the national 
schedule because it is carefully designed to 
protect children at the time they are most 
vulnerable to disease. I recently returned 
from a meeting, or I served on a committee, 
that reviewed the schedule…

Science: – Although children undergo more 
shots today, they actually receive fewer anti
gens than when they had fewer shots, because 
technology has enabled us to make vaccines 
that have only the part of  the cell that induces 
immune response. Plus, the immunological 
challenge from a vaccine is nothing com
pared with what kids fight off  every day. An 
ear infection is a greater immunological chal
lenge (“Drop in the ocean”).

Explain: – We want all the kids in our practice 
to be immunized so that they have the great
est chance of  a long, healthy life. My own 
children are fully vaccinated.

Providers are advised to communicate the 
roles and responsibility that the hesitant par
ent/patient needs to take on if  they choose not 
to vaccinate and to convey that as a health 
professional he or she is uncomfortable with 
the parent/patient’s decision, emphasizing 
that it is against the overwhelming scientific 
consensus. How the healthcare provider intro
duces immunization at a visit also matters. 

Taking a presumptive approach, e.g., “Tom is 
due his vaccinations today,” as opposed to a 
participatory one, e.g., “what do you want to 
do about vaccinating Tom today?” may also 
affect the likelihood of immunization accep
tance; however, more research is required on 
this approach. For a very worried hesitant 
parent/patient, the provider should consider 
how to find and present extra evidence, infor
mation, and narratives and how to dedicate 
more time, possibly through followup 
appointments. Consider using images and 
other ways of explaining risks, avoiding jar
gon and sticking to the facts. At all costs, the 
provider must maintain the relationship. Par
ent/patients who are dismissed or feel alien
ated ultimately find a source, possibly a 
provider, who supports and agrees with their 
decision not to vaccinate.

4.4.5  Role of the School

Reaching parents of today and tomorrow by 
educating pupils (and their parents) in school 
settings may significantly boost immunization 
acceptance and resilience of communities. 
Although little evidence has been generated 
from vaccination education in school settings, 
there is evidence that in other areas such as 
alcohol and substance abuse, sexual and 
reproductive health, nutrition, and bullying, 
curricula have shaped beliefs, including the 
successful development of “Health Promotion 
schools” under the WHO’s Global School 
Health Initiative. In general, schools provide 
an important setting for health promotion, 
with the potential to reach over one billion 
children worldwide and through them, school 
staff, families, and whole communities. 
Providing education on vaccines and immuni
zation in school settings can help children to 
develop informed critical thinking and 
decision making skills, provide knowledge 
about vaccinations, promote positive attitudes 
toward immunization, and help to prepare 
them to make informed choices as parents/
patients in the future and be more resilient in 
the face of antivaccine misinformation, 
including influencing healthrelated behaviors 
of the teachers. Pupils around the age of 
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10 years might be selected as a starting point 
as they have the cognitive maturity and ability 
to understand the complexity of the immune 
system and think beyond the concrete con
cepts. There are few immunization examples 
to share, but inclusion of digital learning 
material, “edutainment,” and “gaming,” 
through which teachers and/or parents can 
guide students to make their own scientific 
discoveries and witness and understand the 
history of vaccines, could be adapted from 
methods used for delivery of other health and 
social development curricula. Just as educa
tion on the environment and ecology has 
shaped a generation’s perception of climate 
change, so can immunization perceptions be 
shaped.

4.4.6  Role of the Internet

For active seekers of  information, the 
Internet is an important channel that is grow
ing in terms of  its reach and influence on 
vaccination decisions. In Europe, reliable, 
trustworthy, easytounderstand webbased 
information on vaccinepreventable diseases 
and the benefits of  vaccines is often not avail
able, is difficult to find, or is not in a language 
that is helpful. Programs have a responsibil
ity to address this and to offer parent/patients 
and providers a website that is well managed, 
well resourced, reviewed (format and con
tent), and regularly updated with qualified 
and wellreferenced information. Preferably, 
these sites should include a mechanism where 
user feedback and interaction are accommo
dated – such as a question–answer function. 
The WHO Global Advisory Committee on 
Vaccine Safety (GACVS) has compiled a list 
of  websites that provide information on vac
cine safety and follow good information 
practices. GACVS developed four categories 
of  criteria for good information practices – 
regarding credibility, content, accessibility, 
and design to which sites providing informa
tion on vaccine safety should adhere. 
Programs are recommended to consider the 
VSN project when establishing their website 
and to become a member by meeting the cri
teria.

4.5  Pain Management

Immunizations are the most commonly recur
ring healthrelated procedure undertaken in 
childhood and the one most associated with 
needles. For many children, these procedures 
can cause unnecessary stress and anxiety, 
which, if  not mitigated, can lead to longterm 
nonadherence with recommended healthcare 
interventions and missed immunizations. For 
parents, vaccination sessions can be stressful 
and involve strong emotional reactions from 
both the infant/child and the parent. Providers 
are recommended to familiarize themselves 
with the WHO position paper Reducing pain 
at the time of vaccination (September 2015) 
and consider some of the practices proven to 
reduce pain and anxiety. These include, but 
are not limited to, techniques to position the 
child differently or to distract the child. In 
addition, topical local anesthetic is very effec
tive; however, it was not included in the guide
line as it was not readily accessible in 
lowincome countries, but is recommended in 
Canada’s guideline.

4.6  Conclusion

It is evident that the immunization enduser’s 
experiences and perceptions have been under
valued and consequently underresearched. 
Without understanding these, in addition to 
the practical and structural barriers to vacci
nation that people face, immunization pro
grams continue to struggle to equitably extend 
the benefits of vaccination to protect popula
tions throughout the course of life and across 
all sectors of society.

There is no strong evidence to recommend 
any specific intervention for addressing vaccine 
hesitancy/refusal. Multipronged programs and 
community and individuallevel strategies, 
including innovative new methods, should be 
considered. Interventions should be based 
upon a degree of audience insight and take into 
consideration both supplyside modification 
and parent/patient behavior change, address
ing more than a knowledge deficit in address
ing hesitancy or suboptimal demand. 
Interventions should be tested according to the 

 R. Butler



39 4

target population, the context within which the 
intervention is to take place, and the degree to 
which interventions can be tailored. At best, we 
can be moderately confident in the strategies 
presented in this chapter, as little research has 
been conducted into strategies and very few 
have been evaluated, suggesting that immuni
zation programs might still require focus.

The attention to demandside factors, 
themselves at least the counterbalance to 
supply side issues, and acknowledgement of 
the value of  behavioral and community 
insight to direct and inform policy and strat
egy are necessary developments in Europe. 
However, it is apparent that immunization 
program delivery in Europe has some way to 
go before it becomes peoplecentric: designed 
to meet the needs of  the endusers and 
responsive to evolving parent/patient and 
provider expectations of  immunization ser
vice delivery.
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5.1  Introduction

The exponential evolution of scientific knowl-
edge during the first half  of the twentieth cen-
tury led to the emergence of new and improved 
ways of producing vaccines. Vaccines were 
produced from cultivating the pathogens, but 
this has not always been possible in sufficient 
quantities. The rise of molecular biology and 
a better understanding of the key components 
of immune protection have allowed the devel-
opment and production of what is known as 
recombinant antigens. Most, if  not all puri-
fied and recombinant antigens, require to be 
effective the addition of what is known today 
as adjuvants. They are an important part of 
the development of improved or new vaccines 
against infectious diseases, alongside DNA or 
vector-based vaccines, and may be required 
with oligonucleotide-based vaccines if  not 
self  adjuvanted.

5.2  Definition of Adjuvants

An adjuvant, from the Latin word adjuvare 
meaning to help or aid, is a substance used to 
improve a vaccine’s immune response by accel-
erating, prolonging, or enhancing the immune 
responses specific to the vaccine antigen(s), in 
particular by increasing mean antibody (Ab) 
titers of the population being immunized.

It is clearly accepted today that all current 
whole, attenuated, subunit, purified recombi-
nant protein and peptide vaccines are adju-
vanted endogenously (part of the pathogen) 
or exogenously (added to the antigen formula-
tion).

Indeed, during this evolution moving from 
whole killed or attenuated pathogens to par-
ticulate vaccines, combined with the tools of 
modern biotechnology, vaccines have not only 
seen an increased safety and lowered reacto-
genicity profile but also the loss of many of 
immunological stimuli needed to trigger an 
effective immune response. For these vaccines, 
adjuvants became an important tool to ensure 
efficient and lasting immune response.

Until the early 1980s, adjuvantation sci-
ence was limited to the use of aluminum salts. 

Following the emergence of HIV and the fol-
lowing attempts to develop HIV vaccines, it 
appeared that aluminum salts were not 
enough to induce a protective immune 
response when combined with recombinant 
antigens. This revived the interest in adju-
vants, and over the past 30  years, there has 
been an exponential growth of information 
regarding pattern recognition receptors 
(PRRs) that can activate leukocytes and 
thereby enhance immune responses.

When properly designed, selected, and 
combined with the relevant antigen(s), adju-
vants can enable the appropriate and long- 
lasting immune response required to protect 
against the disease, with a safety profile 
acceptable in the targeted population. To date, 
no combination of recombinant antigen and 
adjuvant has demonstrated the ability to 
induce a CD8 immune response in naive 
human subjects, and adjuvants that enhance 
CD4 T cell responses are critical for durable 
vaccine immunity.

The understanding of the mode of action 
of adjuvants has greatly benefited from the 
discovery of pathogen-associated molecular 
patterns (PAMPs) and their associated recep-
tors (Toll-like receptors [TLRs], nucleotide- 
binding oligomerization domain [NOD]-like 
receptors [NLR]) and inflammasome compo-
nents and has been critical to the understand-
ing of the link between innate and adaptive 
immunity and the associated pivotal role of 
dendritic cells. Despite these advances, a ratio-
nal design approach would clearly benefit 
from a better understanding of the roles of 
innate and adaptive immunity and their 
impact on vaccine safety and immunogenicity.

5.3  Adjuvants in Vaccines

New vaccines based on recombinant antigens 
and adjuvants have put vaccine formulation at 
the center of vaccine development. Chemical 
structure, physicochemical characteristics, 
stability, the nature of the induced immune 
response, the impact on innate immune 
response, and the mode of action are key for 
their evaluation and use.
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To date, there are nine different adjuvants 
present in licensed adjuvanted vaccines. 
Amongst those, seven are licensed for use in 
pediatric populations (. Table 5.1).

5.4  Aluminum Salts

The evaluation and use of aluminum salts in 
vaccines emerged in 1921 when a diphtheria 
vaccine based on inactivated diphtheria toxin 
(toxoid) was shown to be protective against 
diphtheria toxin. In 1926, aluminum precipi-
tation was shown to enhance antibody 
response to diphtheria toxoid in guinea pigs, 
and in 1932 it was shown that alum enhances 
response to diphtheria toxoid immunization 
in humans. In 1939, Al-hydrogel became com-
mercially available, and since then, several bil-
lions of aluminum-containing vaccine doses 
have been used around the world. Several 
types of aluminum salts have been developed. 
They are particulate in nature and are differ-
ent with regard to their surface charge, allow-
ing effective adsorption of the antigen 
depending on its point of zero charge (pH at 
which the antigen has a neutral charge). The 
antigen adsorption increases the specific 
immune response and the antigen stability. 
Aluminum adjuvants are present in most of 
the currently licensed vaccines (. Table 5.2). 
Although aluminum-containing vaccines are 

licensed across the world, the amount of Al 
present in a vaccine can vary depending on 
the country considered (. Table 5.3).

The mode and mechanism of action by 
which aluminum salts have an impact on the 
human immune system are not fully deci-
phered and appear to be both direct and indi-
rect. Through the transformation of antigens 
into a particulate through their adsorption on 
aluminum salts, antigen interaction with 
antigen- presenting cells (APCs) and macro-
phages is optimized compared to a soluble 
antigen formulation. To date, various possible 
mechanisms of action have been described 
(. Table 5.4).

Aluminum salts have the longest and larg-
est safety track record of all adjuvanted vac-
cines, with more than three billion vaccine 
doses used during the past 80 years and a posi-
tive risk–benefit ratio. Focal histological 
lesions were observed in vaccinees with diffuse 
muscular symptoms that included persistent 
myalgias, arthralgias, and persistent fatigue. In 

       . Table 5.1 Adjuvants in vaccines licensed for 
pediatric populations

Alumi-
num salts

Phosphate 
or hydroxide

D, T, Pa, Hib, HBV, 
HAV, IPV, pneumo-
coccus, HPV

Emul-
sion

MF59 Seasonal influenza

AS03 Pandemic influenza 
H1N1 and H5N1

AF03 Pandemic influenza 
H1N1

Lipo-
somes

Virosomes Seasonal influenza

Combi-
nation

Aluminum + 
MPL

HPV

       . Table 5.2 Aluminum-containing vaccines 
licensed for pediatric vaccines

Adjuvant Vaccine

Alum: aluminum 
potassium sulfate
Alhydrogel: 
aluminum hydroxide
Adju Phos: 
aluminum phosphate
Proprietary 
aluminum hydroxide 
and phosphate

DTaP (pediatric 
diphtheria, tetanus and 
acellular pertussis)

DTaP, polio and 
Haemophilus influenzae 
type b

DTaP, polio, Haemophi-
lus influenzae type b and 
hepatitis B

Hepatitis A

Hepatitis B

Hepatitis A/B

Human papillomavirus-
 6/11/16/18

Influenza (H5N1)

Pneumococcus 
(conjugated)

This is not an exhaustive list; it focuses on the USA 
and Europe
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the approximately 130 cases observed, these 
lesions were identified as macrophagic myofas-
ciitis (MMF). Intracytoplasmic inclusions in 
the infiltrating macrophages have been identi-
fied as containing aluminum by electron 
microscopy, microanalysis, and atomic adsorp-
tion spectroscopy. There is no established rela-
tionship between the presence of aluminum 
and MMF and the clinical symptoms, how-
ever. The Vaccine Safety Advisory Committee 
of the World Health Organization (WHO) 
reviewed MMF during a meeting in 1999 and 
found no basis for recommending a change in 

vaccination practices (vaccine selection, sched-
ule, delivery practices, or information on alu-
minum-containing vaccines). Studies have 
been undertaken since then, to evaluate the 
clinical, epidemiological, and basic science 
aspects of MMF.  Although it is recognized 
that aluminum salts may be found months or 
years later at the intramuscular injection site 
after vaccination, to date, no link has been 
clearly established with the MMF syndrome.

5.5  Emulsions

Since the development of Freund’s adjuvant, 
numerous emulsions have been evaluated in 
human. Water-in-oil emulsions (emulsified 
water droplets in a continuous oil phase) have 
been removed from testing following unac-
ceptable reactogenicity (cysts at the injection 
site) and a lack of formulation reproducibil-
ity. The development of alternative emulsions 
(oil-in-water where oil droplets are in a con-
tinuous aqueous phase) was then undertaken. 
They represent the class of emulsion currently 
licensed in pediatric vaccines. They are made 
of particles of less than 200 μm (allowing for 
sterile filtration), are made of metabolizable 
naturally occurring oils such as squalene, and 
are stabilized by nonionic surfactants such as 
Tween 80 and Span 85. They have been shown 

       . Table 5.3 Limits of  elemental aluminum 
(Al3+), reported per human dose

Region Reference/product Limit 
(Al3+) mg/
dose

USA 21CFR Part 610 “General 
Biological Products 
Standards”

0.85

EU European pharmacopoeia 
“Vaccines for Human 
Use”

1.25

WHO WHO technical report 
series

1.25

China DTPa 0.17–0.26

Diphtheria vaccine 
adsorbed

0.52

Tetanus vaccine adsorbed 0.52

Diphtheria and tetanus 
combined vaccine, 
adsorbed

0.43

HAV 0.60

HBV 0.18–0.31

Japan Adsorbed purified 
pertussis

0.15

Adsorbed diphtheria- 
purified pertussis-tetanus

0.15

HPV 0.42–0.58

Recombinant adsorbed 
hepatitis B vaccine

0.325

India HBV 1.25

DTP 1.25

       . Table 5.4 Mode of  action of  aluminum

Crystalline alum 
binds lipids on the 
surface of DCs

Cellular activation 
cascade triggering an 
immune response

Directly or indirectly 
triggers innate 
immunity through 
activation of 
inflammasome 
complexes

Likely nucleotide-binding 
oligomerization 
(NOD)-like receptor 
(NLR)-mediated effect is 
still present in MyD88 
and TRIF in knockout 
mice

Induces cell death, 
which modulates the 
environment towards 
an enhanced adaptive 
immune response

Damage-associated 
molecular pattern release, 
such as uric acid and 
dsDNA, act as autolo-
gously derived autoadju-
vants
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to enhance antibody responses and allow for 
antigen dose sparing particularly seasonal 
and pandemic influenza vaccines, using MF59 
(Fluad, Focetria), AS03 (Pandemrix), and 
AF03 (Humenza) as adjuvants. Oil-in-water 
emulsion can have a deleterious effect on 
 antigen stability depending on the nature of 
the antigen and has not yet been shown to 
improve antigen stability. Their mechanism of 
action may vary depending on the emulsion 
considered. Post H1N1pdm09 vaccination, 
reports of narcolepsy caused great concern. 
Narcolepsy was observed following the use of 
ASO3 adjuvanted H1N1sw vaccine in several 
European countries, including Sweden, 
Finland, and the UK. The current hypothesis 
points towards a role of a CD4 T cell mimicry 
sequence in the nucleoprotein and neuramini-
dase proteins of A/H1N1pdm09. The role of 
ASO3 adjuvant cannot be excluded. The 
H1N1pdm09 vaccine is recommended for 
individuals above 20  years of age by EMA, 
but is not in use anymore (see 7 Chap. 14).

5.6  Virosomes

Virosomes are liposome-based formulations 
that can incorporate hydrophobic compo-
nents within their membrane and hydrophilic 
ones as a cargo within the particle internal 
volume. They can act both as antigen carrier 
and adjuvant through the incorporation of 
immunomodulatory molecules.

In the case of Inflexal (seasonal influenza 
vaccine), the virosomes are made up of empty 
influenza virus envelopes that present the HA 
antigen within their membranes.

The mode of action of virosomes is not yet 
understood. It is, however, hypothesized that 
it relies on binding to macrophages and APC 
membranes, leading to the engagement of the 
innate and adaptive immune mechanisms.

5.7  TLR4 Agonists and Adjuvant 
Systems

At the forefront of PRRs are detoxified con-
geners of endotoxin that stimulate TLR4. 
Present in Cervarix, one of the human papil-

loma virus vaccines, it is derived from lipo-
polysaccharide, the Salmonella minnesota 
lipopolysaccharide, through a specific process 
that allows for a very significant reduction of 
its pyrogenicity (2–3 log) while retaining its 
adjuvant effect. In this vaccine, monophos-
phoryl lipid A (MPL) is combined with alu-
minum hydroxide and is known as AS04 
adjuvant. Its mode and mechanism of action 
have been thoroughly evaluated. The efficacy 
and safety report in the target population has 
allowed for vaccine registration worldwide, 
making AS04 the first adjuvant, other than 
aluminum salts, to be present in a licensed 
vaccine in the USA.

5.8  Additional Adjuvants 
in Development

Building on the successful results obtained 
with MPL, and a better understanding of the 
mechanisms of action of the current immuno-
modulators, a number of additional adjuvants 
are being evaluated in the context of various 
vaccines.

5.8.1  Defined Agonists of PRRs

Numerous PRR agonists targeting TLRs, 
NOD-like receptors, or retinoic acid- inducible 
gene (RIG)-like receptors have been evaluated 
in adult human clinical trials. Several TLR 
agonists such as double-stranded ribonucleic 
acid (dsRNA), flagellin, single-stranded 
RNA, or CpG have demonstrated different 
levels of activity. Several have also been shown 
to be capable of inducing an effective immune 
response in animal models, including mucosal 
adjuvants. Those capable of targeting the 
endosomal compartment have demonstrated 
the most robust impact on cellular immunity 
so far.

5.8.2  Saponins

As most of the adjuvants used or developed 
for human vaccines have shown strong local 
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reactogenicity, efforts have been undertaken 
to purify out from the mixture a specific mol-
ecule (QS21) that presents the optimum ratio 
between adjuvant effect and low local 
 reactogenicity. This, however, was not suffi-
cient to fully abrogate the lytic activity 
observed, and improvement through formula-
tion was developed. The ability of Quil-A 
saponins to interact strongly with cholesterol 
was the cornerstone of the two formulations 
that were developed: one, known as ISCOMs/
ISCOMATRIX, uses specific fractions of 
Quil-A; the other uses specific cholesterol-
containing liposomes that are able to com-
pletely quench the lytic activity while retaining 
the adjuvant activity. This later adjuvant com-
bined with MPL is known as AS01 and is 
present in the malaria candidate vaccine 
RTS,S, as well as the recombinant zoster vac-
cine. AS01 acts through the TLR4 activation 
capability of MPL and increases APC recruit-
ment and activation, leading to a stronger and 
more persistent immune response.

5.8.3  Particulates

The use of particulates in vaccines goes back 
to the early 1920s when G. Ramon, then at the 
Pasteur institute, developed a method of 
increasing the production of hyperimmune 
sera while avoiding the frequent abscesses 
observed in horses after toxoid administra-
tion. It is the adsorption of antigens on those 
particles that increases the immune response 
(the principle used for aluminum salts) and 
decreases or prevents abscesses by the con-
comitant adsorption of endotoxins. 
Biodegradable polymers (such as polylactic, 
polyglycolic) have been extensively explored 
with the hope of designing nano- or mic-
roparticles, where the antigens could be 
entrapped within or adsorbed on their sur-
face. This should allow for a slow release of 
the antigens, leading to a single-shoot vaccine 
approach. Those polymers, however, due to 
their sensitivity to hydrolysis, need to be 
lyophilized and kept in a humidity-controlled 
environment until use.

Recent advances in polymer synthesis and 
particle engineering have allowed for the 

development of delivery systems with defined 
size, shape, and components, allowing for an 
approach tailored to the antigen to be deliv-
ered and cell or cell compartment to be tar-
geted. This has the potential for a rational 
design approach to the field of vaccine deliv-
ery systems.

5.9  Specific Needs for the Pediatric 
Population

Today, pediatric populations are the primary 
beneficiary of vaccination, whereas most 
adjuvant research and development is done 
for vaccines to be used in older populations. 
As many of the adjuvants described above can 
have a varying impact on immunogenicity and 
reactogenicity when applied to younger popu-
lations, a better understanding of the immune 
status and its evolution across ages, in addi-
tion to the impact of adjuvants in those set-
tings, is critical to understand how adjuvants 
may be best used in children.

5.9.1  Immunogenicity

The emergence and development of new tools 
first applied to drug discovery such as medici-
nal chemistry for the design and synthesis of 
molecules tailored to the need for early life 
immunity, their evaluation in high- throughput 
models based on infants’ leukocytes, and their 
optimization through modern computational 
algorithms can reasonably be seen as the next 
step toward the rational design of adjuvants 
for all target populations, including pediatrics.

The evaluation of a vaccine’s immunoge-
nicity and efficacy in animal models predictive 
of infant human populations can be expensive 
and unpredictable. In vitro approaches, which 
have the potential to accurately reflect the 
in vivo activity of those adjuvants in the target 
population, would allow for a rational design 
and selection of the adjuvant to be used and a 
focused preclinical evaluation. Given the leaps 
that are being made today, both in fundamen-
tal science and in technology development 
such as organ on a chip, these approaches may 
be a reality in the near future.
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5.9.2  Reactogenicity

A key concern regarding adjuvanted vaccine 
development is reactogenicity, i.e., the ability 
of a formulation to cause acute inflammatory 
events locally or systemically (such as fever). 
Their optimization may require adaptations 
such as modifying their pharmacokinetic 
properties to affect their biodistribution or 
tailoring the formulation to ensure co- delivery 
of the antigen(s) and adjuvant to the same 
APC. The discovery of biomarkers as surro-
gate markers of in vivo reactogenicity would 
allow for the rational screening of potential 
candidates and accelerate the selection of the 
optimal candidate for a specific vaccine.

 Vaccines and Adjuvants
The emergence of  SARS-CoV-2, its speed of 
spread, and case fatality in specific popula-
tions have prompted a fast track develop-
ment of  candidate vaccines. To date tens of 
vaccines are in clinical trials, based on classi-
cal technology platforms (recombinant anti-
gens and adjuvant, attenuated or killed 
pathogens vaccines) or more pioneering ones 
such as mRNA and live vectors. Three vac-
cines are being developed based on the spike 
protein S adjuvanted with AS03, CpG or 
matrix adjuvant. Matrix adjuvant is a sapo-
nin lipid particle- based adjuvant which is 
combined to a subunit S protein in Novavax 
NVX-CoV2373 vaccine. It has demonstrated 
an 89.3% efficacy against the primary and 
England strains and a protection of  60% 
against the South African variant. Two other 
recombinant antigen vaccines based on S 
protein (Sanofi Pasteur and Medicago) are 
using AS03 (or matrix for Medicago). Both 
vaccines are in PIII clinical trials. It will be of 
value to see if  when using AS03 adjuvant the 
immune response induced will allow for a 
broader protection against the emerging 
variants.

To date, mRNA vaccines have demon-
strated their ability to be produced and deliv-
ered faster than any current platforms. 
Long-lasting protection as well as reactoge-
nicity profile is still to be established, and one 

cannot exclude that addition of adjuvant will 
be needed.

5.10  Conclusion

The emergence of new diseases that can affect 
populations of all ages worldwide, in addition 
to the re-emergence of childhood diseases, 
needs to be tackled using new or improved 
technologies. Adjuvants have been, for the 
past decades, one of the most promising 
advances in the development of new or 
improved vaccines. They have been developed 
and tested to a large extent for and in the adult 
population. Little has been done to specifi-
cally design adjuvants that are best suited to 
pediatric populations, in part because of the 
less advanced understanding of the pediatric 
immune system and the challenges posed by 
the small size of infants.

Given the evolution of knowledge and 
technologies observed during the last few 
decades, it is possible today to envision the 
identification of biomarkers predictive of bet-
ter safety and immunogenicity that allow for 
their targeted use in pediatric populations 
when and where needed.
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6.1  Live Viral Vaccines

In general, the use of live-attenuated vaccines 
is contraindicated or not recommended dur-
ing pregnancy based on a theoretical risk of 
transmission of the virus through the placenta 
resulting in an infection of the fetus.

Live attenuated rubella vaccine virus can 
cross the placenta but is not known to cause 
congenital rubella nor, in fact, any symptoms 
in the fetus or newborn. Nevertheless, rubella 
vaccine is contraindicated in pregnancy. Single 
rubella vaccine is no longer available, but the 
same applies for MMR (measles-mumps- 
rubella) vaccine although the measles and 
mumps components are not known to pass 
transplacentally. If  MMR vaccine is indicated 
for women of childbearing age, pregnancy 
should be excluded before vaccine administra-
tion, and contraceptive precautions should be 
advised for 1 month following vaccination.

However, if  MMR vaccine is given inad-
vertently, no specific measures need to be 
taken. The vast clinical experience of inadver-
tent administration of rubella and MMR vac-
cination suggests that these vaccines will not 
cause any harm to the fetus.

Live attenuated varicella and MMRV vac-
cines should be treated like MMR, i.e., not 
given in pregnancy but, if  given accidentally, 
no specific measures taken.

Live intranasal influenza vaccine should 
not be given in pregnancy, while non-live vac-
cine is widely recommended.

6.2  Tetanus Immunization

Maternal and neonatal tetanus is an impor-
tant cause of maternal and neonatal morbid-
ity and mortality. Neonatal tetanus was 
estimated to be responsible for 787,000 deaths 
globally in the early 1980s. Therefore, the 
WHO (World Health Organization) launched 
the Maternal and Neonatal Tetanus 
Elimination program in 1989.

WHO recommends that unimmunized 
pregnant women or pregnant women without 
documentation of previous tetanus vaccina-
tion should receive two doses of tetanus tox-

oid at least 4  weeks apart. The first dose 
should be given as early as possible during 
pregnancy, and the last dose should be given 
at least 2 weeks prior to delivery.

The program has been a great success: in 
2001, it was estimated that the mortality had 
fallen to 180,000 deaths annually and in 2018 
to only 25,000.

The vast experience accumulated in the 
global effort to eliminate neonatal tetanus by 
vaccination during pregnancy provides valu-
able evidence of general safety of non-live 
vaccines in pregnant women and in this way 
has been part of the foundation for current 
immunizations in pregnant women with Tdap 
vaccines in Europe and elsewhere.

6.3  Pertussis Immunization

Infant immunization program in Europe 
starts at 2 or 3 months of age, and protection 
is insufficient after one dose. Thus, infants 
remain susceptible to pertussis for several 
months at the age when pertussis is most dan-
gerous. With the introduction of acellular per-
tussis vaccines, the immunity level in young 
people surrounding the newborn, and indeed 
in young mothers, will be lower than before 
and the risk to newborn infants of severe per-
tussis even greater.

In the UK, a resurgence of pertussis in 
newborns with an increase of deaths was 
observed in 2012, and the authorities 
responded quickly by offering vaccine to preg-
nant women. The program has been highly 
successful and had reached around 80% cov-
erage. The program has successfully prevented 
pertussis deaths in neonates, and the only two 
reported pertussis deaths where vaccine was 
used were in infants of mothers immunized 
only shortly before delivery (. Fig. 6.1).

Immunizing pregnant women with a teta-
nus, diphtheria, and acellular pertussis (aP) 
(Tdap) vaccine results in an increase in 
pertussis- specific antibodies in the pregnant 
women. Since these pertussis-specific antibod-
ies wane quite rapidly, Tdap immunization is 
recommended in every pregnancy to augment 
the transport of antibodies across the pla-
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centa towards the fetus and to maximize pas-
sive neonatal immunity.

The presence of high levels of maternal 
antibodies induced by vaccination during 
pregnancy is associated with a modulation of 
the infant immune responses to childhood 
vaccination, a phenomenon called interfer-
ence or blunting. Administration of Tdap 
during pregnancy results in a modulation of 
the infant immune response to their own rou-
tine childhood immunization, including per-
tussis, diphtheria, tetanus, and antibody 
responses to pneumococcal vaccines. Recent 
studies have shown that this modulation of 
the infant immune response did not result in a 
reduction of the percentage of children with 
seroprotective antibody levels, nor in an 
increase of the incidence of infectious dis-
eases later in life. Therefore, clinical conse-
quences of this modulation are highly unlikely.

While the UK program aims to prevent 
infant pertussis, in practice a Tdap-polio com-
bination vaccine, such as Boostrix-IPV, is 
given to pregnant women. Other countries, 
notably Belgium in 2013, have followed the 

UK model and started vaccination of preg-
nant women with combination vaccine. 
However, Europe is divided in this regard, and 
the majority of countries do not (yet) recom-
mend pertussis vaccination of pregnant 
women.

In the USA, a CDC-conducted case- 
control study showed that Tdap vaccination 
in the third trimester of pregnancy has a vac-
cine efficacy of 90.5% (CI 65.2–97.4%) for 
prevention of pertussis-associated hospital-
izations in the newborn. This has led to a 
CDC recommendation that all mothers get a 
Tdap vaccination between 27 and 36 weeks of 
each pregnancy.

6.4  Influenza Vaccination

With the emergence of  H1N1pdm09 pan-
demic, it was soon recognized that swine flu 
was serious and more often fatal in pregnant 
women. When monovalent H1N1pdm09 vac-
cines became available in late 2009, they were 
recommended and given to pregnant women 
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to protect them against severe pandemic 
influenza. Several studies were conducted on 
safety and efficacy of  this practice, and it was 
confirmed that the vaccine protected preg-
nant women and was not only safe for the 
fetus but actually decreased fetal complica-
tions.

Meanwhile, in 1998, Neuzil and cowork-
ers had already shown that influenza vacci-
nation reduces the risk of  severe 
complications of  seasonal influenza in preg-
nancy. This had already led to consideration 
of  influenza vaccination of  pregnant women, 
and the good experience of  H1N1pdm09 
vaccination formed another stimulus for the 
US ACIP in 2010 to reinforce recommenda-
tions for influenza vaccination for all women 
who are pregnant during influenza season. 
In 2012 WHO stated that influenza vaccina-
tion of  pregnant women is a “highest prior-
ity.” Several European countries have 
adapted the recommendation, and others 

may follow as there is no clear opposition to 
this recommendation in contrast to pertussis 
vaccine.

Influenza vaccine can be given during any 
trimester of pregnancy. Influenza vaccination 
reduces the risk of prematurity and the risk of 
low birth weight.

Influenza vaccination for pregnant women 
has also been documented to protect infants 
against influenza up to 6  months of age 
(. Fig. 6.2). This is of particular importance, 
because young infants are a high-risk group 
for influenza deaths and there is no influenza 
vaccination policy in sight for direct protec-
tion of infants younger than 6 months of age.

6.5  Future Prospects

Maternal immunization is one option under 
investigation for prevention of severe respira-
tory syncytial virus (RSV)-associated disease 
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in the infant. A proof-of-principle efficacy 
trial was recently published and gives an idea 
of the effectiveness of this approach.

The vaccine that has reached phase 3 trial 
is RSV fusion (F) protein nanoparticle vac-
cine produced in insect cells (Novavax). The 
vaccine contains the epitope that is the target 
of palivizumab monoclonal antibody and 
other epitopes. In the trial about 4500 preg-
nant women were vaccinated between 28 and 
36  weeks of gestation, and infants were fol-
lowed for RSV disease for 90 days and up to 
180 days. In the 90-day follow-up, 3.7% infants 
in the placebo group and 2.1% in the vaccine 
group were hospitalized for RSV-associated 
lower respiratory tract disease (VE 44.4%, 
95% CI 19.6–61.5%).

It remains to be seen if  this level of protec-
tion will be sufficient for licensure. Secondly 
maternal immunization will be compared to 
prevention of RSV disease in the infant by 
new immunoglobulins.

Other vaccines are in development with a 
potential to be given during pregnancy to pre-
vent severe neonatal bacterial infections 
including group B streptococcal vaccine (see 
related chapters in Part IV).
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7.1  Introduction

Neonatal immunization refers to the immuni-
zation of newborns during the first 28 postna-
tal days; however, neonatal immunization 
may also include vaccines used in the first 
2 months of life and immunization practices 
among high-risk neonates, including preterm 
newborns.

Neonatal immunization represents a key 
global strategy in overcoming morbidity and 
mortality due to infection in early life. 
Neonatal immunization will provide early 
protection for neonates and infants, narrow-
ing the critical and vulnerable duration 
between birth and before routine immuniza-
tion schedules begin. With neonatal immuni-
zation, if  an immunogenic response is elicited 
at this early stage, less vaccine doses may be 
required, as there may be a general immuno-
modulatory effect which improves immunity 
from birth until exposure to pathogens. 
Neonatal immunization can be easily imple-
mented, considering that birth is a key point 
of communication with the global health sys-
tem. Neonatal immunizations have not made 
the same progress as maternal immunizations, 
due to certain barriers and risks, including 
weak immunogenicity, safety concerns, and 
hypo- responsiveness to either the same anti-
gen or concomitant antigens administered at 
birth or in subsequent months. The ideal vac-
cine for neonatal period will be delivered 
orally rather than via intramuscular or subcu-
taneous routes at birth (or before 4 weeks of 
age), safely eliciting a strongly protective 
response after a single dose with minimal 
interference with maternal antibodies. As part 
of the subsequent routine infant immuniza-
tion schedule, this response will be sustained 
or easily boosted without developing hypo- 
responsiveness when confronted with the 
same or concomitant vaccine antigens.

7.2  Neonatal Immune System 
and Related Factors

The neonatal immune system is no longer 
considered immature, but rather precisely 
adapted for early postnatal life, developing 

over time through a regulatory process that 
has not yet been well defined. Mohr and 
Siegrist described the neonatal immune sys-
tem as a response to danger signals and anti-
gens characterized by anti-inflammatory 
rather than pro-inflammatory responses, lead-
ing to the preferential differentiation of CD4+ 
helper T cells (Th) to Th2 cells that antago-
nize Th1 cells and cytotoxic responses to 
intracellular pathogens, based on their pro-
pensity to differentiate into immunoregula-
tory cells. Immunological milieu is polarized 
towards Th2-type immunity with dampening 
of Th1-type responses and impaired humoral 
immunity, resulting in quantitatively and 
qualitatively poorer antibody responses com-
pared to older infants. The efficacy of vac-
cines against the tuberculosis, hepatitis B, and 
oral polio is evidence of the concept that neo-
natal immunization can be used effectively.

The neonatal adaptive immune system is 
predominantly composed of naive lympho-
cytes during the intrauterine phase, indicating 
low exposure to foreign antigens. Dynamic 
changes in the maternal and fetal immune sys-
tems are necessary for a healthy pregnancy. 
After birth, the newborn and young infant’s 
immune systems develop to meet the chal-
lenges of tolerance to commensal and immu-
nity to infectious pathogens. The lack of cells 
encountered by antigens confers susceptibility 
to severe pathogens and leaves newborns reli-
ant on their innate immune system. Functional 
deficiency in antigen-presenting cells is also 
demonstrated by innate immunity: the expres-
sion and signaling of toll-like receptors 
undergo maturational changes associated 
with different functional responses. This 
mechanism is biased against the activation of 
cytokine polarization of T helper 1 (Th1) 
cells, which is essential in preventing 
 alloimmune reactions or excess anti- 
inflammatory reactions between mother and 
fetus but increases susceptibility to many viral 
and bacterial pathogens. In order to prevent 
the identification of the developing fetus as an 
allograft by the maternal immune system, the 
neonatal immunological environment is 
skewed towards T helper 2 (Th2) immunity, 
which poses a significant obstacle to vaccina-
tion during the neonatal era. Responses to 
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two main threat pathways in neonates, toll- 
like signaling of the receptor and interleukin 
(IL)-1/inflammasome pathways, are damp-
ened and fail to induce potent pro- 
inflammatory responses, including IL-12p70, 
Th1 master cytokine, and cytotoxic responses. 
The low responsiveness of neonatal T cells to 
toll-like receptor and IL-1/inflammasome 
pathways has an impact on the intrinsic abil-
ity of T cells to respond to vaccines and 
pathogens. B-cell intrinsic and extrinsic fea-
tures/limitations affect early-life humoral 
responses, but they are largely regulated by 
extrinsic factors. After birth, follicular den-
dritic cells grow slowly, delaying germinal cell 
formation, and bone marrow stromal cells 
have inadequate survival factors, such as a 
proliferation-inducing ligand. A major limit-
ing factor for the growth of early-life germinal 
complex responses is the expansion of T fol-
licular helper cells.

The quality and quantity of early infant 
antibody response are determined by several 
factors, including the stage of infant immune 
system development, the type of vaccine and 
its intrinsic immunogenicity, the number of 
doses and intervals between doses, and the 
effect of maternal antibodies. Most of the 
serum immunoglobulins of the newborn are 
derived from the transfer during the third tri-
mester of pregnancy of maternal immuno-
globulin G (IgG) through the placenta. 
Neonates and infants have a limited antibody 
repertoire, can produce suboptimal antibody 
responses to certain polysaccharides and pro-
tein antigens, and may demonstrate the lim-
ited persistence of these antibodies. The 
pathway of neonatal B-cell differentiation is 
skewed towards memory B cells rather than 
plasma cells. Increasing the placental transfer 
of maternal antibodies can effectively protect 
newborns and babies against such diseases, 
including tetanus, influenza, and pertussis. 
The amount of antibody transferred depend 
on several factors, including gestational age, 
maternal antibody level, type of IgG subclass, 
and placental characteristics. Maternal anti-
bodies may interfere with infant vaccine 
responses, and also breast milk antibodies 
may affect the efficacy of vaccines. Concerns 
about the use of vaccines during the newborn 

period include the limited capacity of neo-
nates to respond to many antigens and the 
potential effects of vaccinations on the 
immune system polarization during prenatal 
and early periods after birth. Immune compo-
nents central to vaccine responses, including 
antigen-presenting cells, B cells, and T cells, 
function differently at birth than later in life. 
The implications of these complex changes on 
the efficiency of immune responses during 
pregnancy and soon after birth remain poorly 
understood. The advent of new technology 
and computational tolls allowing vast and 
complex data sets to be combined opens up 
new ways of understanding the immunobiol-
ogy of the mother-infant dyad.

Maternal cofactors influencing immune 
ontogeny and immune responses in early life 
include chronic maternal infections, nutrition, 
the microbiome, and the levels and specificity 
of maternally acquired antibodies. Vaccines 
currently given at birth provide strong evi-
dence that protective immunity can be induced 
by vaccination and can also inform on the 
potential of neonates to develop specific 
immune responses and on the impact of 
cofactors. There are three maternal factors 
that could theoretically influence the effective-
ness of neonatal immunization: maternal- 
fetal antibody transmission, maternal-fetal 
pathogenic organism transfer, and recurrent 
maternal infections. Genetic variance between 
hosts, in addition to maternal influences, plays 
a key role in the observed variability of early 
responses to neonatal and infant vaccines. 
Another factor influencing the quantity and 
consistency of innate and adaptive responses 
is prematurity. Neonatal immunity and there-
fore vaccine responses often vary greatly 
across various geographical settings. The for-
mation of gut microbiota, considered to be 
crucial for optimal host immune growth, is 
influenced by environmental factors com-
bined with host genetics.

7.3  Neonatal Vaccines

The immunization studies have focused on the 
potential use of existing vaccines during the 
neonatal period, immunization practices in 

Neonatal Immunization



58

7

premature babies, and new vaccines and adju-
vants. The same immune deficiencies that ren-
der newborns susceptible to infection also 
reduce their memory responses to most anti-
gens, thereby potentially frustrating efforts to 
protect this high-risk population. Some vac-
cines have been developed and proven safe 
and effective at birth. Three vaccinations are 
frequently used in neonates: the Bacillus 
Calmette-Guérin (BCG) vaccine, hepatitis B 
vaccines, and the oral polio vaccine (OPV). 
Recently, the use of neonatal rotavirus vac-
cines has also seen some promising results. As 
birth is the most reliable point of health-care 
contact worldwide and effective vaccination at 
birth would provide early protection for new-
borns and infants, expanding and improving 
the available means of neonatal vaccination 
are a global health priority.

7.4  BCG Vaccine

The BCG vaccine (see also 7 Chap. 17) is a 
live attenuated Mycobacterium bovis vaccine 
that is usually administered intradermally 
within the first few days of life in most low- 
and middle- income countries to prevent 
tuberculous meningitis and miliary tuberculo-
sis. Most infants receive the BCG vaccine at 
birth in accordance with World Health 
Organization (WHO) recommendations. The 
BCG vaccine is one of the most commonly 
used vaccines globally, with more than three 
billion people having received this vaccine, 
and the BCG vaccine exhibits an excellent 
safety profile. The protective efficacy of the 
neonatal BCG vaccine is 64–73% against 
meningitis and 77–78% against miliary tuber-
culosis. The effectiveness differs between 
countries, particularly against military tuber-
culosis and meningitis of tuberculosis, reflect-
ing differential exposure to environmental 
mycobacteria, variations of the strain used in 
the BCG preparations, genetic or nutritional 
differences, and environmental factors such as 
exposure to sunlight and poor maintenance 
of the cold chain. The greatest benefit of BCG 
immunization has been observed in regions 
where both the risk of tuberculosis and the 
rates of vaccine coverage are highest.

The effectiveness of neonatal BCG vaccine 
administration has been linked to its ability to 
effectively induce neonatal immune responses 
that are polarized by anti-mycobacterial 
CD4+ T-cell Th1. BCG does not contain any 
exogenous adjuvant but is inherently “self- 
adjuvanted” because Mycobacteria induce 
immune responses via TLR2, TLR4, and 
TLR8. BCG vaccination at birth results in 
neonatal IFN-γ production against mycobac-
terial antigens, and the levels of secreted 
IFN-γ are comparable with adult levels. 
Notably, in early childhood, BCG also influ-
ences the immune response to unrelated anti-
gens, enhancing both Th1- and Th2-type 
responses to other antigens (e.g., HBV and 
oral polio vaccines), possibly due to its effect 
on the maturation of dendritic cells (DC). 
Th1 responses are characterized by CD4+ 
T-cell interferon (IFN)-γ production. For 
combating infections with intracellular patho-
gens and toxin- producing species, enhanced 
neonatal Th1-polarized immune responses 
will be beneficial. Neonatal BCG vaccinations 
have demonstrated non-specific or heterolo-
gous effects against other unrelated infections, 
and it has also been reported to reduce neona-
tal and infant mortalities resulting from unre-
lated diseases. A meta-analysis of three BCG 
vaccine trials showed that early use of the 
BCG vaccine reduced mortality by 38% within 
the neonatal period and 16% by age 12 months. 
Cellular immunity measured at 10 weeks after 
BCG immunization was similar in infants 
administered BCG at birth and in those 
administered BCG at 2 months of age. These 
results suggest that delaying BCG immuniza-
tion might not confer any immunological 
advantage in cellular immunity. Early admin-
istration of the BCG vaccine in low birth 
weight infants is also related to substantial 
reductions in mortality rates. The non-specific 
beneficial effects can also include reduction of 
atopic diseases (see 7 Chap. 17). Although 
the underlying immunological mechanisms 
were not thoroughly elucidated, for these non- 
specific results, two theories were proposed: 
“trained innate immunity” and “heterologous 
immunity.” The capacity of the innate immune 
system to produce immunological memory is 
defined by “trained innate immunity” and 
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thus trained to provide partial defense against 
subsequent infections, independent of classi-
cal T- and B-cell adaptive immunity.

Disseminated BCG infections are a major 
concern regarding the use of the BCG vaccine 
at birth. A disseminated BCG infection is a 
rare complication, occurring in less than one 
per million individuals, mainly those with 
congenital immune deficiencies. BCG vacci-
nation at birth is no longer recommended in 
HIV-positive infants because of the risk of 
disseminated BCG disease, in approximately 
1%, and the limited vaccine efficacy in HIV- 
infected infants.

The BCG vaccine is routinely recom-
mended in Bulgaria, Hungary, Ireland, 
Latvia, and Lithuania at 48 h after birth with-
out tests. In Poland, the BCG vaccine is 
administered within 24 h of birth. In Croatia, 
vaccination is ideally given at the time of hos-
pital delivery; otherwise it should be given 
before 1 year of age. Vaccines in Cyprus and 
Luxembourg are administered only for par-
ticular indications at birth. In the Czech 
Republic, the BCG vaccine is given to babies 
in at-risk groups from the fourth day until 
6 weeks after birth. In Estonia, BCG adminis-
tration is recommended 1 to 5 days after birth. 
In Finland, France, Greece, and Malta, BCG 
vaccines are only given to specific groups at 
risk. In Romania, BCG vaccination is recom-
mended 2 to 7 days after delivery. In Slovenia, 
vaccination is recommended for newborn 
infants of immigrant families who moved to 
Slovenia from countries with a high preva-
lence of tuberculosis in the last 5  years. 
Vaccination is recommended in the UK for 
infants and children who are particularly 
likely to come into contact with tuberculosis 
(see also 7 Chap. 17).

7.5  Hepatitis B Vaccine

Primary prevention through immunization 
remains the most effective strategy for con-
trolling the spread of  the hepatitis B virus 
(HBV). One dose provides ~30–50 percent 
protection in healthy infants, two doses pro-
vide 50–75 percent protection, and three 

doses provide >90 percent infection protec-
tion from HBV.  In the absence of  antigen 
exposure/booster immunization, immunity 
elicited by neonatal/infant HBV immuniza-
tion continues during life (see 7 Chap. 13). 
Regardless of  endemicity, the WHO recom-
mends that the hepatitis B vaccine be given 
uniformly within 24 h of  birth, followed by 
two or three additional doses of  the vaccine. 
The first dose must be given within 7  days. 
The recommended birth dose schedule of  the 
vaccine can eliminate most perinatally 
acquired infections and provide early protec-
tion against horizontal transmission. The 
hepatitis B vaccine induces at least equivalent 
antibody responses in newborns and adults; 
this suggests that the capacity of  the new-
born to develop antibody responses depends 
on the nature of  the immune stimulus. The 
success of  the HBV vaccine schedule con-
firms that, regardless of  the primary anti-
body response, vaccination at birth can elicit 
potent memory B-cell responses that pro-
mote the immunogenicity of  subsequent vac-
cine booster doses. It has been shown that the 
T-cell responses elicited by the HBV vaccine 
differ between newborns and adults; there 
are lower interferon-γ production (reflective 
of  Th1 immunity) but higher Th2 memory 
responses compared to adults in those vacci-
nated at birth. In Europe, the first dose of  the 
hepatitis B vaccine is recommended at 12 to 
24 h after birth in Bulgaria, Poland, Portugal, 
Romania, and Turkey. Hepatitis B vaccina-
tion concurrently with hepatitis B immuno-
globulin is recommended at birth for babies 
born to a mother infected with hepatitis B, 
and initial vaccination is given at birth. In 
2017, the Advisory Committee on the 
Immunization Practices (ACIP) of  the USA 
added monovalent hepatitis B vaccinations 
to all newborns within 24 h of  birth. ACIP 
recommends the hepatitis B vaccine and hep-
atitis B immune globulin within 12 hours of 
birth for infants born to hepatitis B surface 
antigen (HBsAg)-positive mothers. The 
guidelines of  the ACIP include the adminis-
tration of  the hepatitis B vaccine, irrespective 
of  birth weight, if  the status of  the mother 
with HBsAg is uncertain.
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7.6  Oral Poliovirus Vaccine (OPV)

An oral polio vaccine (OPV) is also recom-
mended at birth as part of  routine immuniza-
tion in certain countries. The WHO also 
recommends an OPV dose at birth (called the 
“zero” dose) in polio-endemic countries and 
in areas at high risk for importation and 
eventual spread, followed by a primary 
sequence of  three OPV doses with at least 
one IPV dose. OPV remains the first mucosal 
vaccine received by most newborns. Until 
April 2016, a trivalent OPV formulation was 
used worldwide, at which point it was substi-
tuted during a global coordinated switch 
with bivalent type 1 and type 3 OPV (see 
7 Chap 8).

7.7  Rotavirus Vaccine

A rotavirus vaccine provided at birth may pro-
vide early protection and could maximize the 
opportunity to complete a full vaccine sched-
ule. In the early phase of the development of 
rotavirus vaccine, the use of a neonatal dose 
was investigated but was not followed due to 
concerns regarding legal issues related to 
safety.

The oral human neonatal rotavirus vac-
cine (RV3-BB) has been developed from the 
human neonatal rotavirus (RV3) strain 
(G3P[6]) found in the stools of infants with 
asymptomatic infections. In a phase 2a trial in 
New Zealand, when administered according 
to a neonatal or infant plan, RV3-BB was 
immunogenic and no safety issues were found. 
In Indonesia, a randomized, double-blind, 
placebo- controlled trial of RV3-BB found 
that healthy newborns received three doses 
(neonatal 0–5 days, 8 weeks, and 14 weeks of 
age) and the efficacy of the vaccine was 75%, 
compared with 51% in the child and 63% in 
the neonatal and infant combination groups, 
respectively. RV3-BB has been shown to have 
a vaccine efficacy of 94% at 12 months of age 
and 75% at 18 months of age when adminis-
tered according to the neonatal schedule, find-
ings that support the administration of 
RV3-BB starting from the time of birth.

The implementation of the rotavirus vac-
cine with a birth dose requires co- 
administration with other vaccines where 
available in newborn immunization schedules. 
Cowley and colleagues evaluated the co- 
administration of the RV3-BB and OPV, 
which are administered at birth in many devel-
oping countries. The two vaccines are oral 
vaccines, both of which replicating in the gut. 
Cowley and colleagues found that the 
responses of the poliovirus serum antibody 
and serum antibody titers to poliovirus 1, 2, 
and 3 were similar in newborns receiving 
RV3- BB co-administered with the OPV.  The 
use of RV3-BB in a birth dose strategy is novel 
and has been shown to be effective in develop-
ing countries, but not yet adopted in practice.

7.8  Monovalent Acellular Pertussis 
Vaccine

In developed countries, the majority of deaths 
due to whooping cough occur in the first 
2 months of life. The first clinical trial of the 
neonatal pertussis vaccine started in the 1940s 
but did not proceed due to subsequent con-
cerns regarding immune tolerance and 
reduced responses in the presence of maternal 
antibody. A good safety profile was previously 
demonstrated by immunization within 24 h of 
life with whole cell pertussis or combined with 
diphtheria and tetanus vaccines; however, the 
serological response was suboptimal and a 
decreased response to pertussis boosters was 
recorded in 75 percent of study subjects up to 
5 months of age, regardless of the low mater-
nal antibody titer. Some studies have shown 
decreased responses to vaccines given con-
comitantly with the second dose of the pertus-
sis vaccine. The activation of Th2-polarized 
cellular immune responses can be another 
 disadvantage of pertussis immunization at 
birth. Immunization of neonatal pertussis 
may be suggested in babies born to mothers 
with low levels of Ab, decreased reaction to 
pertussis vaccine, or decreased transfer of 
maternal antibodies. In a randomized clinical 
trial in Australia, immunogenicity and safety 
from the birth dose of the monovalent acel-
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lular pertussis (aP) vaccine were assessed 
between 2010 and 2013  in 440 healthy term 
infants of less than 5 days of age at recruit-
ment. Of the babies receiving the aP vaccine 
at birth, 93.2 percent had detectable antibod-
ies to both PT and pertactin at 10 weeks, while 
50.8 percent had these antibodies in the con-
trol group.

To conclude, a birth dose aP vaccine is safe 
and well-tolerated and results in only nonsig-
nificant decreases in antibody responses to 
some concomitantly administered vaccine 
antigens. Acellular pertussis vaccine adminis-
tration at birth has the potential to decrease 
severe morbidity due to potential of pertussis 
infection in the first 3  months of life, espe-
cially in infants of mothers who have not 
received a pertussis vaccine during pregnancy. 
At this time, the neonatal pertussis vaccine is 
an alternative strategy for infants when their 
mothers have not been vaccinated, although 
maternal vaccination would be a better choice 
(see 7 Chap. 6).

7.9  Pneumococcal Vaccine

There are limited studies about the use of 
pneumococcal conjugated vaccines with a 
birth dose. In Kenya, the use of the seven- 
valent conjugate vaccine (PCV7) at birth (with 
10 and 14 weeks) appears to be safe, and there 
was no substantial difference in the propor-
tion of IgG above the protective threshold for 
each serotype at 18 and 36 weeks compared to 
the routine infant regimen, whereas the geo-
metric mean concentrations for some sero-
types in the birth dose group were lower. 
Response to 36-week boosters and vaccine- 
type/non-vaccine-type carriage prevalence 
were comparable between groups, suggesting 
absence of immunological tolerance after 
schedule including birth dose. PCV7 was 
administered in Papua New Guinea on a 
0–1- 2-month (neonatal) cycle with a 23-valent 
pneumococcal polysaccharide vaccine booster 
at the age of 9 months. Although all antibody 
responses to vaccine forms in the birth dose 
group were not lower than those in the infant 
group at 2  months of age, the infant- 

immunized group typically had higher anti-
body levels over time than the 
neonatal-immunized group. There is also no 
birth dose tolerance for PCV7 in this research. 
However there are no routine recommenda-
tions for birth dose for PCVs.

7.10  Immunization of Premature 
Infants

It is generally recommended that premature 
infants should follow the same vaccination 
schedule that is generally used for full-term 
infants, without correcting for prematurity 
and regardless of birth weight. The routine 
immunization of premature infants, however, 
is frequently delayed because many clinicians 
suspect that these infants’ compromised 
immune systems could substantially suppress 
responses to vaccine antigens and minimize 
the vaccination’s protective effects. Preterm 
infants have lower than normal maternal IgG 
concentrations, resulting in increased suscep-
tibility to infection, including pertussis, pneu-
mococcus, rotavirus, influenza, and RSV. This 
is in part also due to reduced cellular immune 
responses and lower lymphocyte counts, as 
well as lower levels of maternal antibodies. 
Preterm infants are frequently excluded from 
new vaccine prelicensing trials, effectiveness 
studies are almost non-existent, and immuno-
genicity studies contain small numbers, differ-
ent schedules, and different populations with 
differing requirements for inclusion and exclu-
sion, posing a barrier for this group in 
evidence- based decision-making. Preterm 
infants typically have lower antibody concen-
trations after primary vaccinations than full- 
term infants, but proportions achieving 
protective concentrations may be equivalent 
for vaccines for which correlates of protection 
have been described. In these infants, booster 
doses are particularly important. Potential 
post-immunization adverse events, such as 
apnea and major cardiorespiratory events, 
occur more often in preterm infants than in 
full-term infants, but, overall, vaccinations 
are safe in preterm infants who should be 
immunized in accordance with their chrono-
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logical age rather than their adjusted gesta-
tional age.

Numerous differences in vaccine responses 
between premature and full-term newborns 
have been observed. Less than sufficient 
amounts of peptides are secreted by skin, 
lung, and epithelial cells, such as defensins, 
which can alter gene expression, act as chemo-
kines and/or induce chemokine production, 
inhibit the production of pro-inflammatory 
cytokine-induced lipopolysaccharides, and 
modulate the responses of dendritic cells and 
adaptive immune response cells. For prema-
ture newborns, an impaired innate system is 
another important factor for immunization 
via antigen-presenting cell dysfunction result-
ing from suboptimal vaccine responses. 
Adaptive cellular and humoral immunity is 
also less efficient in premature newborns, 
including the suboptimal functioning of Th1 
and Th2 polarized responses with the relative 
impairment of Th1 activity, significantly 
reduced T-cell repertoire limiting the recogni-
tion of the peptides, less IL-2 production, 
decreased cytolytic activity, and abnormal 
cytokine production associated. Premature 
infants predominantly respond with IgM, and 
there is a slow or no switch to IgG. Maternal 
antibodies are lower in premature babies than 
in infants, which could potentially enhance 
vaccine responses. Clinical studies have shown 
that premature infants seroconvert in response 
to the hepatitis B vaccine by 30 days of age, 
regardless of gestational age and birth weight, 
suggesting that prematurity per se rather than 
gestational age or birth weight might be more 
predictive of a decreased antibody response.

Babies born at under 32 weeks of gestation 
or with a birth weight of under 2000  g are 
advised to receive their hepatitis B vaccines at 
0, 2, 4, and 6 months of age followed by either 
a test for hepatitis B antibodies at 7 months of 
age and a booster at 12 months of age if  the 
titer of the antibody is <10 mUnits/mL or 
give a booster at 12 months without measur-
ing the titer of the antibody. Recent system-
atic review evaluated the immunogenicity and 
the safety of BCG vaccine in preterm and/or 
low birth weight neonates which were vacci-
nated in the first 7 days. There is no difference 
in the incidence of death, systemic disease, 

scar formation, and immunogenicity. Based 
on their findings, they recommended early 
BCG vaccination in stable infants who are 
preterm and/or have low birth weight to 
improve uptake. The immunogenicity of the 
meningococcal C-conjugated vaccine in pre-
mature infants is not different from that of 
full-term infants. Most studies on the 
Haemophilus influenzae type b vaccine 
reported only marginal differences between 
premature and full-term infants. This finding 
clearly indicates that most premature infants, 
particularly those at a gestational 
age > 32 weeks, remain protected, even after 
the primary series. Premature infants are at an 
increased risk for invasive pneumococcal dis-
ease compared with term infants and are more 
likely to have lower vaccine responses com-
pared with term infants. A recent clinical 
study that included 210 premature newborns 
showed that after primary PCV13 vaccina-
tion, 75%, 88%, and 97% of participants had 
protective antibody concentrations for at least 
one-half  of the PCV13 serotypes for the 
reduced, accelerated, and extended schedules, 
respectively. After the booster vaccination, 
nearly all participants, regardless of schedule 
or serotype, had seroprotective IgG concen-
trations. A reduced priming schedule for 
PCV13 resulted in higher post-booster IgG 
concentrations, but lower post-primary con-
centrations. Preterm infants are vulnerable to 
severe rotavirus infection resulting in hospi-
talization. Rotavirus vaccines are immuno-
genic and safe and have been demonstrated to 
have similar effects in preterm infants to term 
infants when given according to calendar age. 
However, preterm newborns are usually not 
given rotavirus vaccine at birth but only at a 
calendar age of 6–8 weeks.

Overall, premature infants should follow 
the same vaccination schedule as that gener-
ally used for full-term infants, without 
 correcting for prematurity and regardless of 
birth weight. Even though an impaired 
immune response can reduce antibody pro-
duction and cell-mediated immunity, anti-
body production is high enough to ensure 
short- and long-term protection in most pre-
mature infants. Maternal immunization is a 
crucial mechanism by which these highly vul-
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nerable infants may be covered, given that 
vaccination takes place in the second trimes-
ter and that a significant transfer of antibod-
ies is accomplished prior to birth, although 
this benefit will not carry for extremely vul-
nerable preterm infants.

7.11  The Need for Novel 
Approaches to Enhancing 
Neonatal Vaccination

There are three innovative approaches to neo-
natal immunization: new types of vaccine 
configurations (both modes of action and 
antigen-adjuvant formulations vary), new 
types of delivery for vaccines, and new types 
of strategies for infant immunization. 
Adjuvants boost infant immunity via multiple 
mechanisms: triggering inherent immune 
responses; increasing the half-life of the vac-
cine antigen by producing a “depot effect”; 
assembling and directing antigens to antigen- 
presenting cells (APCs) and then activating 
them; generating stronger mucosal responses; 
and fostering cell-mediated immunity by 
improving the role of cytotoxic or Th-1 form 
T cells. Adjuvants strengthen neonatal vac-
cine immunogenicity through innate activa-
tion and through the enhancement of multiple 
aspects of adaptive immunity. Adjuvants, 
such as monocytes and dendritic cells, can 
activate APCs and increase the development 
of cytokine and co-stimulatory marker 
expression, which enhances the priming of 
naive CD4+ T cells. CD4+ T cells can differ-
entiate into T follicular helper cells after acti-
vation and antigen presentation, which are 
essential in the germinal center reaction to 
assist B cells in generating effective antibodies. 
Improvement in memory and plasma B cells 
increases the identification and neutralization 
of antigens by increasing the production of 
antibodies of high affinity.

Novel adjuvants are an exciting area of 
neonatal immunizations. Much interest has 
focused on specifically stimulating TLR3, 
TLR7, TLR8, and TLR9 receptors, which are 
located within endosomes and display robust 
responses to stimulation in neonates. It has 

been shown that pertussis toxoid-specific anti-
body secretion has been increased by CpG 
DNA, a TLR9 ligand. Similarly, TLR8 ago-
nists, such as some synthetic imidazoquino-
lines and single-stranded viral RNA, are 
especially effective in stimulating in  vitro 
human neonatal APCs, eliciting secretion of 
TNF and IL12p40/70 and promoting upregu-
lation of the CD40 co-stimulatory molecule. 
Recently, TLR8 agonist nanoparticles (poly-
mersomes) mimic immunomodulatory mech-
anisms with higher IL12p70 secretion seen 
after BCG administration. In particular, the 
ability to concurrently stimulate multiple 
TLRs has a synergistic effect, with a recent 
emphasis on combined stimulation of TLR7/
TLR8 to bypass impairment of APC 
responses in newborns. Simultaneously ligat-
ing both TLR7 and TLR8 receptors, R848 is 
especially effective in activating human neo-
natal APC in  vitro, resulting in more pro-
nounced TNF alpha and IL-1β production 
than when individually stimulated at these 
sites. When administered to rhesus macaques 
on the first day of life, a lipidized TLR7/8 
agonist has been reported to enhance B-cell 
responses to a polysaccharide pneumococcal 
vaccine. Some combinations of STING and 
TLR agonists function in synergy to cause 
Th1-polarizing responses from human neona-
tal antigen-presenting cells, indicating that 
STING agonists may be candidate adjuvants 
for early life immunization, alone or in combi-
nation with alum and/or TLR agonists. There 
are limited studies on the effects of TLR adju-
vants, with most neonatal data still coming 
from neonatal animal models on novel adju-
vants, with uncertainty as to how well the situ-
ation in human neonates could reflect this. 
Recently, sugar-like structures have been 
shown to prime the adaptive immune system 
for infants to respond to vaccines, possibly 
being more successful than conventional 
 adjuvants. In neonatal vaccine models, sugar- 
based compounds with beneficial adjuvant 
effects include delta inulin and curdlan. Such 
compounds, either used alone or in conjunc-
tion with conventional innate immune adju-
vants, make potential neonatal adjuvant 
candidates.
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Experimental studies have indicated that 
antigen entry into the cytoplasm of APCs is a 
crucial condition for the induction of an effi-
cient neonatal adaptive response. Neonatal 
immune responses can be enhanced by the 
cytoplasmic delivery of antigens. An attenu-
ated strain of the intracellular pathogenic 
bacterium Listeria monocytogenes has used a 
novel approach to neonatal vaccination to 
transmit antigens to the APC cytoplasm. 
Another approach is fostering the robust 
response of T cells, including transferring 
polarization to immunity of type Th1. In 
mediating DC-directed T-cell differentiation 
to TFH, interleukin-12 is essential and co- 
administration of IL12 and influenza subunit 
vaccine to newborn mice has resulted in the 
improved protective efficacy of antiviral 
immunization.

Administration of neonatal vaccines 
through the mucosal route will be an option 
for increasing their efficacy. Experimental 
studies on intranasal administration of the 
candidate RSV vaccine at birth can, even in 
the presence of high RSV-specific maternal 
antibody titers, elicit systemic humoral 
immune responses and elevated IFNγ secre-
tion. In order to improve immune responses 
to homologous or heterologous boosters in 
later childhood, there are also several hybrid 
methods, such as using neonatal vaccines as 
primers.

7.12  COVID-19

Concerns about the risk of vertical or perina-
tal transmission of SARS-CoV-2 and the 
impact of the infection on the pregnant 
woman, the fetus, or the infant have been 
posed during the current COVID-19 pan-
demic. In newborns, the incidence and com-
plications of COVID-19 tend to be relatively 
mild. A recent systematic analysis of neonatal 
COVID-19 infections showed that 71% were 
confirmed/probably postnatally acquired, 
3.3% were intrapartum acquired (with an 
additional 14% likely/possibly intrapartum 
acquired), and 5.7% were confirmed congeni-
tal cases (with an additional 6.5% likely/pos-

sibly congenital). There is no current clinical 
trial of the proposed newborn COVID-19 
vaccine and no evidence on the normal use of 
these candidates in infants. Due to the poten-
tial for non-specific (heterologous) immuno-
modulatory effects resulting in defense against 
a variety of infections, BCG remains a signifi-
cant interest, as postulated for COVID-19, 
but there is no routine recommendation for 
the BCG vaccine for the potential prevention 
of COVID-19. WHO recommended that the 
existing evidence was insufficient to prompt a 
revision of immunization policy including the 
prevention of COVID-19.

There are tremendous scientific activities 
underway to achieve safe and efficient vac-
cines and new immunization methods, includ-
ing mRNA vaccines, adenovirus vector-based 
vaccines, or protein subunit vaccines, and 
these have been reported with encouraging 
results. Experience with these technologies 
and lessons learned from COVID-19 vaccine 
would be an option for potential neonatal 
vaccines. The evaluation of vaccine- 
preventable disease epidemiology and routine 
neonatal immunization records should be a 
priority for all countries during and after the 
pandemic.

7.13  Conclusion

Maternal and neonatal immunization is an 
effective key strategy in reducing death and 
significant morbidity from infectious diseases 
globally. A significant goal of global interac-
tion with health care is the production of 
early life vaccinations, including vaccines that 
are safe when administered at birth. Even in 
the presence of maternal antibodies, an ideal 
vaccine for neonatal period would induce a 
rapid immune response and would have an 
optimal safety profile. Despite the difficulties 
inherent in the production of vaccines for 
newborns, there is a clear reason for contin-
ued vaccine development for this population, 
including the fact that birth is the most secure 
point of contact with health care. Newborn 
vaccines are also a valuable and secure probe 
for neonatal immunity that create a more 
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thorough understanding of protective mecha-
nisms in early life by allowing the controlled 
delivery of a well-defined immune challenge 
to the naive newborn immune system. There is 
a common practice of neonatal immunization 
against tuberculosis, hepatitis B, oral polio 
virus vaccine, and some promising recent rota-
virus vaccine findings. Considering the poten-
tially significant benefit of vaccinating at 
birth, the availability of a broader range of 
more effective neonatal vaccines is an unmet 
medical need and a public health priority. In 
future studies, lessons from early immune 
ontogeny must be incorporated, and focus 
must be on the creation of vaccine types with 
novel mechanisms of action that associate 
with the distinctive neonatal immune profile. 
Innovative neonatal vaccines must also 
undergo both comprehensive safety tests and 
human clinical trials.
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8.1  The Disease

Acute anterior poliomyelitis was recognized 
as a clinical entity in the late nineteenth cen-
tury and was shown to be caused by a virus 
in the early twentieth century. Initially, it was 
considered to be mainly a disease of  young 
children, hence the old name “infantile 
paralysis.” Frequent large outbreaks through 
the Western world during the first half  of  the 
twentieth century – together with individual 
adult victims of  the disease among persons 
with powerful positions in the USA  – 
increased the interest in research and facili-
tated its funding. There were about 35,000 
cases of  paralytic polio annually in the USA 
before the introduction of  vaccination in the 
mid-1950s.

Development of  the cell culture tech-
niques and propagation of  polioviruses in the 
late 1940s enabled detailed studies of  the dis-
ease, confirmation of  the diagnosis by viro-
logical laboratory tests, and, eventually, 
development of  vaccines. Polioviruses are 
small, non- enveloped RNA viruses belong-
ing to the family Picornaviridae, genus 
Enterovirus. Polioviruses infect only cells and 
tissues of  humans or other primates, and 
humans are the only natural hosts of  the 
virus. Polioviruses are divided into three dis-
tinct serotypes, referred to as poliovirus types 
1, 2, and 3. Two types of  poliovirus vaccines, 
an inactivated whole virion vaccine (IPV) 
and an orally administered, live attenuated 
poliovirus vaccine (OPV), have been avail-
able since the late 1950s and early 1960s, 
respectively. Systematic use of  the vaccines 
has eliminated polioviruses from circulation 
in human populations in most parts of  the 
world, thanks to the Global Polio Eradication 
Initiative (GPEI), established by the World 
Health Assembly in 1988. The last cases in 
Europe were reported in 1996  in Albania, 
Greece, and Kosovo and 1998  in Turkey. 
However, even with this rarity of  new cases, 
the maintenance of  immunity to poliovirus 
will still be important for years to come, as 
discussed in detail below.

8.1.1  Pathogenesis and Symptoms

The virus enters the body in contaminated 
food or via close physical contacts to infected 
persons or their excreta. Primary virus repli-
cation takes place in the oropharyngeal or 
intestinal mucosa, and the virus then spreads 
to submucosal lymphatic tissues. This phase 
of the infection may present with nonspecific 
symptoms of acute infection. The virus is 
shed in the excreta of the oropharynx during 
the first 2 weeks of infection, and in the stools 
for several weeks, up to a couple of months 
(. Fig. 8.1). From the lymphatic tissues, the 
virus may enter the blood circulation and 
thereby reach secondary replication sites, 
including the oropharynx and the central ner-
vous system (CNS). In the CNS, the most 
common but not exclusive target tissue is the 
medullary anterior horn (hence the full name, 
acute anterior poliomyelitis). Apart from 
crossing the blood–brain barrier, a viral route 
into the CNS can be initiated through 
mechanical damage of the axons of the motor 
neurons, for instance, by intramuscular injec-
tions and subsequent retrograde transport of 
the virus into the soma of the neuron. Lytic 
infection of the upper motor neurons results 
in rapid paralysis of the corresponding mus-
cular fibers in the skeletal muscles. In the more 
severe forms of poliomyelitis, the bulbar 
nuclei are involved, and destruction of those 
regulating respiration and circulation may 
result in death.

Only 0.2–1% of immunologically naive 
individuals who are infected develop paralytic 
symptoms. The “typical” paralytic presenta-
tion of the disease could thus be considered a 
complication of the infection that is largely 
asymptomatic or associated with mild non-
specific symptoms of common acute infec-
tion. Acute mortality of paralytic patients is 
about 10%. Of the survivors, about one third 
recover to become symptom-free within a few 
months; another third have lifelong sequelae 
complicating mobility and skeletal develop-
ment; and the rest live with milder, persisting 
symptoms. No specific treatment is available.
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8.1.2  Immunity

An immune response follows the natural 
course of poliovirus infection irrespective of 
associated clinical symptoms. Both virus- 
specific class IgM, IgA, and IgG antibodies 
appear in the circulation, and class IgA anti-
bodies are excreted in oropharyngeal and gas-
trointestinal mucosa. Intestinal IgA antibodies 
are crucial for protection against reinfection 
of individuals and for the limitation of virus 
transmission in the population (herd immu-
nity). Levels of IgM and IgA decay within 
months, whereas the neutralizing class IgG 
response gives lifelong protection from para-
lytic disease. A cellular immune response can 
be demonstrated, but its potential role in the 
recovery, initial virus elimination, and later 
protective immunity is not well understood. 
The neutralization activity of the antibodies is 

type-specific, and a person surviving paralytic 
poliomyelitis caused by, say, type 1 poliovirus 
remains susceptible to type 2 and type 3 polio-
virus infection and, in principle, could fall ill 
with a second episode of poliomyelitis.

8.2  Inactivated Poliovirus Vaccine

The inactivated poliovirus vaccine (IPV), also 
referred to as the killed poliovirus vaccine 
(KPV), was developed in the 1950s by Jonas 
Salk and his colleagues in the USA. The origi-
nal Salk vaccine contained representatives of 
all three poliovirus strains, wild neurovirulent 
strains PV1/Mahoney, PV2/MEF-1, and PV3/
Saukett, inactivated by a low concentration of 
formalin. Protective efficacy of the vaccine 
was demonstrated in large field studies (USA, 
Canada, Finland), and from 1957, several 
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CNS

Gut

Poliomyelitis is a complication of poliovirus (PV) infection
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       . Fig. 8.1 Schematic picture of  poliovirus infection
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European countries started to use the vaccine 
for the immunization of children and older 
age cohorts in the population. A few countries 
(Sweden, Finland, Norway, Iceland, the 
Netherlands) capable of reaching high vacci-
nation coverage succeeded in eliminating 
poliomyelitis using this vaccine and continued 
to use IPV exclusively. With sub-optimal cov-
erage levels, however, poliovirus transmission 
and outbreaks continued, although at highly 
reduced levels. Most European countries sub-
sequently switched to the use of the oral, 
attenuated poliovirus vaccine when it became 
available.

New techniques for virus propagation, 
virion purification, and vaccine manufactur-
ing were worked out in the early 1980s at the 
Dutch Institute for Public Health and 
Environment (RIVM) by Anton van Wezel 
and coworkers. All currently available IPV 
preparations are based on these manufactur-
ing principles. Antigenic stability of the vac-
cine is guaranteed by using only a standard, 
limited number of virus passages to create the 
infectious seed for individual vaccine bulk 
production. The cell substrate for virus propa-
gation is a well-characterized Vero cell subline 
or the diploid human embryonic lung cell line 
MRC- 5. Growth of the cells on microcarriers 
enables large-scale fermenter-based manufac-
turing of the vaccine (. Fig. 8.2). After infec-
tion, the virus is purified from the supernate 
by gel filtration and ion exchange chromatog-
raphy and is inactivated by careful incubation 
in 3 mM formaldehyde. Standardized proce-
dures are important because it is known that 
the antigenic phenotype of purified poliovirus 
may be changed from the neutralizing 
antibody- inducing D-type to the non- 
inducing C-type. Antigenicity of IPV is 
expressed in so-called D-units (DU). Typically, 
trivalent IPV preparations contain uneven 
amounts of the three serotypes, the original 
van Wezel version 40:8:32 DU of poliovirus 
types 1, 2, and 3, respectively. These serotype 
ratios were selected for their optimally bal-
anced immune response toward all three sero-
types. IPV-only vaccine preparations do not 
contain any adjuvant, but all the currently 
used pediatric combination vaccines contain 
aluminum adjuvant.

Seronegative infants seroconvert rapidly to 
all three poliovirus serotypes after two injec-
tions of IPV with an interval of 1 month or 
more between the doses. Additional doses 
 further increase the antibody concentration in 
circulation. The formalin inactivation of 

       . Fig. 8.2 Growth of Vero cells on microcarrier parti-
cles and the effect of poliovirus infection on cells. Upper 
panel, cells soon after; middle panel, cells grown to conflu-
ence a couple of days before virus inoculation; lower 
panel, cytopathic effect of poliovirus before harvest (cap-
tured from a GE brochure of cell culture equipment)
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polioviruses is known to destroy some of the 
several antigenic determinants involved in the 
induction of neutralizing antibodies. Yet, 
IPV-induced immunity gives full protection 
against paralytic poliomyelitis. Originally, 
Salk and coworkers suggested that two or 
three doses of the new “enhanced potency” 
IPV suffice to induce long-lasting immunity to 
all three poliovirus serotypes. Yet, the pediat-
ric immunization schedules usually include 
four or five doses of IPV.

Inactivated poliovirus vaccine alone does 
not induce significant intestinal IgA response 
and thus is considered inferior to the oral 
poliovirus vaccine in inducing protection 
against intestinal reinfection and in creating 
herd immunity in human populations. IPV 
injections to previously OPV-immunized indi-
viduals strongly boost the intestinal immu-
nity.

Inactivated poliovirus-induced circulating 
antibodies can also prevent the post-viremic 
secondary replication of the virus in the oro-
pharynx and thus interfere with the further 
spread of infections in the population. 
Oropharyngeal shedding of poliovirus is 
likely to play a major role in poliovirus trans-
mission under the Western-style hygienic con-
ditions where the classical feco-oral 
transmission route is partly blocked by well-
organized sanitary systems.

The IPV-only vaccine preparations can be 
administered using intramuscular or subcuta-
neous injections, whereas the pediatric combi-
nation vaccines containing IPV are 
recommended for intramuscular use only. 
Adverse effects due to IPV administration are 
rare and, if  they do occur, are limited to com-
mon inconveniences and local reactions at the 
injection site.

After elimination of wild-type poliovi-
ruses in Europe, OPV-using countries have 
returned one by one to the IPV-only immuni-
zation programs using the new IPV.  France 
made this switch during the 1990s and the UK 
in 2004. At present, all Western European use 
IPV only in primary immunizations.

Although several European vaccine manu-
facturers make IPV, most of the IPV used is 
given as the pediatric combination vaccines, 
and the availability of IPV-only preparations 

needed for optional boosters for individuals 
exposed to poliovirus has occasionally been 
limited.

7  https://www. vaccineshoppecanada. 
com/document. cfm?file=IMOVAX_Polio_E. 
pdf.

8.3  Oral Poliovirus Vaccine

Selected isolates from each of the three sero-
types of poliovirus were serially passaged in 
monkeys or in cell 3. Oral poliovirus vaccine 
(OPV) cultures and the desired attenuation 
were monitored by designated neurovirulence 
tests in monkeys in vivo. Out of the few candi-
dates, a set of strains developed by Albert 
Sabin and colleagues was finally chosen for 
wider studies on efficacy and safety in infants. 
The strains are pragmatically referred to as 
PV1/Sabin, PV2/Sabin, and PV3/Sabin, or 
Sabin 1, Sabin 2, and Sabin 3, respectively. 
The largest field study was carried out in the 
Soviet Union (including Estonia, Latvia, and 
Lithuania) during the late 1950s and early 
1960s. The trivalent OPV was shown to be 
highly effective, and the frequency of harmful 
effects (vaccine-associated polio) was consid-
ered acceptable compared with the threat of 
the devastating disease. The vaccine was rela-
tively inexpensive, and oral administration did 
not require specially trained healthcare per-
sonnel. Hence, most national immunization 
programs rapidly adopted OPV for use in all 
infants.

The relative proportions of poliovirus 
serotypes in the vaccine formulation were 
found to be important to guarantee serocon-
version to all three serotypes. Typically, a dose 
of OPV included 106 cell culture infectious 
units (CCU50) of PV1/Sabin, 105 CCU50 PV2/
Sabin, and 3  ×  106 CCU50 of PV3/Sabin 
(10:1:3 ratio). Replication of the attenuated 
polioviruses in the epithelia and submucosa 
of the intestines results in shedding of the 
virus into stools and induction of both circu-
lating neutralizing antibodies and local (intes-
tinal) IgA antibodies. The local immune 
response is considered to be crucial for 
 resistance to intestinal reinfection and for the 
herd immunity in immunized populations.
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Wider use of OPV in the early 1960s soon 
revealed that vaccine-associated paralytic 
poliomyelitis (VAPP) may occur in the vac-
cinee or in a contact. The frequency of VAPP 
is about 1 case in 700,000 primary vaccina-
tions. Earlier vaccine doses, either OPV or 
IPV, decrease the risk. In Denmark, this 
observation was exploited by establishing a 
safe combination schedule for polio immuni-
zations, starting with three doses of IPV and 
followed by three doses of OPV.

Most VAPP patients shed either type 2 or 
type 3 poliovirus related to the corresponding 
OPV component. Sabin 2 virus is genetically 
close to the wild parental virus. Sabin 3 shows 
only 10 point mutations, differentiating it 
from the parental PV3/Leon strain, whereas 
Sabin 1 has 57 single nucleotide differences 
compared with the parental PV1/Mahoney 
strain. During a few days of replication of the 
OPV-derived viruses in the human body, the 
viruses are readapted to human tissues, lose 
many of the attenuating mutations, and revert 
to neurovirulence. Although VAPP was ini-
tially accepted as the price of an inexpensive 
and effective immunization program, it later 
became intolerable in the absence of wild 
poliovirus transmission and with decreasing 
risks of importation of wild polioviruses. 
Thus, one after another, European countries 
stopped using OPV in routine immunizations 
and switched to programs using various pedi-
atric combination vaccines including IPV 
components.

Researchers have long ago developed 
genetically modified derivatives of the Sabin 
strains which are less likely to revert to neuro-
virulence than the original Sabin strains. So 
far, they have not been used in human immu-
nizations.

In the early 1960s, OPV-derived poliovi-
ruses were also shown to be able to spread 
from the primary vaccinees to close contacts, 
a feature initially considered beneficial by 
improving the nominal coverage of the vacci-
nation. The shift of the millennium marked a 
significant change in the safety consideration 
of this phenomenon. An outbreak of para-
lytic poliomyelitis on the Caribbean island of 
Hispaniola in 2000 and several similar ones 
subsequently discovered in different parts of 

the world with low OPV coverage showed that 
OPV-derived polioviruses of any serotype 
may circulate, genetically revert to virulence, 
and behave like wild polioviruses. These 
viruses are referred to as circulating vaccine- 
derived polioviruses (cVDPV).

7  http://www. epid. gov. lk/web/images/
pdf /Pol io / swi tch_plan_sr i%20lanka_
updated_nov%202015. pdf.

8.4  Global Poliovirus Eradication 
Initiative

8.4.1  Background and Current State

In the 1970s, the WHO had incorporated 
OPV into the six-disease-target Expanded 
Programme of Immunization recommended 
to all infants worldwide. The coverage of the 
age-based immunization remained low in 
developing countries. In the Americas, the 
Pan American Health Organization started to 
supplement the routine vaccination with 
annual OPV campaigns, so-called National 
Immunization Days (NID) during which all 
children younger than 5 years received a dose 
of OPV irrespective of previous immuniza-
tion history. This principle had been success-
fully used in Cuba since the early 1960s. By 
the mid-1980s, the success of these campaigns 
in Latin American countries was so good that 
a desire for the global eradication of poliomy-
elitis emerged.

In 1988, the World Health Assembly 
accepted the resolution WHA41.28 Global 
eradication of poliomyelitis by the year 2000. 
The subsequently created program, the Global 
Polio Eradication Initiative (GPEI), is spear-
headed by the WHO, the Centers for Disease 
Control and Prevention (CDC) of the USA, 
UNICEF, and Rotary International. More 
recently, Bill and Melinda Gates Foundation 
and the GAVI alliance have joined forces with 
the above organizations.

GPEI includes guidelines for intensified 
immunization, standards for surveillance, a 
supporting worldwide laboratory network, 
and centralized reporting. In addition to rou-
tine infant immunizations, NIDs and other 
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modes of supplementary immunization were 
recommended to guarantee maximal vaccina-
tion coverage. In surveillance, the starting 
point was a suspected case, a patient with acute 
flaccid paralysis (AFP). Both local healthcare 
personnel and ad hoc trained lay “reporters” 
were supposed to notify these cases to desig-
nated epidemiologists who examined the cases, 
collected stools for virus isolation, and reported 
the results to a national epidemiological center 
(NEC). Each country had a nominated 
national polio laboratory (NPL), which car-
ried out the stool examination and sent possi-
ble poliovirus isolates forward to designated 
polio reference laboratories for further charac-
terization. Both NECs and NPLs reported 
their results to WHO regional centers, and the 
latter reported to the WHO Head Quarters 
(HQ) in Geneva, Switzerland. Before the fight 
against COVID-19, the global polio eradica-
tion initiative was considered the broadest 
international healthcare action ever performed.

The original target of the GPEI was not 
reached, but the initial progress was dramatic: 
starting from an estimated number of 350,000 
new cases in 1988, already 10 years of the pro-
gram reduced the number of annual cases by 
more than 99% and drastically limited the 
number of countries with persisting wild 
poliovirus circulation. Since then, however, 
various factors (see 7 Sect. 8.4.2) have delayed 
the completion of the desired eradication. Yet, 
two of the three serotypes of wild poliovirus 
have been eradicated globally from circulation 
in humans, type 2 in 1998 and type 3 in 2012. 
While AFP surveillance remains the gold stan-
dard in monitoring the progress of the GPEI, 
search for virus in feces- contaminated envi-
ronmental specimens has got an increasingly 
important supplementary role in monitoring 
transmission of poliovirus in the target popu-
lations. Narrowing genetic divergence of wild 
polioviruses has finally allowed the use of 
RT-PCR tests in primary diagnostic proce-
dures. (Previously, genetically closely related 
nonpolio enteroviruses common throughout 
the world had confounded direct detection, 
and the time- and resource- consuming cell cul-
ture isolation had to be used.)

The GPEI was so far closest to its target in 
2017, with only 22 reported new cases of para-

lytic disease due to wild poliovirus. Subsequent 
operational challenges in the two remaining 
endemic countries, Afghanistan and Pakistan, 
together with the failure to stop emergence of 
cVDPV outbreaks by switching trivalent OPV 
to bivalent OPV (types 1 and 3 only), have 
increased the annual numbers of new cases to 
several hundreds again (. Fig.  8.3). The 
ongoing COVID-19 pandemic has interfered 
with scheduled immunizations against other 
diseases in several countries. The potential 
new burden of morbidity due to missed vacci-
nations is still difficult to predict.

From a European point of view, it is impor-
tant to note that various factors pose a risk for 
a putative return of epidemic poliomyelitis to 
the IPV-immunized world. As mentioned 
above, the immunity obtained with IPV pro-
tects individuals against the paralytic disease, 
but does not provide the population with a 
strong herd immunity. Thus, maintaining high-
coverage polio immunizations with IPV and 
national preparedness for preventing further 
spread of imported poliovirus remain impor-
tant even after the desired eradication of WPV 
and cessation of cVDPV transmissions.

8.4.2  Remaining Obstacles 
of Eradicating Wild Poliovirus 
Transmission

Wild type 1 poliovirus still persists in human 
populations in Afghanistan and Pakistan. 
Failure to eliminate the transmission in these 
countries in spite of several years of intensive 
efforts is multifactorial. These factors include 
limited political power of the respective gov-
ernments, deteriorated national infrastructure 
and healthcare systems, and political or reli-
gious intrigues reaching as far as to civil wars, 
intentional disinformation on the goals of 
GPEI, and repeated hostile attacks toward the 
vaccinators. Performance of the national 
immunization programs under these circum-
stances remains very challenging. The virus is 
mainly harboring in difficult-to-reach rural 
populations, but from there, the virus has 
travelled abroad with asymptomatic humans 
to countries with shorter or longer polio-free 
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history and probably reestablished transmis-
sion in susceptible subpopulations and caused 
cases of paralytic disease. Risk of such events 
will remain as long as WPV1 is circulating in 
humans.

8.4.3  Risks of Wild Polioviruses 
Residing in Known 
and Unknown Locations

There are plans to replace the old WPV strains 
in IPV production with the attenuated Sabin 
strains or with genetically modified avirulent 
derivatives, but the current IPV manufactur-

ing still uses the original neurovirulent strains. 
The routine handling of polioviruses and 
poliovirus-containing specimens in the WHO 
poliovirus laboratory network and among the 
vaccine manufacturers follows good labora-
tory practice, taking into account strict bios-
ecurity principles. However, humans can make 
mistakes, and for instance, escapes of wild 
poliovirus from an IPV manufacturing plant 
to the community or the environment in 
Europe have been reported.

The WHO “Global Action Plan for 
Poliovirus Containment” advises member 
countries to destroy all unnecessary poliovi-
rus stocks and poliovirus-containing speci-
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       . Fig. 8.3 Paralytic cases of  poliomyelitis annually 
reported to WHO. a Cases due to wild poliovirus. b 
Cases due to infection by wild PV1 (blue) or cVDPV 

(red). Twenty out of  the cVDPV cases were of  type 1, 
the rest of  type 2. (Source of  data: 7 www. 
polioeradication. org)
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mens. In spite of serious attempts, national 
surveys may, however, miss historical sets of 
potentially poliovirus-containing stool speci-
mens collected, for instance, for non- 
virological research purposes. WHO is aiming 
at limiting the future poliovirus-handling lab-
oratories, including research laboratories, to a 
small number of “Poliovirus Essential 
Facilities,” following very strict rules when 
handling the specimens.

Another type of risk, a theoretical one, is 
provided by the melting of northern perma-
frost due to the ongoing global warming. 
Fortunately, the corresponding latitudes have 
been sparsely populated for millennia, and 
there is no direct evidence that polioviruses 
would be present in the earth of the now melt-
ing regions. However, it is known that the per-
mafrost can store infectious viruses for tens of 
thousands of years, and this possibility should 
be kept in mind.

8.4.4  Vaccine-Derived Polioviruses

Outbreaks of paralytic disease caused by 
cVDPV have been stopped by active immuni-
zation campaigns initially with trivalent OPV 
and more recently with the corresponding 
monovalent OPV. Stocks of monovalent vac-
cines for all three serotypes are maintained by 
the WHO. As most of the cVDPV outbreaks 
have been caused by Sabin 2-derived viruses, a 
coordinated switch from trivalent to bivalent 
(1 + 3) OPV took place in OPV-using coun-
tries in 2016. Immunity to type 2 poliovirus 
was designed to be obtained with at least a 
single dose of trivalent IPV to all neonates. It 
was also hoped that in this way the emergence 
of new type 2 cVDPV outbreaks would be 
prevented. The global process was somewhat 
hampered by acute shortage of IPV doses, 
and a few countries had to carry out the switch 
without the IPV shelter. Unfortunately, the 
emergence of new type 2 cVDPV outbreaks 
did not stop but rather significantly increased 
(. Fig. 8.3). Furthermore, it seems that some 
of the new outbreaks are derived from the 
monovalent type 2 OPV campaigns carried 
out to stop an existing circulation of 
cVDPV.  In 2020, paralytic cases due to type 

cVDPV infection occurred in 19 African 
countries, Afghanistan, Pakistan, and the 
Philippines.

So far, cVDPV outbreaks have not spread 
from the original OPV-immunized population 
to IPV-using neighboring countries, but this 
possibility cannot be excluded, especially in 
the situation of decreasing immunization cov-
erages. It has been proposed that in order to 
solve the cVDPV problem, live attenuated 
type 2 poliovirus may have to be returned to 
routine immunizations, preferably one of the 
genetically stabilized Sabin 2-derived strains, 
which have been shown to be immunogenic 
and safe to use.

Long-term shedding of neurovirulent 
OPV-derived viruses by rare individuals is yet 
another risk provided by VDPVs. Stool sur-
veys carried out on immune-deficient (ID) 
patients known to the healthcare system in 
several countries suggest that only a small 
fraction of ID patients presents with persis-
tent shedding of the ID-type vaccine-derived 
polioviruses (iVDPV). So far, no outbreak 
caused by iVDPVID-type vaccine-derived 
polioviruses (iVDPV) has been described, 
even though the viruses are neurovirulent. On 
the other hand, several environmental poliovi-
rus isolates share the distinct genetic features 
of iVDPV. The isolates have been found in dif-
ferent countries in the absence of known 
poliovirus-shedding ID patients in the region. 
Thus, not all individuals with a possibly mild 
ID but enabling persistent poliovirus infection 
are known to the healthcare systems. Hence, 
the risk of polio return from long-term 
iVDPV shedding is difficult to estimate.

8.4.5  OPV and COVID-19

Recently the indirect benefits of several live 
vaccines, such as BCG and MMR, have drawn 
attention because of their potential ameliorat-
ing effect on clinical course of COVID-19 
infection. OPV has also been brought up in 
this context.

Russian studies in the 1960s and 1970s 
showed that OPV significantly reduced mor-
bidity from influenza. A randomized con-
trolled trial in Guinea-Bissau showed that 
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neonatal OPV immunization reduced infant 
mortality. A small study in Finland sug-
gested that OPV, in comparison with IPV, 
reduced the occurrence of  otitis media in 
infants.

The positive effects of OPV, like those of 
BCG and MMR, on unrelated infections may 
be explained by stimulation or “training” of 
innate immunity. While there is no direct 
proof of OPV’s effect on COVID-19, such an 
effect appears plausible.
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9.1  Measles and Measles Vaccine

Measles is a systemic viral infection transmit-
ted via airborne droplets and characterized by 
respiratory symptoms and rash. Common 
complications are pneumonia, otitis, and 
diarrhea. Measles is sometimes regarded as an 
ordinary childhood disease that children 
should preferably experience to “strengthen” 
their immune system. However, it is important 
to remember that measles is a serious and 
potentially fatal disease, with 2–8% mortality 
in developing countries. Historically, measles 
carried a significant risk for mortality in 
Europe as well; even in the recent outbreaks 
of measles in Europe, there have been fatali-
ties.

The development of a vaccine against 
measles became possible after isolation of the 
measles virus by Enders and Peebles in 1954. 
A nonlive measles vaccine was developed and 
used for a few years in the USA in the 1960s. 
The vaccine was withdrawn because some 
vaccinated children upon exposure to measles 
developed atypical and severe forms of mea-
sles.

Isolation of the measles virus paved the 
way to attenuation and live vaccine develop-
ment. The first vaccine strain was called 
Edmonston after the boy from whom the 
virus was isolated. Most measles vaccines in 
the world and all those in Europe are derived 
from the Edmonston isolate. The two cur-
rently available vaccine strains, Schwarz 
(Edmonston A) and Moraten (Edmonston 
B), represent two different cell culture passage 
branches of the original, but are at practically 
the same attenuation level. Several studies 
have addressed possible differences in the 
immunogenicity and safety profile of these 
vaccines. The level of attenuation of the mea-
sles vaccine is a carefully chosen balance 
between sufficient immunogenicity and mini-
mal (although still substantial) reactogenicity.

A less attenuated version of Edmonston B 
strain, Edmonston–Zagreb (E–Z), was devel-
oped and used in the former Yugoslavia. The 
E–Z strain was cultured in WI-38 human 
fibroblast cells. The vaccine was regarded as a 
more potent (than the current one) measles 
vaccine that could be given at the age 

4–6 months in the presence of maternal anti-
body, thereby contributing to measles elimi-
nation efforts in developing countries. 
However, it was found that this measles vac-
cine, initially endorsed by the WHO, was 
associated with increased all-cause mortality 
in girls, and the approach was withdrawn. 
Subsequently, widespread use of the present 
measles vaccines has shown that a more 
potent vaccine is not needed, but measles can 
be eliminated with the currently available vac-
cines if  used extensively.

A Russian measles vaccine, Leningrad 16 
strain, which was not derived from 
Edmonston, was given on a large scale in 
Eastern European countries over many 
decades. Therefore, measles immunity in 
adults in those countries is reliant on vaccina-
tion with Leningrad 16, which is no longer 
used in Europe.

In the 1970s, when measles vaccination 
was being introduced into Europe, mortality 
from measles was already low. Major argu-
ments for the introduction of vaccine included 
the prevention of complications, notably 
meningoencephalitis, which occurs at a rate of 
1:1000–1:2000 and may leave permanent 
sequelae. Another measles-related problem is 
subacute sclerosing panencephalitis (SSPE), 
which occurs several years after measles at an 
early age at a rate of 1:100,000 and is invari-
ably fatal; preventing SSPE is an important 
goal of measles vaccination. Less serious 
complications such as pneumonia and otitis 
media are very common after measles. All the 
complications combined make an argument 
in favor of measles vaccination in Europe.

Still, these arguments regarding measles 
vaccination were not compelling enough at 
that time to convince all physicians and other 
healthcare workers, and the coverage of single 
measles vaccination until the introduction of 
MMR vaccination programs remained at 
60–70% in many Western European countries. 
This level of immunization reduced the epi-
demics, but postponed the acquisition of 
measles to adolescent age, resulting in many 
cases of serious disease and even deaths in 
young people. In contrast, in many Eastern 
European countries with mandatory measles 
vaccination programs, measles was virtually 
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eliminated. In Western European countries, 
the elimination of measles only started with 
the introduction of two-dose programs of 
MMR vaccine.

As measles is targeted for eradication by 
the WHO, Europe will have to do its share in 
the process, which adds another compelling 
reason for measles immunization. Globally, 
measles-associated deaths have decreased 
from about 1.5 million a year to 134,200  in 
2015, owing to vaccinations. As measles is 
highly infectious, over 95% vaccine coverage is 
needed for control, and only a very high 
global coverage can result in eradication. 
Elimination of indigenous measles in Latin 
America is a strong indication that it can be 
done, and Europe should be able to accom-
plish the same. The WHO strategic plan is to 
eliminate measles in at least five WHO regions.

Cases of measles and rubella continue to 
occur sporadically and in outbreaks in 
European countries (. Fig.  9.1). In 2019, 
there were 13,200 reports of measles to the 

European Centre for Disease Prevention and 
Control, of which 10,561 (80%) were labora-
tory confirmed. The remaining 2639 cases 
were reported as “probable” (10%), “possible” 
(10%), and “unknown” (<1%). The overall 
notification rate in 2019 was 25.4 cases per 
1,000,000 population ranged from 1 case per 
1,000,000 population in Portugal to 298.5  in 
Lithuania. The true number was probably 
even higher.

9.2  Mumps and Mumps Vaccine

Mumps is a generalized viral infection trans-
mitted via airborne droplets or direct con-
tact with infected saliva. Transmission 
depends on the close contact and increases in 
overcrowded conditions. The classical mani-
festation is the swelling of  one or both 
parotid glands. Other manifestations of 
mumps may be viral meningitis, encephalitis, 
pancreatitis, mastitis, orchitis, and arthropa-

       . Fig. 9.1 Distribution of  measles cases per 1,000,000 population by country, EU/EEA, 2019. (Source: 7 https://
www. ecdc. europa. eu/sites/default/files/documents/measles- 2019- aer. pdf)
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thy. Orchitis in post-pubertal males may 
result in sterility.

The case for mumps vaccination is less 
compelling than for measles and rubella, but 
still strong enough to justify the inclusion of 
the mumps component in the MMR vaccine. 
Since the introduction of vaccination, the 
incidence of mumps has decreased dramati-
cally. In pre-vaccine era, mumps was charac-
terized by 4- to 5-year epidemic cycles. Natural 
mumps infection is thought to confer lifelong 
protection. Mumps is typically a mild child-
hood disease that begins with non-specific 
symptoms followed by a unilateral or bilateral 
swelling of the parotid glands. Meninges, pan-
creas, and testes are other targets. An illustra-
tive example of the clinical course and 
significance of mumps comes from a naïve 
population on St. Lawrence Island where an 
epidemic of mumps resulted in clinical disease 
in 65% and subclinical infection in 35%; of 
those with clinical mumps, 11% had meningi-
tis and 25% of post-pubertal men had orchi-
tis. Prevention of such complications is the 
reason for mumps vaccination.

In the past, inactivated mumps vaccines 
were developed and used in targeted popula-
tions such as the military in Finland. The pro-
tection conferred by the inactivated mumps 
vaccine against orchitis was good, but not as 
durable as that induced by a live mumps vac-
cine. In contrast to measles, no atypical forms 
of mumps have been reported in the recipients 
of a killed vaccine.

A live attenuated mumps vaccine was 
developed by the serial passaging in chicken 
embryo of fibroblast cells. The vaccine strain 
is called Jeryl Lynn, according to the patient 
from whom the virus was isolated; the devel-
oper was Maurice Hilleman at Merck 
Research Laboratories. Only this one mumps 
vaccine strain survives in the current major 
MMR vaccines. The Jeryl Lynn strain barely 
causes any adverse reactions. However, the 
single mumps vaccine is no longer available. 
Present strategies to control mumps are 
closely integrated with existing goals of mea-
sles and rubella control or elimination, and 
the MMR vaccine is used as a common tool.

A Japanese mumps vaccine strain Urabe 
AM9 was incorporated in an early version of 

GSK’s MMR vaccine, but was withdrawn as it 
was found to cause meningitis at a rate of 1 in 
50,000 recipients. Afterward, GSK re-isolated 
a mumps vaccine virus from the Jeryl Lynn 
vaccine preparation, by choosing only one 
plaque variant of the two present in the origi-
nal Jeryl Lynn. The isolate was called RIT4385 
and is now incorporated in GSK’s MMR vac-
cine. Comparative studies of the RIT 4385 
and Jeryl Lynn vaccines showed a high safety 
level and similar seroconversion rates.

The Leningrad-3 mumps vaccine strain 
was developed in the former Soviet Union. 
This strain was further attenuated in Croatia, 
named Leningrad–Zagreb, and used for vac-
cine production in Croatia and India. The 
Rubini strain was first licensed in Switzerland 
in 1985. However, substantially lower rates of 
seroconversion and effectiveness among recip-
ients of Rubini strain vaccine compared with 
those vaccinated with Jeryl Lynn or Urabe 
Am9 strains were observed. Therefore, the 
WHO recommends that the Rubini strain vac-
cine should not be used in national immuniza-
tion programs.

9.3  Rubella and Rubella Vaccine

Rubella is a systemic viral infection that is 
highly contagious. In children, rubella is char-
acterized by a mild fever and a short-living 
rash. Rubella is a mild disease and may be 
unrecognized or misdiagnosed in young chil-
dren. Furthermore, up to 50% of rubella 
infections may be subclinical. These cases are 
still contagious in contact with unvaccinated 
and non-immune pregnant women. If  a non- 
immune pregnant woman gets infected, the 
rubella virus may be transmitted to the fetus 
and induce serious birth defects described as 
congenital rubella syndrome (CRS).

The association of  rubella in early preg-
nancy with congenital cataract in the infant 
was described by Norman Gregg in 
Australia in 1941, but it was not until 1964 
and a major epidemic of  rubella in the USA 
that resulted in an estimated 20,000 babies 
with damage that the disease was fully 
appreciated and vaccine development 
started. The rubella virus had been isolated 
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just 2 years earlier independently by Weller 
and Neva and by Parkman and co-workers 
in the USA.  The case for rubella vaccina-
tion lies primarily in the prevention of 
CRS.  Systematic vaccination against 
rubella, usually in combination with mea-
sles, has eliminated both the congenital and 
acquired infections from some industrial-
ized countries and Latin America.

Although CRS is very rare today, it 
should be kept in mind as a motivation for 
vaccination. CRS is limited to cases of 
maternal rubella in the first trimester of 
pregnancy, although cases of  hearing loss 
may occur up to 16 weeks of  pregnancy. In 
the first ≤11 weeks of  pregnancy, the rubella 
virus crosses the placenta in 90% of  cases 
and results in clinical sequelae in almost all, 
even though the severity of  CRS varies. The 
classical triad is heart–eye–ear. 
Cardiovascular anomalies typically include 
pulmonary stenosis and patent ductus arte-
riosus. Ocular manifestations include reti-
nopathy, cataract, and glaucoma and may 
result in blindness. Hearing loss is the most 
common single manifestation of  CRS and 
may be bilateral or unilateral. In addition to 
isolated organ damage, the full- blown CRS 
includes generalized infection of  the new-
born, with enlarged liver and spleen, pur-
pura, jaundice, and CNS involvement. After 
mid-pregnancy, the rubella virus may still be 
transmitted to the fetus in about 50% of  the 
cases, but does not cause any clinical dam-
age.

Several live attenuated rubella vaccines 
were developed and licensed after isolation of 
the rubella virus in the 1960s. Early licensed 
vaccines included the Cendehill strain grown 
in rabbit kidney cells and the HPV77 strain 
isolated in monkey kidney cells and grown in 
duck embryo fibroblasts. RA27/3 was discov-
ered in 1969 and is the only strain that sur-
vives today, as all previously registered 
vaccines were less immunogenic and more 
reactogenic than RA27/3.

The RA27/3 strain was isolated from a 
rubella-related abortion, and the virus was 
attenuated in WI38 human fibroblast cells. 

Therefore, the passage history is entirely 
“human.” RA27/3 is highly immunogenic and 
nearly a 100% seroconversion rate is reached 
with a single rubella vaccination or in the 
MMR combination. Adverse effects attribut-
able to the rubella component in MMR vac-
cination in children are rare. A notable adverse 
event is thrombocytopenia, which may mani-
fest in about 1:50,000 vaccine recipients. In 
adult vaccinees, the rubella vaccine may be 
associated with joint pain or even arthritis; 
however, these were much more common in 
association with the early rubella vaccines 
than with RA27/3.

Currently, the only existing strategy to pre-
vent CRS is the elimination of rubella by vac-
cination of all infants and children with the 
MMR vaccine. Previously, the single rubella 
vaccine was used for targeted vaccination of 
women and girls. The target groups included 
women postpartum (after the birth of the first 
child) or pre-pubertal girls. Neither strategy 
ever reached a high coverage, and both were 
ineffective in the prevention of CRS. Moreover, 
an inadequate level of rubella immunization 
of adolescent girls increases the number of 
sero-susceptible women at childbearing age 
and enhances the risk of rubella in pregnancy. 
For example, CRS increased in Greece and 
Romania after outbreaks of rubella. Rubella 
is targeted for elimination in Europe, but con-
tinues to occur in many European countries. 
Decreasing of the coverage of vaccination 
with the MMR vaccine due to antivaccine 
activities or due to Covid-19-related limita-
tions may pose risk of resurgence of rubella 
and CRS.

9.4  Measles–Rubella Vaccine

Measles and rubella are targeted for global 
elimination/eradication, whereas mumps is 
not. Not all countries consider mumps a pri-
ority for vaccination and prefer to use the 
measles–rubella (MR) vaccine instead. 
Globally, an Indian-made MR vaccine is 
being used extensively (150 million doses dis-
tributed), but is not available in Europe.

Measles–Mumps–Rubella Vaccine
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9.5  Measles–Mumps–Rubella 
Vaccine

Live attenuated measles, mumps, and rubella 
vaccines were combined into the MMR vac-
cine. Merck’s MMR vaccine was first intro-
duced in the USA in 1971, and the composition 
was changed to the current one in 1978 
(MMRII®). The MMRII® vaccine contains 
the Moraten strain of the measles vaccine, the 
Jeryl Lynn strain of the mumps vaccine, and 
the RA27/3 strain of the rubella vaccine. In 
Europe, the same vaccine has been marketed 
as MMR VaxPro® (SP-MSD). The first 
licensed MMR vaccine contained the HPV77/
DE5 strain of the rubella vaccine, but this was 
replaced in 1978 by RA27/3 to make the 
MMRII® vaccine.

Although MMR vaccinations were started 
in Europe later than in the USA, the practice 
of giving two doses of MMR was initiated in 
Sweden and Finland in 1982. The introduc-
tion of the two-dose MMR vaccination pro-
grams offered a new tool for the elimination 
of measles in Europe. The two-dose program 
was purely empirical, but had the following 
rationale:
 1. Filling the immunogenicity gap in those 

who may remain susceptible after the first 
dose.

 2. A booster effect in a proportion of the 
children who have taken the first dose.

 3. Single-dose MMR vaccination policy 
inevitably misses a certain proportion of 
infants and a second dose catches those 
individuals who have not received their 
primary MMR dose.

Subsequently, it was realized that an impor-
tant mechanism by which a second dose of 
MMR vaccine enhances protection (at least 
against measles) is the increased avidity of 
IgG antibodies. In Sweden, the second dose 
of MMR was given at the age of 12 years with 
the idea of maximizing protection against 
mumps and rubella just before puberty; this 
practice remains in some  countries 
(. Fig.  9.2). In Finland, the second dose is 
given at 6 years of age. At present, the timing 
of the second dose varies greatly from country 

to country (. Fig.  9.2). With the two- dose 
program, Finland became the first country to 
eliminate indigenous measles, mumps, and 
rubella by 1994. To reach this target, the cov-
erage had to be over 95% for the two doses.

In some countries with a lower coverage, 
but with the intention of eliminating measles, 
a much shorter interval between the two doses 
of MMR vaccine is being recommended. The 
practice of giving the doses of MMR at a 
short, even only 3-month interval was started 
in Germany and has spread to other European 
countries. Currently, there are a multitude of 
MMR vaccination schedules in Europe 
(. Fig.  9.2). The “short” interval schedules 
are specifically targeted at the elimination of 
measles, whereas the “long” interval schedules 
target boosting the immunity for durable pro-
tection into adolescence and beyond. There is 
no longer any justification for a single-dose 
policy.

The MMR vaccine manufactured by GSK 
originally contained the Urabe AM9 strain of 
the mumps vaccine and was withdrawn in 
1986. GSK replaced the mumps component 
with a one-plaque variant of the Jeryl Lynn 
strain called RIT 4385. Thus, the present vac-
cine, Priorix®, contains the Schwarz strain of 
measles, the RIT 4385 strain of mumps, and 
the RA27/3 strain of rubella. Although the 
measles component is comparable with and 
the rubella component the same as in MMR- II, 
the mumps component was initially less immu-
nogenic. However, with dose adjustments, the 
immunogenicity of RIT 4385 has been 
improved, and in general, the two vaccines are 
quite similar with regard to immunogenicity. 
In European countries, the two MMR vac-
cines may be used interchangeably. Both vac-
cines are safe and effective for the prevention 
of measles, mumps, and rubella/CRS.

Numerous clinical studies performed 
before the registration demonstrated the 
safety of currently used MMR vaccines. This 
safety is also confirmed in post-marketing 
surveillance. The most significant adverse 
reaction following MMR administration is 
fever. The timing of the fever is characteristic 
and occurs 7–10  days after vaccination 
(. Fig.  9.3). A rash may appear during the 
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second week after vaccination, but other 
adverse events are very rare. No cases of viral 
meningitis have been reported after MMR 
vaccines currently used in Europe.

In 1998, Wakefield et al. published a paper 
in The Lancet reporting that MMR vaccina-
tion, but not the single measles vaccine, was 
associated with autism. The paper was later 
retracted by The Lancet. Still, the so-called 
Wakefield hypothesis endured. In 2001, a 
review by the Institute of Medicine (USA) 
concluded that the evidence rejected a causal 
relationship at the population level between 
the MMR vaccine and autistic spectrum dis-
order (ASD). The hypothesis has been tested 
in a number of observational and epidemio-
logical studies, and the main conclusion of the 
studies is that the MMR vaccination is not 
associated with an increased risk of ASDs.

9.6  MMR Vaccination of Special 
Groups

In exceptional cases, the MMR vaccine can be 
given to 6- to 9-month-old infants if  they are 
at a high risk of becoming infected, e.g., dur-
ing a measles outbreak or travel. These chil-
dren may not respond to this early dose 
because of residual maternal antibodies; 
therefore, they need the two standard MMR 
doses, first at 12–13 months of age and a sec-
ond dose later.

The MMR vaccine is recommended to 
nonpregnant women of childbearing age if  
they have no proof of immunity against 
rubella or if  this information is not available. 
It cannot be given to pregnant women, but it 
can be given after delivery. However, in cases 
of inadvertent vaccination during pregnancy, 

       . Fig. 9.2 Measles–mumps–rubella vaccination 
schedules in Europe. Red color  – mandatory vaccina-
tion. European Centre for Disease Prevention and Con-

trol (ECDC) 7 http://vaccine- schedule. ecdc. europa. eu/
Pages/Scheduler. aspx
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there is no need to take any measures, as 
transmission of the rubella vaccine virus to 
the fetus is rare and is not known to cause 
clinical harm to the fetus.

If  vaccination against measles, mumps, or 
rubella is needed outside the current child-
hood immunization programs, the MMR vac-
cine should be given, rather than any of the 
single components. There is no harm in 
administering “extra” doses of MMR to pre-
viously immunized persons. In any case, single 
measles, mumps, or rubella vaccines are no 
longer available in Europe.

The MMR vaccine cannot be given to per-
sons who have had an anaphylactic reaction 
to a previous dose of the MMR vaccine or a 
component of it. MMR is a live virus vaccine, 
and it should not be given to persons with an 
impaired immune response, e.g., those treated 
with high-dose steroids, those treated for can-
cer with chemotherapy or radiotherapy, or 
those who are on immunosuppressive drugs 
after an organ transplant.

9.7  Measles–Mumps–Rubella–
Varicella Vaccine

The measles–mumps–rubella (MMR)-varicella 
(MMRV) vaccine is also described in Chap. 
7 10. The main rationale of a combined 
MMRV vaccine is obviously the easier admin-
istration, with one injection only, of both 
MMR and varicella vaccines. Although the 
development of a combined MMRV vaccine 
began in the 1980s, it took almost two decades 
to get the vaccine licensed. The reason was 
twofold: (1) if a standard dose of varicella vac-
cine was combined with measles–mumps–
rubella–varicella (MMRV) vaccine, it was not 
sufficiently immunogenic, and (2) if the titer of 
the varicella component was increased for suf-
ficient immunogenicity, it also increased the 
reactogenicity of the combination in compari-
son with MMR. The current licensed MMRV 
vaccines represent a compromise and balance 
between these two issues.
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The immunogenicity of MMRV for vari-
cella zoster virus is clearly higher than that of 
a single varicella vaccine (7 Table 10.2). The 
immunogenicity for measles, mumps, and 
rubella may also be slightly higher, but the dif-
ference is not critical and not an argument in 
favor of the use of MMRV instead of 
MMR. Altogether, for the sake of the elimi-
nation of measles and rubella and for the con-
trol of mumps, there is no reason to use 
MMRV instead of MMR vaccine. Rather, 
MMRV should be seen as a tool for varicella 
vaccination in countries that have achieved 
good control of the MMR diseases.

The reactogenicity of the MMRV vaccine 
after primary vaccination has become a sig-
nificant issue (. Fig.  9.3). The fever rate is 
more than double that of MMR (and vari-
cella given separately in a different arm at the 
same time), and the risk of febrile convulsions 
increases in the same proportion.

After the licensure of the MMRV vaccine 
in 2006, the ACIP in the USA recommended 
that it be the choice for varicella vaccination. 
However, because of the issue of febrile con-
vulsions, the recommendation was changed to 
no-recommendation, i.e., the physician could 
choose between MMRV and separate MMR 
and varicella vaccination. In practice, the sepa-
rate administration of MMR and varicella vac-
cines has become more common for primary 
vaccination, whereas for the second dose, 
MMRV is often chosen for convenience. Fever 
and febrile convulsions are not an issue for the 
booster vaccination, no matter how long the 
interval is between the first and second doses.

In Europe, febrile convulsions are not 
regarded as the same kind of problem as in the 
USA, and MMRV is given for the primary vac-
cination in parts of Italy (Lombardy, Sicily) 
that have implemented varicella vaccination 
and in Germany and Greece. In any case, 
febrile reactions can be anticipated because of 
the well-known timing, and anti-febrile medi-
cation can be initiated to prevent seizures.

Two licensed MMRV vaccines are avail-
able in Europe: Priorix-Tetra® (GSK) and 
Pro-Quad (Merck). The descriptions of the 
vaccines are shown in . Table 9.1.

9.8  MMR Vaccine and Covid-19

MMR vaccine is believed to prevent or ame-
liorate Covid-19 disease in two ways. MMR 
vaccine can broadly boost immunity and 
have a “non-specific” beneficial effect on the 
course of  Covid-19 infection. Secondly, the 
measles and rubella components of  the vac-
cine share up to 30 sequences with SARS-
CoV- 2  S- protein. In measles virus the 
similarity is found on the fusion (glyco)pro-
tein and in rubella on virus envelope glyco-
protein E1.

Widely used MMR vaccination could 
explain why children generally have a mild or 
subclinical course of Covid-19 infection. 
Furthermore, Covid-19 infection was 
observed to run a mild course among US 
Navy recruits who had recently received a 
booster dose of MMR vaccine.

MMR vaccine has been dubbed as “a low 
risk  – high reward” preventive measure 
against Covid-19. In any case even the uncon-
trolled re-emphasize the importance of  a 
full  – two dose immunization with MMR 
vaccine. An extra dose may be well worth 
considering.

Meanwhile, a controlled trial including 
30,000 health care workers in several coun-
tries is underway to find out if  there is a ben-
eficial effect of MMR vaccine against 
Covid-19 in adults.

       . Table 9.1 Descriptions of  vaccines

Compo-
nent

Priorix-Tetra ProQuad

Measles Schwarz strain Enders’ 
Edmonston

Mumps RIT 4385 strain, 
derived from Jeryl 
Lynn strain

Jeryl 
Lynn™ 
(Level B)

Rubella Wistar RA 27/3 
strain

Wistar RA 
27/3 strain

Varicella Oka strain Oka/Merck 
strain

Measles–Mumps–Rubella Vaccine
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9.9  Measles-Based Covid-19 
Vaccine

In the midst of finding new approaches for 
development of Covid-19 vaccines, also mea-
sles virus has been used as a vector for corona-
virus antigens. This platform was previously 
used to develop vaccines both for SARS and 
MERS.  These vector vaccines contained 
recombinant measles virus expressing the S 
protein of SARS and MERS, respectively. 
The vaccines elicited both neutralizing anti-
bodies and T-cells producing interferon 
gamma.

In the new approach, the gene that encodes 
the SARS-CoV-2 protein was inserted into 
two distinct parts of the measles virus. The 
incorporation of the S protein in measles 
virus caused a decrease in multiplication but 
increase in fusion activity.

The recombinant measles-SARS-CoV-2 S 
protein vaccine induces neutralizing antibod-
ies both to measles and Covid-19 viruses. The 
immune response is of Th1 type, with IgG2 
antibody and T-helper predominance summed 
up as a broad and robust SARS-CoV-2- 
specific immune response.

The recombinant vaccine can be produced 
following the process of routine measles vac-
cine production. With the speed of coronavi-
rus vaccine development overall, this 
candidate vaccine may soon enter efficacy tri-
als. Even if  successful, the recombinant vac-
cine would not substitute standard measles 
vaccine although it might induce a booster in 
measles antibodies.
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10.1  Burden of Varicella Disease

Primary varicella zoster virus (VZV) infec-
tion, or chickenpox, is characterized by gener-
alized pruritic rash, which rapidly progresses 
from macular to papular and finally vesicular 
before crusting. In an unvaccinated popula-
tion it affects almost all persons and usually 
manifests between 1 and 9 years of age.

Varicella usually occurs in healthy children 
as an uncomplicated disease. However, severe 
disease may occur, especially among adoles-
cents, adults, pregnant women, and the immu-
nocompromised patients but also in children 
without underlying disease. About one half  of 
the severe cases are in subjects without any 
known risk factor.

Severe bacterial skin infection is a common 
complication of varicella. CNS manifestations 
include febrile or cerebral convulsions, cerebel-
lar ataxia, encephalitis, Guillain–Barré syn-
drome, facial palsy, and cerebral vasculitis. 
Other frequent viral complications are pneu-
monia, hepatitis, thrombocytopenia, nephrotic 
syndrome, and pancreatitis. Severe complica-
tions including bacteremia and toxic shock 
syndrome, Reye syndrome (encephalopathy 
and hepatic failure following aspirin treatment 
in children with varicella), and necrotizing fas-
ciitis, purpura fulminans, and disseminated 
coagulopathy are rare, but associated with sig-
nificant mortality. Neonatal varicella, occur-
ring in newborns between the fifth and the 
12th day of life, is associated with mortality in 
up to 20% of cases. Congenital VZV infection 
resulting from varicella in the first 26 weeks of 
pregnancy causes severe abnormalities of the 
skin, CNS, eyes, and other organs in the fetus.

Prevention of severe varicella and its com-
plications is a major goal of varicella vaccina-
tion. The two main reasons why varicella 
vaccination should be targeted at all healthy 
children are (1) severe and complicated cases of 
varicella may occur in persons without risk fac-
tors and (2) children with risk factors such as 
primary or secondary immunodeficiency (due 
to, e.g., cancer or corticosteroid therapy) 
should not be vaccinated with a live attenuated 
varicella vaccine and therefore can only be pro-
tected by herd protection resulting from high 
vaccine coverage in the healthy population.

10.2  VZV Epidemiology

Varicella zoster virus (VZV) is transmitted by 
respiratory secretions or vesicle fluid. The incu-
bation period is usually 14–16 days, with a range 
of 10–21 days. Transmission from person to per-
son may occur from 1–2 days before the onset of 
the rash until the fifth day after the onset of the 
rash, or until all lesions have crusted.

In the absence of vaccination, the annual 
number of varicella cases in Europe is close to 
the country’s birth cohort, and nearly 95% of 
the population will have been infected by VZV 
by the age of 10 years. In the USA before the 
introduction of general varicella vaccination, 
most cases occurred in children aged 5–9 years, 
whereas in central and northern European 
countries, the age group of 1–4 years was (and 
is) mainly affected (. Fig. 10.1a). The highest 
hospitalization rates are reported among 
those under 1 year of age followed by immu-
nocompromised subjects and pregnant 
women. Before varicella vaccinations, there 
were about 100 deaths from varicella in the 
USA and 4–10 deaths in Germany each year.

Following primary infection, the virus 
establishes latency in the sensory nerve gan-
glia and can reactivate when natural immu-
nity wanes, leading to herpes zoster (HZ). The 
risk of HZ increases with age starting from 
about 50  years of age (. Fig.  10.1b). One 
third of HZ patients over 70 develop post-
herpetic neuralgia (PHN), which may be 
refractory to various treatments, such as anti-
virals, nonsteroidal anti-inflammatory agents, 
corticosteroids, and tricyclic antidepressants. 
This is a major argument in favor of the devel-
opment and use of vaccines against HZ.

10.3  Varicella Vaccines

Live attenuated varicella vaccine was devel-
oped by Takahashi in 1974. The viral strain 
that has been used as a vaccine was isolated 
from a Japanese child with varicella, named 
Oka, and was then attenuated through sequen-
tial passages in tissue cultures and at a low 
temperature. The “Oka” strain is currently 
used for the production of all licensed vari-
cella vaccines worldwide.

 V. Spoulou et al.
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In Europe, the first varicella vaccine 
(Varilrix, GSK) was licensed for high-risk 
children in 1984 and, with a higher virus titer, 
for healthy children in 1995. For varicella vac-
cination of healthy children, Varilrix and 
Varivax (Merck) vaccines are available in 
Europe. Varivax is reported to have a virus 
concentration of 1350 Oka/Merck plaque 
forming units (pfu) and Varilrix 103.3 Oka/
RIT pfu (representing about 1995 pfu), i.e., 
the concentrations do not differ very much.

Live attenuated varicella vaccine induces a 
natural-like immunity, which is mediated 
through VZV-specific cellular and humoral 
immune responses. Evidence for the protec-
tive role of serum antibodies is indicated by a 
correlation between circulating VZV-specific 
antibody concentration and the probability of 

breakthrough varicella. Passive immunopro-
phylaxis by varicella zoster immunoglobulin 
after exposure to varicella also indicates the 
protective role of antibodies. VZV-specific 
cellular immunity is also associated with pro-
tection from VZV reactivation.

Pre-licensure studies of GSK’s varicella vac-
cine showed that protection was dose- dependent, 
with a higher dose of varicella vaccine confer-
ring higher protection and the protection being 
better against severe disease (. Table 10.1). A 
more recent post-licensure efficacy trial found 
the efficacy of one dose of Varilrix to be 65%. In 
real-life outbreaks, the protection has been even 
lower. The post- introduction experience has 
resulted in the introduction of a second vaccine 
dose in most countries with a general varicella 
vaccination program.
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       . Fig. 10.1 a Outpatient clinic visits for varicella, Finland 2001–2006. b Hospital admissions for zoster, Finland 
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In 2006 and 2009, two doses of  varicella 
vaccine to healthy children were recom-
mended in the USA and in Germany, respec-
tively. Two-dose vaccine recipients achieve 
up to 20-fold higher antibody levels and 
higher seroconversion rates than subjects 
receiving a single dose, and the booster 
effect is achieved irrespective of  the time 
interval between administration of  the first 
and second doses. The efficacy of  two doses 
of  either the Oka/Merck or the Oka/RIT 
strain is over 95% for any severity of  vari-
cella disease, at least for the first years after 
vaccination.

10.4  Vaccine Safety

The safety profile of  the varicella vaccine in 
healthy subjects comes from preclinical stud-
ies and extensive post-marketing worldwide 
experience. The varicella vaccine may cause 
injection site reactions, including zoster-like 
localized rash in about 3–5% of  immunized 
children. Additionally, a mild and transient 
generalized varicella-like rash may be seen. 
Rashes occur typically 5–26  days after 
immunization and usually consist of  two to 
five lesions, mostly maculopapular rather 
than vesicular. However, most rashes that 

       . Table 10.1 Efficacy of  a single dose of 
high-titer and low-titer varicella vaccine 
(Varilrix®) with a follow-up of  2.5 years

Efficacy against varicella
Vaccine Any severity Moderately 

severe

High titer  
(7940 pfu)

88% 
(72–96)

100%

Low titer  
(2540 pfu)

55% 
(31–72)

From: Varis and Vesikari (1996)

occur within the first 2 weeks after varicella 
immunization are due to wild-type 
VZV. Fever is common.

Description of Varilrix
7  https://www. medicines. org. uk/emc/
medicine/9787

Varilrix®c contains 103.3 pfu (repre-
senting about 1995 pfu) of  live attenuated 
varicella-zoster (Oka strain) virus propa-
gated in MRC5 human diploid cells. The 
vaccine contains amino acids, human 
albumin, lactose, mannitol, and sorbitol. 
The solvent for reconstitution is Water for 
Injections. Two doses (each consisting of 
0.5 ml of  reconstituted vaccine) should be 
given, with an interval between doses of  at 
least 6 weeks, but in no circumstances less 
than 4 weeks. One dose of  Varilrix may be 
administered after a first dose of  another 
varicella-containing vaccine.

Description of Varivax
7  https://www. medicines. org. uk/emc/
product/5582

The lyophilized vaccine contains 
sucrose, hydrolyzed gelatin, urea, sodium 
chloride, monosodium L-glutamate, anhy-
drous disodium phosphate, potassium dihy-
drogen phosphate, and potassium chloride.

When vaccination is initiated between 
9 and 12 months of  age, a second dose is 
needed and should be given after a mini-
mum interval of  3 months.

In individuals aged between 12 months 
and 12 years, at least 1 month must elapse 
between the first and second doses.

Individuals 13 years of  age and older 
should receive two doses with an interval 
of  4–8 weeks. If  the interval between doses 
exceeds 8 weeks, the second dose should be 
given as soon as possible.

 V. Spoulou et al.
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10.5  Post-Licensure Effectiveness 
of Varicella Vaccine (Live) 
(Oka/Merck Strain) in the USA

Five cross-sectional long-term surveys on var-
icella incidence, each from a random sample 
of approximately 8000 children and adoles-
cents 5–19 years of age, were conducted over a 
period of 15  years in the USA, from 1995 
(pre-vaccine) through 2009. Results showed a 
gradual decline in varicella incidence rates by 
90–95% overall (approximately 10- to 20-fold) 
from 1995 to 2009  in all age groups, both in 
vaccinated and unvaccinated children and 
adolescents. In addition, a decrease by approx-
imately 90% (approximately ten-fold) in vari-
cella hospitalization rates was observed in all 
age groups. The estimated vaccine effective-
ness (largely one dose only) over the study 
period was between 73% and 90%.

10.6  Post-Licensure Varicella 
Vaccine Effectiveness in Europe

In Europe, the greatest experience with post- 
licensure effectiveness data comes from 
Germany, which was the first European coun-
try to introduce universal varicella immuniza-
tion (UVV) and at the same time have an 
active surveillance system to monitor the dis-
ease and its complications. Surveillance data 
indicate that in the first years after nationwide 
varicella vaccine implementation in 2004, the 
overall incidence of varicella decreased in two 
independent studies by 76–84% in children 
less than 19 years of age. Varicella hospitaliza-
tion rates in the general population decreased 
between 2005 and 2012 by 60% in children 
and 40% in the adult population. Overall vari-
cella vaccine effectiveness in preventing vari-
cella disease (mild or severe) was 86% after 
dose 1 and 94% after dose 2. Moreover, senti-
nel data from April 2005 to May 2009 showed 
a reduction of 55% of varicella cases in all age 
groups, 63% in the age group 0–4 years, and 
38% in 5- to 9-year-olds.

The very significant reductions in the inci-
dence of varicella and varicella-associated 
complications observed in Germany have also 

been confirmed by regional data from other 
European countries that have implemented 
UVV programs, especially in those that have 
implemented a two-dose schedule coupled 
with a catch-up program and achieved a very 
high vaccination coverage. In all countries 
with a high vaccine coverage leading to a fast 
reduction of VZV circulation in the commu-
nity, a significant reduction was observed in 
unvaccinated children younger than 1 year of 
age and older populations, indicating herd 
protection.

As of December 2020, Austria, Finland, 
Germany, Greece, and Luxembourg have 
UVV recommendations and programs at the 
national level and Italy at the regional level. 
Spain had implemented UVV in a few regions, 
but recently changed its policy and currently 
recommends the vaccine only for high-risk 
groups. Sixteen countries recommend tar-
geted vaccination of susceptible adolescents 
and/or risk groups, 13 countries recommend 
vaccination for susceptible healthcare work-
ers, and 4 for susceptible day-care personnel.

10.7  MMRV Vaccine

The combination of MMR plus varicella vac-
cine has been available since 2006. To make a 
proper combination, the titer of the varicella 
component in Merck’s MMRV vaccine was 
increased from 1350 pfu to 9972 pfu for 
greater immunogenicity. Thus, the immunoge-
nicity for VZV is higher after combined 
MMRV than after a single varicella vaccine 
(. Table 10.2). In GSK’s MMRV vaccine, the 
varicella component has the same titer as in 
single varicella vaccine (1995 pfu). Two prepa-
rations of MMRV available are Priorix- 
Tetra® (GSK) and Pro-Quad® (Merck).

The reactogenicity of the MMRV combi-
nation is higher than after MMR vaccine 
given alone or separately, but concomitantly 
together with varicella vaccine (7 Fig. 9.3). 
This is true for skin reactions, but particularly 
for high fever that occurs around days 5–12 
after vaccination. In line with more frequent 
and higher fever, febrile convulsions also 
occur more frequently after MMRV than 
after MMR and varicella vaccine given sepa-

Varicella Vaccines



96

10

rately. It is not clear if  the two preparations of 
MMRV differ in this respect.

Universal varicella immunization pro-
grams may use monovalent varicella vaccine 
for the first dose to avoid the increase in febrile 
seizures associated with MMRV administra-
tion. MMRV is preferred for the second dose. 
The timing of the second dose of MMRV is 
more frequently determined by the MMR 
vaccination schedule. Germany and certain 
parts of Italy administer the second dose of 
MMRV at a 3-month interval. Such immuni-
zation schedules could enhance vaccine effec-
tiveness, especially in the first years of UVV 
implementation because they can reduce more 
effectively the circulation of the VZV virus in 
the community and prevent breakthrough. It 
has been speculated that solid immunity 
against VZV might also be more likely to 
block subclinical infection by wild-type VZV, 
with ensuing latency.

10.8  Shift of Varicella Disease 
to Older Ages

Reduced circulation of wild-type VZV in the 
community owing to the use of varicella vac-
cine could be associated with an undesirable 
age shift of the incidence of varicella, associ-
ated with an increased severity of the disease, 
expected in older children, adolescents, preg-
nant women, and adults infected by VZV. So 
far, surveillance of varicella disease following 
the implementation of the two-dose schedules 
in European countries is reassuring; data 

show that the overall rates of varicella among 
adolescents and adults are declining and no 
age shift of varicella has been observed. 
However, data from seroprevalence studies 
indicate significant VZV immunity gaps 
among adolescents. Therefore, efforts at iden-
tifying susceptible adolescents for subsequent 
catch-up vaccination are critical to avoid the 
undesirable age shift of varicella to older ages, 
when varicella disease is more severe.

10.9  Impact of UVV on ΗΖ

A significant concern with regard to the uni-
versal use of varicella vaccine is a possible 
effect of vaccination on the incidence of HZ, 
among both vaccinated and unvaccinated 
subjects.

In the vaccinated subjects, the vaccine 
virus may cause latent infection and remain in 
the dorsal root ganglia. The pathogenesis of 
HZ from the vaccine strain could be associ-
ated with a high concentration of the vaccine 
virus infecting the nerves at the vaccination 
site. It has been observed that the HZ rash in 
vaccinated children occurs more commonly in 
the dermatomes corresponding to the sites 
where the varicella vaccine was given.

However, real-life data from European 
countries have shown that the risk of develop-
ing zoster among the vaccinated population is 
significantly lower compared with that 
reported in children infected by wild-type var-
icella. This finding could be attributed to the 
lower viral loads in the vaccine and to the 

       . Table 10.2 Immune responses to two doses of  a quadrivalent measles, mumps, rubella, and varicella 
vaccine in healthy children

Pro-Quad
n = 381

MMR and varicella separately
n = 390

Seroconversion (%) GMT Seroconversion (%) GMT

Measles 100 747 99.7 253

Mumps 100 286 99.7 97

Rubella 100 254 98.6 128

Varicella 99 469 93.1 16.5

From: Shinefield et al. (2005)
MMR measles–mumps–rubella, GMT geometric mean titer
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reduced pathogenic capacity of the Oka strain 
compared with the wild-type virus. 
Nevertheless, long-term surveillance for HZ is 
required to confirm that the two-dose sched-
ule establishes effective and long-lasting cel-
lular immunity that will reduce the incidence 
of HZ among vaccinated subjects.

More significant concerns have been asso-
ciated with a possible increase in HZ among 
subjects that have already been infected with 
the wild-type virus. Re-exposure to VZV 
through contact with an infected person may 
boost VZV cellular immunity and increase 
protection against HZ, and in areas with 
UVV, the incidence of HZ could increase 
owing to reduced exposure to varicella.

Nevertheless, real-life experience has indi-
cated only a slight increase or no increase in 
HZ incidence in areas where universal vari-
cella vaccination has been implemented, com-
parable with countries where no UVV has 
been implemented. Such a discrepancy 
between the predicted increase in HZ and the 
real-life situation suggests that silent reactiva-
tion of the wild-type virus might be associated 
with endogenous boosting of cellular immu-
nity and might be more important in main-
taining latency rather than immunity from 
exogenous boosting.

10.10  Varicella Vaccine 
Recommendations 
for Special Groups

After licensure, the varicella vaccine was pri-
marily intended for the vaccination of high- 
risk groups, such as children with leukemia or 
cancer. However, live varicella vaccine today 
is contraindicated in individuals with immu-
nosuppression because of the high rate of 
adverse effects and because it is necessary to 
temporarily stop chemotherapy for varicella 
vaccination. Instead, varicella vaccine is now 
recommended for:

 5 Childhood candidates for solid organ 
transplant with no history of chickenpox 
(or unclear) 6 months before surgery, with 
undetectable antibodies.

 5 Seronegative subjects in remission from 
malignancies.

 5 Adolescents 12–18  years or older and 
women of childbearing age with no his-
tory of varicella.

 5 People in contact with immunosuppressed 
patients.

 5 Healthcare workers.
 5 Child care workers.
 5 Laboratory staff.
 5 As post-exposure prophylaxis (given 

within 72 h of exposure).

10.11  Contraindications 
to Varicella Vaccine

Varicella vaccine is contraindicated in:
 5 Subjects with primary or acquired immu-

nodeficiency states with a total lympho-
cyte count less than 1200 per mm3.

 5 Severe humoral or cellular primary immu-
nodeficiencies, e.g., severe combined 
immunodeficiency.

 5 Subjects with a lack of cellular immune 
competence, such as leukemia, lymphoma, 
blood dyscrasia.

 5 Individuals receiving immunosuppressive 
therapy including high-dose corticoste-
roids.

 5 Patients who clinically manifest AIDS or 
symptomatic HIV infection or have low 
age-specific CD4+ T-lymphocyte counts.

 5 Active untreated tuberculosis.
 5 Pregnancy and breast-feeding (pregnancy 

should be avoided for 1 month following 
vaccination).

Transmission of the vaccine virus from vac-
cinees to susceptible contacts has rarely been 
shown to occur and has been associated with 
vaccine-associated cutaneous lesions. There-
fore, contact with high-risk individuals must 
be avoided if  the vaccinee develops a cutane-
ous rash likely to be vaccine-related within 
4–6 weeks of the first or second dose and until 
this rash has completely disappeared. In the 
absence of a rash in the vaccinee, the risk of 
transmission of the vaccine viral strain is 
deemed nonexistent.
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10.12  Herpes Zoster Vaccine

The first vaccine against HZ (Zostavax®, 
Merck) was licensed in 2006. The vaccine is 
essentially a concentrated form of Varivax® 
containing 14 times more live VZV. In addi-
tion, it contains an unknown quantity of non- 
live varicella antigenic material. However, 
because of the live virus, Zostavax® cannot 
be given to immunocompromised persons.

The efficacy of Zostavax against HZ in the 
age group 50–59  years is about 70% and 
decreases with increasing age. Several 
European countries, including the UK, 
France, and two federal states of Germany, 
recommend the use of Zostavax® in various 
older age groups.

A new non-live vaccine against HZ 
(Shingrix®), constituting of VZV glycopro-
tein E combined with an adjuvant, was 
recently developed by GSK.  This vaccine, 
given in two doses, has shown efficacy of 
90–97%. As a non-live vaccine, Shingrix® 
could be given to immunocompromised sub-
jects and may also become available for pedi-
atric use in selected patients who experience 
HZ at an early age. The licensure of Shingrix® 
is expected in 2017.
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11.1  Burden of Rotavirus Disease

The clinical characteristics of severe rotavirus 
(RV) gastroenteritis (RVGE) include watery 
diarrhea, frequent vomiting, and high fever. 
About 20–30% of all children experience a 
clinically manifest episode of RVGE, and 
10–20% of these (2–3% of all) are severe. 
Prevention of severe RVGE is the primary tar-
get of RV vaccination. In Europe, RV causes 
about one half  of severe acute gastroenteritis 
(GE) in childhood requiring hospitalization. 
On average, RVGE is more severe than gastro-
enteritis caused by other viruses.

Moreover, it is now recognized that RV 
often causes a systemic infection and RV anti-
gen and RNA can be detected in the circula-
tion. RV vaccination also prevents some 20% 
of all febrile seizures. Rather than gastroen-
teritis, it is more appropriate to talk about RV 
disease. Prevention of RV disease by vaccina-
tion is a neutral term that puts RV vaccine in 
the same category as other viral vaccines, in 
contrast to being a “diarrheal disease vac-
cine.”

Still, the first target of RV vaccination in 
Europe is the prevention of severe RVGE and, 
specifically, hospitalizations for RVGE. 
Hospital admission is also the major factor 
(about 90%) in calculations of financial bur-
den associated with RVGE.  The number of 
annual hospitalizations in Europe was at least 
87,000 before RV vaccination was introduced. 
The rate of hospitalizations may vary accord-
ing to local clinical practices, but there are 
probably also true differences between coun-
tries. For Europe, it has been estimated that 
the risk of hospitalization for RVGE before 
the age of 5 is 1 in 54, with a high of 1 in 33 in 
Finland and low of 1 in 67 in Denmark. It is 
plausible that in countries with long, cold 
winters, the RV season is longer and severe 
RVGE more common.

Some countries with a relatively low inci-
dence of RVGE, such as Denmark and the 
Netherlands, have considered that there is no 
need to introduce RV vaccination into the 
immunization program. However, even if  a 
country has decided not to introduce univer-
sal RV vaccination, at an individual level, the 

risk of severe RVGE in any European country 
is high enough to warrant prevention by vac-
cination.

Deaths from RVGE are rare in Europe (a 
2006 estimate was 231 for European Union 
countries), but deaths may occur in cases of 
delayed admission to care. RVGE is still a 
potentially fatal disease in Europe, and the 
low mortality is only attributable to the avail-
ability of good case management at outpa-
tient and hospital facilities.

Globally, RV is a major cause of childhood 
mortality. A recent estimate before large-scale 
RV vaccinations put the number of 
RV-associated deaths at 197,000 a year. Of indi-
vidual countries, India had the highest number 
of deaths, followed by Nigeria, Pakistan, 
Bangladesh, and Indonesia. Introduction of 
RV vaccination in the high-mortality countries 
is a global public health priority, but has been 
slow in the named countries.

11.2  RV Epidemiology

Almost all RVs causing disease in humans 
belong to group A, determined by the com-
mon inner core group antigen VP6. VP6 is the 
most abundant protein in the RV particle and 
a powerful immunogen, and immune reaction 
against this antigen is likely the major mecha-
nism of protection against severe RV disease. 
Protection may be induced by natural RV 
infection or vaccination alike. It takes two or 
three infections, or “hits,” to induce solid pro-
tection against severe disease; the “hits” may 
also be administered in two or three doses of 
oral vaccine, and the protection is limited to 
RV disease and not infection. Protection 
against RV infection depends on immunity 
against the VP7 and VP4 surface antigens, 
and such protection is more variable and not 
durable.

The two surface antigens VP7 and VP4 
determine the G- and P-types of RVs, respec-
tively, and induce neutralizing antibodies. 
Although a large number of G- and 
P- combinations are possible, in reality a few 
fixed combinations prevail. The most common 
RV types are G1P[8], followed by G2P[4], 
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G3P[8], G4P[8], G9P[8], and, more recently, 
G12P[8]. Altogether, RV diversity has increased 
after RV vaccinations, but this has not reduced 
the effectiveness of the vaccine against severe 
RVGE, which is largely not dependent on 
immunity to G- or P-types. The surface anti-
gen-induced antibodies protect against RV 
infection and have an effect on the RV strains 
that are prevalent in circulation, but the sero-
type-specific antibodies are not critical for the 
protection against severe RV disease.

Although the predominant RV types vary 
by the year, no single type is predominant in the 
whole of Europe at the same time. Rather, there 
are multiple types of RV circulating at the same 
time in different regions. Thus, the rotavirus 
epidemic (season) does not have a single origin 
either, but RVs become prevalent in the winter 
season at various locations independently. Still, 
the seasonal pattern was very predictable until 
the introduction of universal RV vaccinations. 
In the countries with a high coverage of vacci-
nations, the RV season has shifted from peak 
winter toward spring and summer as first 
observed in Europe in Belgium (. Fig. 11.1).

Most cases of severe RV disease in Europe 
occur in the age group 6–18 months, i.e., in the 
first winter epidemic season of life. Therefore, 

vaccination schedules need to be completed 
by the age of 6 months. With introduction of 
vaccinations, there has been a shift in age dis-
tribution as discussed in 7 Sect. 11.7 
(. Fig. 11.2).

11.3  RV Vaccines

All RV vaccines are live attenuated tissue 
culture- grown RVs of human or animal ori-
gin or reassortants of  human and animal 

       . Fig. 11.1 Oral administration of  rotavirus (RV) 
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RVs. RV vaccines are given orally (. Fig. 11.1) 
to multiply in the intestine and to mimic 
asymptomatic wild-type RV infection. 
Vaccine virus infection is likely to induce nat-
ural-like immunity against RV disease, even if  
the mechanism of protection is not fully 
known.

The first experimental RV vaccine was a 
bovine rotavirus that was found to infect 
humans and to induce a high level of  cross- 
protection against severe human RVGE in 
spite of  having “non-human” G- and 
P-types. The early studies of  bovine RV vac-
cine in the 1980s established some general 
principles of  RV vaccination, which have 
been confirmed subsequently in numerous 
studies with other live RV vaccines: (1) vac-
cine-induced protection is higher against 
severe RVGE than any (including mild) RV 
disease; (2) oral RV vaccine needs to be 
given with a buffer because gastric acid may 
inactivate RV and reduce the uptake of  RV 
vaccine; (3) breast milk or breast-feeding 

(despite RV IgA in the breast milk) does not 
negatively affect the uptake of  RV vaccine; 
and (4) simultaneous administration of  oral 
poliovirus vaccine (OPV) may interfere with 
live RV vaccine.

The first licensed RV vaccine (RotaShield®, 
Wyeth) in 1998  in the USA was a rhesus- 
human reassortant “tetravalent” vaccine, 
which contained three reassortants of rhesus 
rotavirus with human G-types G1, G2, and 
G4 plus the rhesus RV (G3) itself. This vaccine 
was given in three doses and after a full series 
induced a high level of protection, as shown in 
. Fig. 11.3. With the use of a 20-point sever-
ity scale (“Vesikari scale”), the protection level 
against different severities of RVGE was deter-
mined with a greater accuracy. The protection 
reached 100% against disease with a severity 
score of 15/20; using the most commonly 
applied cutoff score of 11/20 for severe RVGE, 
the protection was about 90%. The same scale 
has been used to measure protection of other 
RV vaccines as well.
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RotaShield® induced febrile reactions in 
about one third of the recipients and about 
3% had high fever. After a million doses given 
in the USA by 1999, the vaccine was found to 
be associated with intussusception (IS) and 
was withdrawn. Other rotavirus vaccines are 
not reactogenic like RotaShield®. Still, the 
current RV vaccines may also cause IS, even 
though the risk is lower than that associated 
with RotaShield®.

The current major licensed RV vaccines 
are human RV vaccine (Rotarix™, GSK) and 
bovine–human reassortant RV vaccine 
(RotaTeq®, Merck), both of which are avail-
able and widely used in Europe and globally. 
The recommendations of the European 
Society for Pediatric Infectious Diseases 
(ESPID) take the position that both vaccines 
can be recommended to protect European 
children from RVGE and that the perfor-
mance of the vaccines in Europe is equal. No 
formal head- to- head comparison of the vac-
cines has been done.

11.4  Human RV Vaccine Rotarix™

Human RV vaccine (Rotarix™, GSK), also 
termed RV1, is the most extensively used RV 
vaccine today. It was derived from a G1P[8] 
RV isolate in Cincinnati, passaged 33 times in 
cell culture and designated 89–12. The strain 
was acquired by GSK, cloned (by plaque puri-
fication) and passaged another 12 times in 
MRC-5 cells. In this process, the virus lost its 
residual reactogenicity and is generally 
regarded as nonreactogenic for humans. 
Rotarix™ multiplies effectively in humans, as 
characterized by a high rate of shedding (60% 
or even more) after the first dose, but does not 
cause diarrhea or systemic reactions; in other 
words, it is highly attenuated for its original 
host.Rotarix™ is given in two doses. The 

uptake and immunogenicity are excellent 
(90%) even after the first dose when given in 
the presence of a low level of maternal anti-
body, such as in European populations. The 
uptake of the second dose may be prevented 
by the antibodies induced after the first dose, 
as indicated by the lack of shedding and lack 
of a booster response after the second dose. 
Therefore, the second dose mainly fills the 
immunity gap remaining after the first dose, 
but does not induce an increase in the level of 
antibodies if  the first dose has been successful. 
The pivotal safety and efficacy trial for licen-
sure was carried out in 60,000 children in Latin 
America. Before licensure in Europe, the vac-
cine was tested in five European countries. 
Rotarix™ was the first new RV vaccine to be 
licensed after the withdrawal of RotaShield®, 
with European licensure in 2006.

The results of  the major European effi-
cacy trial of  Rotarix™ are illustrative for the 
performance of  this vaccine. The primary 
endpoint was severe RVGE, as defined by 
score 11/20. Against such severe RVGE, the 
efficacy for 2 years was 91%, with 96% effi-
cacy in the first season and 86% in the second 
season, showing a decline over time. Against 
any RVGE the efficacy was 78% and 68% in 
the first and second year, respectively, for a 
total efficacy of  72% over 2 years. The effi-
cacy against severe RVGE by G-type ranged 
from 96% for G1P[8] to 86% for G2P[4]; 
these differences were not statistically signifi-
cant (. Fig. 11.4a). For any RVGE, the effi-
cacy point estimates were higher for G1, G3, 
G4, and G9 with P[8] than G2P[4] with 58%. 
The interpretation would be that a G1P[8] 
vaccine cannot well control the circulation of 
G2P[4] RV, but remains efficacious against 
severe RVGE caused by this “fully hetero-
typic” RV.  G2P[4] has often become more 
prevalent after universal RV vaccination with 
Rotarix.
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11.5  Bovine–Human Reassortant 

RV Vaccine, RotaTeq®

The “pentavalent” bovine–human reas-
sortant RV vaccine (RotaTeq®, Merck, also 
termed RV5) is a combination of  four G-type 
reassortants (for G1–G4) and one P-type 
(P[8]) reassortant on the WC-3 bovine RV 
genetic backbone. As WC-3 is a G6P[5] 
virus, these bovine G- and P-types are also 
present in the vaccine. The terms “pentava-
lent” and RV5 refer to the five mono-reas-
sortant strains in the vaccine. However, it is 
now well established that the protection 
against severe RVGE induced by the vaccine 
is not limited to the G or P types contained 
in the product (see below).The RotaTeq® 
vaccine is given in three doses. This was 
determined early on to accommodate the US 
childhood immunization program (2, 4, and 
6 months of  age), but has an additional basis 

in the demonstration of  incremental immu-
nogenicity and protection by each dose. 
RotaTeq® vaccine virus is also shed after 
vaccination, and the shedding may rarely be 
associated with diarrhea. The G1 and P[8] 
reassortants included in the RotaTeq® vac-
cine may re-reassort with each other and 
form vaccine-derived (vd) double reassor-
tants on the bovine RV VP6 core, which may 
be more virulent than the original single 
reassortant vaccine viruses, and vdG1P[8] 
may be responsible for most of  the diarrhea 
seen after vaccination in about 1% of  the 
vaccine recipients.

The efficacy and safety of the RotaTeq® 
vaccine were established in the large (70,000 
infants) Rotavirus Efficacy and Safety Trial 
(REST). The overall efficacy against severe 
RVGE as determined by healthcare utilization 
(combined endpoint of hospital admission 
and outpatient clinic treatment) was 95% 

Description of  Rotarix™ According 
to  the  Summary of  Product Characteristic 
(SPC)
7  https://www. gsksource. com/pharma/con-
tent/dam/GlaxoSmithKline/US/en/Prescri 
bing_Information/Rotarix/pdf/ROTARIX- 
PI- PIL. PDF

ROTARIX, for oral administration, is a 
live, attenuated rotavirus vaccine derived from 
the human 89–12 strain, which belongs to the 
G1P[8] type. The rotavirus strain is propa-
gated on Vero cells. After reconstitution, the 
final formulation (1 mL) contains at least 106 
median Cell Culture Infective Dose (CCID50) 
of  live, attenuated rotavirus.

The  lyophilized vaccine contains amino 
acids, dextran, Dulbecco’s Modified Eagle 
Medium (DMEM), sorbitol, and sucrose. 
DMEM contains the following ingredients: 
sodium chloride, potassium chloride, magne-
sium sulfate, ferric (III) nitrate, sodium 
 phosphate, sodium pyruvate, D-glucose, con-

centrated vitamin solution, L-cystine, 
L-tyrosine, amino acids solution, L-glutamine, 
calcium chloride, sodium hydrogencarbonate, 
and phenol red.

In the manufacturing process, porcine- 
derived materials are used. Porcine circovirus 
type 1 (PCV-1) is present in ROTARIX. PCV-1 
is not known to cause disease in humans.

The liquid diluent contains calcium car-
bonate, sterile water, and xanthan. The diluent 
includes an antacid component (calcium car-
bonate) to protect the vaccine during passage 
through the stomach and prevent its inactiva-
tion owing to the acidic environment of  the 
stomach.

ROTARIX is available in single-dose vials 
of  lyophilized vaccine, accompanied by a pre-
filled oral applicator of  liquid diluent. The tip 
caps of  the prefilled oral applicators may con-
tain natural rubber latex; the vial stoppers are 
not made with natural rubber latex.

ROTARIX contains no preservatives.
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(. Fig.  11.4b). An extension study of the 
REST in Finland involving 21,000 children 
confirmed that RotaTeq was efficacious 
against severe RVGE associated not only with 
G1, G3, and G4, all P[8], but also against 

G9P[8], which is not among the G-types in the 
vaccine, and G2 P[4], with a different P-type. 
RotaTeq® was licensed in 2006 and is now 
one of the two major RV vaccines used glob-
ally.
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       . Fig. 11.4 a European efficacy trial of  Rotarix. Vac-
cine efficacy against rotavirus gastroenteritis (RVGE) 
caused by specific RV types. b Finnish Extension Study 

of  Rotateq vaccine: serotype-specific efficacy of  RV5 
against hospitalizations and emergency department vis-
its
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11.6  Comparative Efficacy

Both the Rotarix™ and the RotaTeq® vac-
cines have been tested for efficacy in different 
environments, from developed to “intermedi-
ate” to developing countries. In general, the 
overall and serotype-specific efficacy against 
severe RVGE of the two vaccines are remark-
ably similar in all settings, being highest in 
Europe (around 95%) followed by Latin 
America (80–85%) and Africa (50–70%). No 
formal head-to-head comparative efficacy 
trial has been conducted. In a recent compar-
ative immunogenicity study in the USA, three 
doses of RotaTeq® was more immunogenic 
by RV IgA response than two doses of 
Rotarix™. The same study showed that a 
mixed schedule of two doses of RotaTeq® 
and one dose of Rotarix™ was even more 
immunogenic.

11.7  Real-Life Effectiveness

Studies on the real-life effectiveness of RV 
vaccines after the introduction of immuniza-
tion programs have been conducted in several 
countries and areas. On the whole, there seems 
to be a similar gradient in vaccine effective-

ness to that in prelicensure efficacy trials 
among developed, “intermediate,” and devel-
oping countries.

In Europe, the examples of Finland and 
Belgium are representative. In these countries, 
which have reached a high coverage with RV5 
(Finland) and RV1 (Belgium), respectively, 
the real-life vaccine effectiveness in the target 
population has been well above 90% against 
hospitalization for RVGE.  In Austria, with 
coverage of 72–74%, the reduction of RVGE 
hospitalizations in the target age group was 
81–84%, and this was sustained for up to 
3 years. The direct impact of RV vaccination 
in the target age group has shifted the occur-
rence of RVGE to older unvaccinated children 
(. Fig. 11.5).

The indirect effect of RV vaccinations on 
unvaccinated children remains unsettled. In 
Austria, there was initially an indirect effect 
on unvaccinated children, but after 3  years, 
this was followed by an increase in RVGE hos-
pitalizations in 5- to 14-year-old children. In 
Finland, with an RV vaccination coverage of 
95%, the reduction in cases of RVGE seen in 
hospitals was 94% in a period of 4 years after 
vaccination, but specifically in the age group 
5–14 years, no significant reduction was seen 
over this period. It seems that large-scale RV 

Description of  RotaTeq® According to 
the SPC
7  http://www. merck. com/product/usa/pi_
circulars/r/rotateq/rotateq_pi. pdf

RotaTeq is a live, oral  pentavalent vaccine 
that contains five live reassortant rotaviruses. 
The rotavirus parent strains of  the reassor-
tants were isolated from human and bovine 
hosts. Four reassortant rotaviruses express 
one of  the outer capsid proteins (G1, G2, G3, 
or G4) from the human rotavirus parent strain 
and the attachment protein (serotype P7) from 
the bovine rotavirus parent strain. The fifth 
reassortant virus expresses the attachment 
protein, P1A (genotype P[8]), herein referred 
to as serotype P1A[8], from the human rotavi-
rus parent strain and the outer capsid protein 
of  serotype G6 from the bovine rotavirus par-
ent strain.

The reassortants are propagated in Vero 
cells using standard cell culture techniques in 
the absence of  antifungal agents.

The reassortants are suspended in a buff-
ered stabilizer solution. Each vaccine dose 
contains sucrose, sodium citrate, sodium 
phosphate monobasic monohydrate, sodium 
hydroxide, polysorbate 80, cell culture media, 
and trace amounts of  fetal bovine serum. 
RotaTeq contains no preservatives.

In the manufacturing process for RotaTeq, 
a porcine-derived material is used. DNA from 
porcine circoviruses (PCV) 1 and 2 has been 
detected in RotaTeq. PCV-1 and PCV-2 are 
not known to cause disease in humans.

RotaTeq is a pale yellow clear liquid that 
may have a pink tint.

The plastic dosing tube and cap do not 
contain latex.
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http://www.merck.com/product/usa/pi_circulars/r/rotateq/rotateq_pi.pdf 
http://www.merck.com/product/usa/pi_circulars/r/rotateq/rotateq_pi.pdf 


109 11

vaccinations interrupt the circulation of wild- 
type RVs after initial introduction, but do not 
eliminate RV circulation. Over time, the circu-
lating wild-type RVs find susceptible individu-
als, and some of these will come down with 
severe RVGE. In addition, RV circulates and 
causes small outbreaks of disease in the 
elderly, seemingly unaffected by vaccination 
of children (. Fig. 11.5).

The impact of vaccines on all hospitaliza-
tions due to acute gastroenteritis depends on 
the share of RV in all severe gastroenteritis 
and the vaccine coverage. At best, the total 
reduction of hospitalizations from any gastro-
enteritis may be as high as 70%, as observed in 
Finland over a period of 4 years.

11.8  Effects beyond Gastroenteritis

Over the years since introduction, it has 
become clear that RV vaccination has positive 
effects beyond prevention of acute gastroen-
teritis. RV causes a systemic infection with 
high degree of antigenemia and low degree of 
viremia. Severe RVGE may be associated with 
seizures. RV vaccination has been found to 
decrease all seizures in children by 20% or 
more.

RV vaccination has also been shown to 
prevent chronic disease. An extension study 
of REST in Finland found that RV vaccina-

tion reduced celiac disease by one third and 
possibly stopped the increase of type 1 diabe-
tes (DM1) (. Fig. 11.8). A US study found a 
reduction of 3–4% in the incidence of DM1 in 
young children in the time since the introduc-
tion of RV vaccination.

The impact on DM1 and celiac disease 
beyond RVGE is of such magnitude that they 
provide an additional argument for introduc-
tion of universal RV vaccination (. Fig. 11.6).

11.9  Introduction of RV Vaccination

After Austria (both vaccines), Belgium 
(Rotarix™), and Finland (RotaTeq® exclu-
sively), there was a gap of a couple of years 
until Germany started universal vaccinations 
state by state. The most significant recent step 
forward is perhaps the introduction into the 
UK in 2014. The map in . Fig.  11.7 shows 
the status of universal RV vaccinations in 
Europe in 2020.

No country that has initiated a universal 
program has stopped it. However, in 2015, 
France recalled the recommendation for RV 
vaccination over concerns of  safety (IS) and 
is unlikely to relaunch a universal RV vacci-
nation program. Spain has withdrawn the 
Rotarix vaccine for concerns over porcine 
circovirus (PCV-1) contamination (see 
below).
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11.10  Intussusception

Intussusception is the most important 
adverse effect of  RV vaccination. Association 
with IS led to the withdrawal of  the first 
licensed RV vaccine, RotaShield®, in 1999. 
IS occurred mostly 3–7  days after the first 
dose of  RotaShield®, and the attributable 
risk was estimated at 1:10,000. However, the 
risk of  IS was shown to be age-dependent, 
and most of  the cases occurred in the catch-
up vaccination program in infants who were 
over 90  days of  age at the time of  the first 
dose.

Both of the leading licensed RV vaccines, 
Rotarix™ and RotaTeq®, are also associated 
with IS, albeit with a lower risk than 
RotaShield®. The prelicensure trials did not 
detect the risk, as they were designed to rule 
out a risk of IS of similar magnitude to that 
with RotaShield®. Later, in a post-marketing 
surveillance study, the risk estimates of IS for 
both vaccines are between 1:50,000 and 
1:80,000 after the first dose.

The age pattern of RV vaccine-associated 
IS, whether by RotaShield® or the current 
vaccines, may follow that of naturally occur-
ring IS (. Fig. 11.6). Therefore, it is impor-

tant not to administer the first dose of any RV 
vaccine after 90 days of age, but it is prudent 
to follow the current ESPID recommendation 
and give the first dose of RV vaccine as early 
as possible, i.e., at 6–8  weeks of age 
(. Fig. 11.8).

The small risk of IS is often weighed 
against the benefits of RV vaccination, and 
this comparison comes out in favor of vacci-
nation in developed countries as well. 
However, everything should be done to mini-
mize the risk, and early administration of the 
first dose is of key importance.

11.11  Porcine Circovirus

In 2010, both licensed RV vaccines were found 
to have porcine circovirus (PCV) as a contami-
nant. PCV is not known to infect humans, 
and the WHO and European Medicines 
Agency have held that RV vaccines may con-
tinue to be used. Some European countries 
withdrew Rotarix™ temporarily, but this 
position is maintained only in Spain. In 
Rotarix™, PCV contamination was traced to 
virus seed, but the manufacturer is committed 
to providing a PCV-free vaccine in the future. 
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In RotaTeq®, the source of contamination 
was traced to batches of trypsin used in the 
manufacturing process, and with changes in 
the process, PCV-free vaccine should be avail-
able. However, at the present time neither RV 
vaccine is explicitly PCV-free.

11.12  RV Vaccine 
Recommendations

In Europe, there is no formal recommendation- 
issuing body, but the pediatric societies, the 
ESPID and the European Society for 
Paediatric Gastroenterology Hepatology and 
Nutrition, issued recommendations in 2008 
that were updated as ESPID recommenda-
tions in 2015. The US Advisory Committee 
on Immunization Practices recommendations 
are also widely followed. Globally, the most 
important one is the WHO position for uni-
versal recommendation.

All major recommendations hold that RV 
vaccination should be given to all children, 
because no special “risk groups” for RVGE 
can be identified. However, two European 
countries, Croatia and the Netherlands, make 
an exception of the rule and recommend RV 
vaccination for only “high risk groups,” 
including prematurely born infants.

11.12.1  Premature Infants

Both RotaTeq® and Rotarix™ vaccines can 
be given to prematurely born infants regard-
less of gestational age, following the recom-
mendations according to calendar age. If  the 
infant is still in hospital, a possible risk of 
transmission of the vaccine virus must be con-
sidered.

11.12.2  HIV-Infected Children

Asymptomatic HIV-infected infants can be 
vaccinated normally according to calendar 
age without any safety issues using either 
Rotarix™ or RotaTeq®. Screening for mater-
nally acquired HIV infection can often be 

done by the time of RV vaccination at 
6–8 weeks of age, but the result is not needed 
for decision-making on RV vaccination.

11.12.3  Immunodeficiency

The RV vaccine causes symptomatic disease 
(prolonged diarrhea and viral shedding) in 
children with severe combined immunodefi-
ciency, and therefore vaccination is contrain-
dicated and exposure to RV vaccine shedders 
should be avoided in such children. Other 
immunodeficiencies may be regarded simi-
larly. Selective IgA deficiency may result in the 
prolonged shedding of the RV vaccine, but 
does not constitute a safety problem and, in 
any case, is usually not diagnosed by the time 
of RV vaccination.

11.12.4  Short Gut Syndrome 
and Intestinal Failure

The RV vaccine may cause substantial symp-
toms in children with short bowel, but given 
the severity of the wild-type RV infection, 
they should nevertheless be vaccinated under 
close observation.

11.13  Non-live RV Vaccines

The need and rationale for the development 
of non-live RV vaccines as alternatives to live 
oral RV vaccines are based on efficacy and 
safety concerns. IS remains a serious safety 
concern, although the magnitude of the prob-
lem is regarded as tolerable. Also, the possibil-
ity of contamination by adventitious agents 
such as PCV is associated with live vaccines. 
As for efficacy, all live RV vaccines have shown 
a relatively (in comparison with developed 
countries) low efficacy in developing countries 
for reasons that may not be easily remedied. 
Parenteral immunization may induce a higher 
level of protection against RV disease bypass-
ing the intestinal obstacles.

The most advanced non-live RV vaccine is 
trivalent subunit P2-VP8 vaccine, originated 

 T. Vesikari
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from NIH and endorsed by PATH. This vac-
cine contains VP8 proteins from rotavirus 
P-types P(4), P(6), and P(8). The vaccine has 
been tested against challenge by Rotarix vac-
cine and has now progressed to an efficacy 
trial in Africa.

A most straightforward approach is devel-
opment of inactivated whole virion RV vac-
cine (IRV). There are several investigative 
IRVs in the pipeline.

Rotavirus VLP vaccines have been tested 
over the years preclinically. The simplest one 
is VP6 alone.

In addition, VLP vaccines may contain RV 
structural proteins VP2, VP4, and VP7, to 
eventually form VP2/4/6/7 VLPs. None have 
been tested in humans as yet.

Rotavirus VP6 alone forms tubular struc-
tures or spheres under appropriate conditions, 
and particulate forms of VP6 are strong 
immunogens. VP6 is also the simplest possible 
RV candidate vaccine consisting of only a 
single protein, which is considered a group 
antigen common to all group A rotaviruses. A 
whole new scenario might be a combined 
immunization against RV and norovirus GE 
using a RV VP6–norovirus VLP vaccine (see 
7 Chap. 25).
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12.1  The Disease

Hepatitis A is a liver disease caused by the 
hepatitis A virus (HAV). The incubation 
period of hepatitis A is usually 14–28  days. 
Symptoms of hepatitis A range from mild to 
severe and can include fever, malaise, loss of 
appetite, diarrhea, nausea, abdominal dis-
comfort, dark-colored urine, and jaundice (a 
yellowing of the skin and whites of the eyes). 
Infected children under 6 years of age do not 
usually experience noticeable symptoms, and 
only 10% develop jaundice. Among older chil-
dren and adults, infection usually causes more 
severe symptoms, with jaundice occurring in 
more than 70% of cases. Because of the often 
asymptomatic or subclinical course of hepati-
tis A infection, incidence rates are often 
underestimated. Review data from 1990 to 
2005 suggest a global increase from 117 mil-
lion HAV infections in 1990 to 121 million 
infections in 2005.

Hepatitis A sometimes relapses. The per-
son who just recovered falls sick again with 
another acute episode. This is, however, fol-
lowed by recovery. Unlike hepatitis B and C, 
hepatitis A infection does not cause chronic 
liver disease and is rarely fatal.

The estimated case–fatality ratio of hepa-
titis A varies with age and ranges from 0.1% 
among children <15  years of age to 0.3% 
among persons 15–39 years of age and is 2.1% 
among adults aged ≥40 years. In Argentina, 
0.4% of pediatric patients developed fulmi-
nant hepatitis, 60% of which were fatal. 
Reports from South America and the Republic 
of Korea have raised concerns that the inci-
dence of fulminant hepatitis A might be ris-
ing, particularly in children.

There is no specific treatment for hepatitis 
A. Recovery from symptoms following infec-
tion may be slow and may take several weeks 
or months.

12.2  Epidemiology

Hepatitis A occurs sporadically and in epi-
demics worldwide, with a tendency toward 
cyclic recurrences. The hepatitis A virus is one 

of the most frequent causes of foodborne 
infection. The HAV persists in the environ-
ment and can withstand food production pro-
cesses routinely used to inactivate and/or 
control bacterial pathogens.

The HAV is transmitted primarily via the 
fecal–oral route, that is, when an uninfected 
person ingests food or water that has been 
contaminated with the feces of an infected 
person. In families, this may happen when an 
infected person prepares food for family mem-
bers with dirty hands. Waterborne outbreaks, 
though infrequent, are usually associated with 
sewage-contaminated or inadequately treated 
water. The virus can also be transmitted 
through close physical contact with an infec-
tious person, although casual contact among 
people does not spread the virus.

In developing countries with poor sanitary 
conditions and hygienic practices, most chil-
dren (90%) are infected with the HAV before 
the age of 10 years, mostly with no noticeable 
symptoms. Epidemics are uncommon because 
older children and adults are generally 
immune. Symptomatic disease rates in these 
areas are low and outbreaks are rare.

In middle-income countries, often devel-
oping countries with transitional economies, 
and regions where sanitary conditions are 
variable, children often escape infection in 
early childhood and reach adolescence or 
adulthood without immunity. Ironically, these 
improved economic and sanitary conditions 
may lead to accumulation of adolescence and 
adults who have never been infected and who 
have no immunity. This higher susceptibility 
in older age groups may lead to higher disease 
rates, and large outbreaks can occur in these 
communities.

In industrialized countries with good sani-
tary and hygienic conditions, infection rates 
are low. Disease may occur among adoles-
cents and adults in high-risk groups, such as 
injecting drug users, men who have sex with 
men (MSM), people travelling to areas of 
high endemicity, and isolated populations, 
such as closed communities. Seroprevalence 
and surveillance in Europe illustrate the large 
variability in hepatitis A endemicity across 
the WHO-EURO region, ranging from very 
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low in Scandinavian countries (15%) and low 
in Western Europe (reaching 40–70% some-
where between 35 and 70 years) to intermedi-
ate and high in Central Europe and the Newly 
Independent States1 (with 50% seropositivity 
reached during childhood or by the age of 
20). Data from 2005 show a further overall 
trend of decreasing incidence, with seropreva-
lence rates in Europe still increasing from 

1 Newly Independent States (NIS): The NIS is a col-
lective reference to 12 republics of  the former Soviet 
Union: Russia, Ukraine, Belarus (formerly Byelo-
russia), Moldova (formerly Moldavia), Armenia, 
Azerbaijan, Uzbekistan, Turkmenistan, Tajikistan, 
Kazakhstan, Kirgizstan (formerly Kirghizia), and 
Georgia. Following dissolution of  the Soviet Union, 
the distinction between the NIS and the Common-
wealth of  Independent States (CIS) was that Geor-
gia was not a member of  the CIS. That distinction 
dissolved when Georgia joined the CIS in Novem-
ber 1993.

west to east. ECDC data based on notifica-
tion from 1997 to 2011 mention a decrease 
from 10.0 to 2.5/100,000 population, with 21 
of the 28 countries reporting rates less than or 
equal to 1/100,000. Since the end of 2016, sev-
eral EU countries have been reporting an 
increase of hepatitis A cases, both in the gen-
eral population and in specific risk groups, 
predominantly in men who have sex with 
men. Since the beginning of 2017, 14 coun-
tries, i.e., Austria, the Czech Republic, 
Denmark, Finland, France, Germany, 
Ireland, Latvia, Lithuania, the Netherlands, 
Poland, Portugal, Slovenia, and Spain, 
reported 5983 cases of hepatitis A according 
to online publicly available information  
(. Fig. 12.1). This is higher than the average 
annual number of cases reported by this 
group of countries to The European 
Surveillance System (TESSy) between 2007 
and 2016 (2506 cases).

       . Fig. 12.1 Distribution of  confirmed hepatitis A cases per 100,000 population by country in EU/EEA countries, 
2016 (7 https://www. ecdc. europa. eu/sites/default/files/documents/AER- 2016- hepatitis- A. pdf)
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12.3  Prevention

Improved sanitation, food safety, and immu-
nization are the most effective ways of com-
bating hepatitis A. The spread of hepatitis A 
can be reduced by adequate supplies of safe 
drinking water; proper disposal of sewage 
within communities; and personal hygiene 
practices such as regular hand-washing with 
safe water.

12.4  HAV Vaccines

Several inactivated and live attenuated vac-
cines against hepatitis A were developed in the 
1980s and licensed for use in the early 1990s. 
These vaccines are safe and well-tolerated, 
they are highly immunogenic, and they pro-
vide long-lasting protection against hepatitis 
A disease in children and adults. Four 
formalin- inactivated, cell culture-produced, 
whole-virus vaccines have been available inter-
nationally: Havrix (HM 175 strain, 
GlaxoSmithKline Biologicals, Rixensart, 
Belgium), Vaqta (CR326F strain, Merck, 
West Point, PA, USA), Epaxal (RG SB strain, 
Crucell [Janssen vaccines], Leiden, 
Netherlands), and Avaxim (GBM strain, 
Sanofi Pasteur, Lyon, France) are licensed in 
most parts of the world. Epaxal is no longer 
available.

Other hepatitis A vaccines are produced 
with limited or local distribution. These 
include, for instance, a Chinese live attenuated 
vaccine, MEVAC™-A (H2 strain, Zhejiang 
Academy of Medical Sciences, Hangzhou, 
People’s Republic of China), and a vaccine 
manufactured by Vaccine and Bio-product 
Company in Vietnam since 2004.

Several types of combination vaccines 
containing an inactivated hepatitis A vaccine 
have been developed to protect individuals 
against more than one infectious disease when 
travelling to endemic countries. Such vaccines 
include Twinrix (GlaxoSmithKline 
Biologicals, Rixensart, Belgium), the only 
combined vaccine against both hepatitis A 
and hepatitis B infections, licensed since 1996; 
other combined vaccines include Hepatyrix 

(GlaxoSmithKline Biologicals, Rixensart, 
Belgium) and ViATIM (Sanofi Pasteur, Lyon, 
France), both protecting against hepatitis A 
and typhoid fever.

Inactivated hepatitis A vaccines all contain 
HAV antigen, but the content per vaccine 
dose is expressed in different units by various 
manufacturers (. Table 12.1). Recommended 
vaccination schedules, ages for which the vac-
cine is licensed, and whether there is a pediat-
ric and adult formulation also vary. All 
vaccines are licensed from 1  year of age in 
most countries. The inactivated vaccines are 
produced according to similar manufacturing 
processes involving whole-virus preparations 
of HAV strains growing in human MRC-5 
diploid cell cultures, with subsequent virus 
purification and inactivation with formalde-

       . Table 12.1 Dosage and schedule for 
inactivated monovalent hepatitis A vaccines (in 
chronological order)

Vaccine Antigen 
content 
(HAV 
strain)

Vol-
ume 
(ml)

Two-dose 
schedule 
(months)

Havrix™720 
Junior

720 El.U 
(HM 
175)

0.5 0, 6–12

Havrix™1440 
Adult

1440 
El.U 
(HM 
175)

1 0, 6–12

Vaqta® 25 U 
(CR326 
F)

0.5 0, 6–18

Vaqta® 50 U 
(CR326 
F)

1 0, 6–18

Avaxim® 
80 U Pediatric

80 
antigen 
units 
(GBM)

0.5 0, 6–12

Avaxim 
®160 U

160 
antigen 
units 
(GBM)

0.5 0, 6–12

HAV hepatitis A virus, El.U ELISA units
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hyde. Havrix (HM175 strain), Vaqta (CR326F 
strain), and Avaxim (GBM strain) are adju-
vanted with alum, whereas Epaxal (RG SB 
strain) contained a liposome adjuvant in the 
form of immunopotentiating reconstituted 
influenza virosomes (IRIV). Havrix and 
Avaxim contain 2-phenoxyethanol as a pre-
servative, whereas the other vaccines are 
preservative- free formulations. All vaccines 
are administered via intramuscular injection, 
according to varying dosages and schedules, 
as described in . Table 12.1.

If  medically indicated, such as in hemo-
philiacs or in patients under anticoagulation, 
all four vaccines can be given subcutaneously.

12.5  Vaccine Tolerability

To date, millions of doses of hepatitis A vac-
cines have been administered to children and 
adults worldwide, with no serious adverse 
event ever statistically linked to their use. The 
safety profile of inactivated hepatitis A vac-
cines has been extensively reviewed, and 
results from clinical trials, and those from 
post-marketing surveillance studies, have 
demonstrated that the vaccines are all safe 
and well-tolerated. The most commonly 
reported adverse events included mild and 
transient local site reactions, such as pain, 
swelling, and redness (21% in children and 
52% in adults). General reactions such as low 
fever, fatigue, diarrhea, vomiting, and head-
ache were reported in less than 5% of subjects.

12.6  Vaccine Immunogenicity 
and Protective Efficacy

The absolute minimum level of HAV antibod-
ies required to prevent HAV infection has not 
been defined. Experimental studies in chim-
panzees have shown that low levels of pas-
sively transferred antibody (<10 mIU/mL) 
obtained from vaccinated persons do not pro-
tect against infection, but do prevent clinical 
hepatitis and virus shedding. In the absence of 
an absolute lowest protective level of antibody 
required to prevent HAV infection, the lower 
limit of detection of the specific assay used in 

a study is generally considered as an accepted 
correlate of protection, i.e., 20 mIU/ml or 33 
mIU/ml by ELISA in clinical studies with 
Havrix, 20 mIU/ml for Avaxim and Epaxal, 
and 10 mIU/ml for Vaqta.

Currently licensed inactivated hepatitis A 
vaccines have proven highly immunogenic in 
extensive clinical studies, conferring protec-
tive immunity against the disease 2–4  weeks 
after administration of the first dose. Recent 
data have shown that most individuals sero-
convert within 2–4 weeks of vaccination, with 
rates ranging from 95 to 100% in children and 
adults. Administration of the second dose of 
the primary schedule (6–18 months after the 
first dose) ensures long-term protection. 
Review of the immunogenicity data for each 
vaccine and results from several comparative 
clinical trials demonstrate the equally high 
immunogenicity and interchangeability of 
hepatitis A vaccines.

The protective efficacy of inactivated hep-
atitis A vaccines against clinical disease has 
been documented in several controlled clinical 
efficacy trials. The cumulative protective effi-
cacy of the vaccination course with Havrix in 
more than 40,000 Thai children aged 
1–16 years was 95%. The observed protective 
efficacy of Vaqta was 100% after one vaccine 
dose in a trial involving more than 1000 chil-
dren aged 2–16 years from a highly endemic 
community in the USA.  In a trial involving 
274 Nicaraguan children aged 1.5–6 years, the 
protective efficacy of a single dose of Epaxal 
was also 100%.

The presence of passively transferred anti-
bodies from previous maternal HAV infection 
has been shown to result in reduced antibody 
response to hepatitis A vaccination in infants. 
However, in spite of lower antibody concentra-
tions observed after primary vaccination of 
infants born to anti-HAV seropositive moth-
ers, several studies have indicated that priming 
and immune memory were induced, as demon-
strated by the anamnestic response at the time 
of the booster. This was the case after a second 
vaccine dose administered at 12 months to 300 
infants born to either anti- HAV seronegative 
or seropositive mothers in a study conducted 
in Israel. Similarly, in a study conducted in 
Turkey with children who had received pri-

Hepatitis A Vaccines



120

12

mary vaccination at 2, 4, and 6 months of age, 
all subjects showed anamnestic response after 
booster vaccination at 4  years of age. At 
15 months of age, protective levels of antibody 
were also present in 93% of American Indian 
infants born to anti-HAV- positive mothers, 
who had received primary immunization at 2, 
4, and 6 months or at 8 and 10 months of age.

12.7  Co-administration

Such findings relating to hepatitis A vaccine 
immunogenicity in children younger than 
2 years of age, in addition to studies showing 
that hepatitis A vaccine may be effectively and 
safely co-administered with other pediatric 
vaccines, such as diphtheria–tetanus–acellular 
pertussis, inactivated and oral polio, 
Haemophilus influenzae type b, and hepatitis 
B vaccines, are of particular importance in the 
implementation of prevention strategies 
involving routine childhood vaccination pro-
grams. Other studies in adults have demon-
strated effective and safe co-administration of 
hepatitis A vaccine with traveler vaccines, 
including hepatitis B, polio, diphtheria, teta-
nus, typhoid fever, yellow fever, rabies, chol-
era, and Japanese encephalitis.

12.8  Flexibility of Schedule

Hepatitis A vaccine has a recommended two- 
dose schedule, with the second dose being 
administered at 6–12  months in the case of 
Havrix, Avaxim, and Epaxal, and at 
6–18 months in the case of Vaqta. However, 
timing of the second dose is flexible since an 
anamnestic response has been shown to be 
triggered by a second dose when administered 
several years after the first vaccine dose in 
children and adults. Flexible two-dose vacci-
nation schedules with a “delayed” second 
dose are of critical importance because travel-
ers often miss the second dose and present 
some years later with a new/repeated indica-
tion for hepatitis A vaccination. In addition, a 
flexible schedule may help to introduce hepa-
titis A vaccines into established childhood 

routine vaccination programs. For example, a 
vaccination schedule for infants/children with 
the first dose administered during the second 
year of life and a second dose given at school 
entry at the age of 5–6 seems worth investigat-
ing. Also, additional long-term follow-up 
studies of individuals who have received a 
single vaccine dose help in formulating future 
recommendations in terms of dosing sched-
ule: a systematic review of published data 
from 2000 till 2019 to assess evidence for one- 
dose and two-dose universal hepatitis A vac-
cination in children shows rapid and persistent 
decline in hepatitis A incidence, with vaccine 
effectiveness above 95%. Because evidence is 
limited for one-dose universal vaccination 
programs, long-term monitoring of one-dose 
programs is essential.

12.9  Early Protection and Duration 
of Protection

Hepatitis A vaccines confer early protection, 
as confirmed by recent data showing that most 
individuals seroconvert within 2 weeks of vac-
cination, well within the 28-day incubation 
period of the virus. Travelers receiving the vac-
cine any time before departure may thus be 
expected to be protected against the disease.

With regard to the duration of immunity, 
long-term follow-up studies have shown per-
sistence of protective anti-HAV antibodies for 
at least 20 years in children, adolescents, and 
adults, post-vaccination. Mathematical mod-
els using data from vaccinated adults have 
estimated protective antibodies to persist for 
at least 25–50 years in 99.4% of vaccinees.

12.10  Field Effectiveness of Routine 
Vaccination Programs

Hepatitis A routine immunization of young 
children has proven effective in rapidly reducing 
disease incidence and maintaining very low inci-
dence levels among vaccine recipients and across 
all other age groups, thus demonstrating the 
development of herd immunity, in a number of 
settings. A national toddler immunization pro-
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gram in place in Israel since 1999 has also dem-
onstrated vaccine effectiveness, with a decrease 
in the annual incidence rate of hepatitis A dis-
ease from 50.4 per 100,000 (1993–1998) to 2.2–
2.5 per 100,000 (2002–2004), representing more 
than a 95% reduction. This marked decline was 
seen in targeted vaccine recipients (85–90% cov-
erage), and in all other age groups, thus demon-
strating the effectiveness of hepatitis A 
vaccination and the development of herd immu-
nity. Mass vaccination programs also proved 
effective in localized regions of intermediate to 
high HAV endemicity of industrialized nations 
with otherwise low endemicity levels, such as the 
Puglia region of Italy, the Catalonia region of 
Spain, and North Queensland, Australia.

In 2005, public health authorities in 
Argentina began a universal immunization 
program in 12-month-old children based on a 
single-dose schedule of inactivated HAV vac-
cine. In 2007, with vaccination coverage of 
95%, the incidence of symptomatic viral hepa-
titis A had dropped by >80% in all age groups. 
Six years after implementation of this country-
wide single-dose program, no hepatitis A cases 
have been detected among vaccinated individ-
uals, whereas among the unvaccinated a num-
ber of cases have occurred, confirming 
continued circulation of HAV in the 
Argentinian population. An increasing num-
ber of countries in Latin America are currently 
implementing such a one-dose schedule.

12.11  Field Effectiveness 
of Post-exposure 
Adminis tration 
and in an Outbreak  
Control Situation

Studies in chimpanzees, further supported by 
randomized trials in humans, have shown that 
hepatitis A vaccine is effective in preventing 

HAV infection when administered post- 
exposure. The post-exposure window for suc-
cessful vaccination has been defined as the 
period within 2  weeks of exposure; there is 
indeed increasing evidence for the efficacy of 
hepatitis A vaccine as a valid alternative to 
passive post-exposure prophylaxis with 
immune globulin (no longer available in most 
countries), allowing, in particular, for a better 
control of outbreak situations. Results from 
studies conducted in chimpanzees have also 
shown that vaccinated animals did not shed 
HAV once exposed to the wild-type virus, thus 
demonstrating that the use of vaccines is 
effective at controlling the spread in the case 
of outbreak.

The effectiveness of hepatitis A vaccina-
tion to control outbreak situations has been 
reported in various settings in the USA, 
including rural communities from Alaska, 
and Europe, including Slovakia, Croatia, the 
UK, and Italy.

12.12  Immunization Programs

12.12.1  Risk Group Approach

Based on the transmission of  HAV, several 
risk groups have been identified, for whom 
prevention by vaccination is recommended 
by official institutions such as the World 
Health Organization (WHO), the Advisory 
Committee on Immunization Practices 
(ACIP) of  the US Centers for Disease 
Control and Prevention, and the Viral 
Hepatitis Prevention Board. These risk 
groups can either be at increased risk for 
HAV infection (e.g., travelers to endemic 
regions) or have a higher probability of 
developing severe complications if  a HAV 
infection were to occur (e.g., chronic liver 
disease patients; see 7 Box 12.1).
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12.13  Universal Immunization 
Programs

Vaccination against hepatitis A should be part 
of a comprehensive plan for the prevention 
and control of viral hepatitis. Planning for 
large-scale immunization programs should 
involve careful economic evaluations and con-
sider alternative or additional prevention 
methods, such as improved sanitation, and 
health education for improved hygiene prac-
tices.

Whether to include the vaccine in routine 
childhood immunizations depends on the 
local context. The proportion of susceptible 
people in the population and the level of 
exposure to the virus should be considered. 
Generally speaking, countries with intermedi-
ate endemicity benefit the most from the uni-
versal immunization of children. Countries 
with low endemicity may consider vaccinating 
high-risk adults. In countries with high ende-
micity, the use of vaccine is limited as most 
adults are naturally immune.

As of  2019, at least 20 countries used hep-
atitis A vaccine in the routine immunization 
of  children nationally including 6 countries 
with a single-dose program (Argentina, 
Brazil, Chile, Colombia, Paraguay, and 
Turkmenistan).

In the WHO-EURO region, Israel started 
a nationwide universal vaccination program 
in 1999, thereby offering two doses of HAV 
vaccine to toddlers at 18 and 24–30 months of 
age, with coverage rates reaching 85–90%. 
Italy (Puglia) and Spain (Catalonia) have 
regional universal HAV vaccination programs. 
In Puglia, Italy, the HAV vaccine has been 
offered to children aged 15–18 months since 
1997, and the existing hepatitis B vaccination 
program for 12-year-old adolescents simulta-
neously started using the combined vaccine 
against hepatitis A and B; in Catalonia, Spain, 
12-year-old adolescents have also been offered 
the combined hepatitis A and B vaccine since 
1998–1999. In addition, Greece and Turkey 
recently introduced a universal immunization 
program in toddlers.

Regarding immunization for outbreak 
response, recommendations for hepatitis A 
vaccination should also be site-specific. The 
feasibility of rapidly implementing a wide-
spread immunization campaign needs to be 
included. Vaccination to control community- 
wide outbreaks is most successful in small 
communities, when the campaign is started 
early and when high coverage of multiple age 
groups is achieved. Vaccination efforts should 
be supplemented by health education to 
improve sanitation, hygiene practices, and 
food safety.

Box 12.1 Summary of  Current ACIP, WHO, and  VHPB Recommendations for  Hepatitis 
A Vaccination
Persons at increased risk for HAV who should 
be routinely vaccinated:

 5  Persons travelling to or working in coun-
tries that have high or intermediate ende-
micity of  infection.

 5 MSM.
 5 Intravenous drug users.
 5 Persons who have an occupational risk for 

infection.
 5 Persons who have clotting factor disorders.
 5 Day-care center children and staff.
 5 Persons in residential institutions.
 5 Food handlers.
 5 Healthcare workers.

Vaccination of  persons who have chronic liver 
disease:

 5 Susceptible persons who have chronic liver 
disease or who are either awaiting or have 
received liver transplants should be vacci-
nated.

Hepatitis A vaccination during outbreaks:
 5 Vaccination for outbreak control should take 

into consideration the characteristics of hep-
atitis A epidemiology in the community and 
existing hepatitis A vaccination programs.

Sources: CDC US, World Health Organization, 
Viral Hepatitis Prevention Board.
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12.14  Combined Hepatitis a and B 
Vaccine

Infections caused by the HAV and hepatitis B 
virus (HBV), which occur across the globe, 
are associated with significant morbidity and 
mortality and inflict a considerable healthcare 
burden (. Fig. 12.2). Vaccination is the most 
effective method of conferring long-term pro-
tection against both viruses and, together 
with improved sanitation and hygiene, has 
resulted in a steady reduction in global infec-
tion.

Monovalent vaccines against hepatitis A 
and B are immunogenic and well-tolerated 
with long-term immunogenic benefits 
observed in clinical studies with up to 20 years’ 
follow-up. Because of the considerable over-
lap of risk factors and areas of high endemic-
ity for both diseases, a combined vaccine 
against both viruses represents a pragmatic 
approach that reduces the number of vaccine 
administrations, in particular for travelers, 
patients with chronic liver disease, patients 
infected with HCV, or persons at increased 
risk of sexually transmitted infections (e.g., 
MSM).

Three presentations of the combined vac-
cine against hepatitis A and B are available 
(Twinrix, Twinrix Pediatric, and Ambirix; 
GSK Vaccines, Belgium; . Table 12.2). These 
bivalent vaccines are widely available, with a 
safety and immunogenicity profile demon-
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       . Fig. 12.2 Combined map of  hepatitis B surface antigen (HBsAg; date not specified) and estimated prevalence of 
hepatitis A virus (HAV; 2005). (Adapted from Jacobsen and Wiersma 2010; Plotkin and Orenstein 2013)

       . Table 12.2 Three presentations of  combined 
vaccine against hepatitis A and B

Vaccine Target 
population

Formula-
tion

Sched-
ule

Twinrix Adults 1.0 ml–720 
El.U 
HAV–20 μg 
HBsAg

3 doses

Twinrix 
pediat-
ric

Children 
(1–11 years)

0.5 ml–360 
El.U 
HAV–10 μg 
HBsAg

3 
doses

Ambirix Children 
and 
adolescents 
(1–15 years)

1.0 ml–720 
El.U 
HAV–20 μg 
HBsAg

2 doses

HBsAg surface antigen of  the hepatitis B virus
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strated as being comparable with that of the 
respective monovalent vaccines alone. These 
vaccines confer concurrent protection against 
the two infections while reducing the number 
of injections, associated costs, and other logis-
tic issues, offering greater convenience to the 
vaccinee and healthcare provider.

After complete vaccination with these 
combined hepatitis A and B vaccines, the rate 
of anti-HAV seropositivity ranged from 96% 
to 100% in adults, children, and adolescents. 
The rate of hepatitis B surface antibody (anti- 
HBs) ranged from 82% to 100%, with decreas-
ing immunogenicity response with increasing 
age. Immunogenicity results were equal to or 
higher for both anti-HAV and anti-HBs fol-
lowing Twinrix and Ambirix vaccination 
compared with monovalent hepatitis A and B 
vaccination. Long-term kinetics of the com-
bined vaccine-induced hepatitis A and B anti-
bodies perfectly mimics what was respectively 
demonstrated with the monovalent hepatitis 
A and B vaccines, both in terms of long-term 
persistence of vaccine-induced antibodies (at 
least 20 years shown in the adult population) 
and immune memory: the latter was demon-
strated by mounting a strong anamnestic 
response after a challenge dose of HAV or 
HBV vaccine, indicative of the induction and 
persistence of immune memory.

Co-administration of Twinrix pediatric or 
Ambirix with other routine childhood vac-
cines was immunologically non-inferior to 
administration of the combined hepatitis A 
and B vaccine alone and did not significantly 
alter the safety profile. Safety profiles of the 
combined versus monovalent hepatitis A and 
B vaccines were similar.
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13.1  The Disease

Hepatitis B virus, previously called the Dane 
particle, is a 42-nm DNA virus that belongs to 
the Hepadnaviridae family. Hepatitis B virus 
(HBV) is primarily hepatotropic, and the liver 
damage is produced by the cellular immune 
response to viral proteins in infected hepato-
cytes. Infection with HBV causes a broad 
spectrum of liver disease, including subclini-
cal infection; acute, clinically overt self- limited 
hepatitis; and fulminant hepatitis. The clinical 
manifestations of acute hepatitis B are indis-
tinguishable from other causes of viral hepati-
tis; a definitive diagnosis requires serological 
testing. The average incubation period is 
90 days (range, 60–150 days) from exposure to 
onset of jaundice and 60  days (range, 
40–90 days) from exposure to onset of abnor-
mal alanine aminotransferase (ALT) levels. 
Persons infected with HBV can also develop 
persistent infection, which can lead to chronic 
liver disease and death from cirrhosis or hepa-
tocellular carcinoma (HCC). The age at 
acquisition of HBV infection is the main 
determining factor in the clinical expression 
of acute disease and the development of 
chronic infection (. Fig.  13.1). Fewer than 

10% of children younger than 5  years who 
become infected have initial clinical signs or 
symptoms of disease (i.e., acute hepatitis B), 
compared with 30–50% of older children and 
adults. The risk for developing chronic HBV 
infection varies inversely with age: approxi-
mately 90% of infants infected during the first 
year of life develop chronic infection, com-
pared with 30% of children infected between 
the ages 1 and 4 years and less than 5% of per-
sons infected as adults.

Persons who have persistence of HBsAg in 
serum for at least 6  months are classified as 
having chronic infection. HBV replication 
persists throughout the course of chronic 
HBV infection, and the natural history of 
chronic HBV infection is determined by the 
interaction between virus replication and host 
immune response. Persons with chronic HBV 
infection are at a high risk for developing 
HCC.

13.2  Burden of Hepatitis B

Hepatitis B virus infection is a highly preva-
lent infection around the globe, the frequency 
and burden of which vary by region and sub-
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       . Fig. 13.1 Studies evaluating the risk for chronic 
hepatitis B virus infection by age at infection. Filled 
squares represent data from developing countries; open 

squares represent data from developed countries. (From 
Edmunds et al. 1993, with permission)
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population. Approximately 30% of the world’s 
population (i.e., about 2 billion persons) have 
serological evidence for HBV infection, and 
of these, more than 257 million persons are 
living with chronic infection.

Hepatitis B virus causes significant mor-
bidity and mortality worldwide. In 2015, 
approximately 887,000 HBV-infected persons 
died from causes related to acute infection 
(87,000 deaths), cirrhosis (463,000 deaths), 
and HBV-associated liver cancer (337,000 
deaths). Of all cases of primary liver cancer, 
70–90% are caused by HCC, of which HBV is 
a major cause. The lifetime risk for HCC in a 
chronically infected person is approximately 
10–25%, which is 15–20 times greater than 
that for persons without HBV infection. As of 
2016, 27 million people (10.5% of all people 
estimated to be living with hepatitis B) were 
aware of their infection. 16.7% of these diag-
nosed were on treatment.

In 2019 an estimated 14 million people in 
the WHO European Region are chronically 
infected with hepatitis B, leading to approxi-
mately 43,000 deaths per year from hepatitis 
B-related liver cancer and cirrhosis. The epide-
miology of hepatitis B in the Region is diverse, 
with a prevalence of hepatitis B surface anti-
gen ranging from extremely low, less than 
0.1% in western, northern, and central Europe 
to as high as 6–8% in some countries of east-
ern Europe and Central Asia (. Fig. 13.2).

13.3  Epidemiology

Hepatitis B virus is transmitted by percutane-
ous (i.e., puncture through the skin) or muco-
sal (i.e., direct contact with mucous 
membranes) exposure to infectious blood or 
body fluids. All hepatitis B “s” antigen 
(HBsAg)-positive persons are potentially 

       . Fig. 13.2 Endemicity of  hepatitis B in Europe (WHO EURO Region). (Estimated prevalence of  carriage of 
hepatitis B surface antigen, WHO European Region)
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infectious, but those who are also hepatitis B 
“e” viral protein (HBeAg)-positive are more 
infectious because their blood contains high 
concentrations of HBV (typically 107–109 
virions/ml). Although HBsAg has been 
detected in multiple body fluids, only serum, 
saliva, semen, and vaginal fluid have been 
demonstrated to be infectious. Primary 
sources of HBV infection are perinatal expo-
sure from infected mothers, nonsexual person- 
to- person contact, sexual contact, and 
percutaneous exposure to blood or infectious 
body fluids. HBV is not transmitted by air, 
food, or water. The frequency and patterns of 
HBV transmission vary markedly in different 
parts of the world. In highly endemic coun-
tries, most infections are acquired during the 
perinatal period and early childhood, when 
the risk for developing chronic infection is 
greatest. In areas of intermediate endemicity, 
the lifetime risk for HBV infection is 20–60%, 
and infections occur in all age groups. Most 
HBV infections in areas of low endemicity, 
such as Europe, occur in adults in relatively 
well-defined risk groups, but a high propor-
tion of chronic infections may occur as a con-
sequence of perinatal and early childhood 
exposures. Persons considered at risk for hep-
atitis B are people who frequently require 
blood or blood products; dialysis patients; 
recipients of solid organ transplantations; 
people in closed settings, including prisoners; 
persons who inject drugs; household and sex-
ual contacts of people with chronic HBV 
infection; people with multiple sexual part-
ners; people living with HIV; healthcare work-
ers; and others who may be exposed to blood 
and blood products through their work.

13.4  Prevention of Hepatitis B

13.4.1  Passive Immunization

A major use of hepatitis B immune globulin 
(HBIG; a specific immune globulin contain-
ing high concentrations of anti-HBs) is as an 
adjunct to hepatitis B vaccine in preventing 
perinatal HBV transmission. Untreated, 
70–90% of infants born to HBeAg-positive 

mothers become infected at birth and develop 
chronic HBV infection. Immunoprophylaxis 
with both HBIG and hepatitis B vaccine con-
fers an efficacy of preventing perinatal HBV 
transmission from 85% to 95% and provides 
long-term protection. The standard dose of 
HBIG is 0.5 ml for postexposure prophylaxis 
of infants born to HBsAg-positive mothers 
and 0.06 ml/kg for all other indications. HBIG 
should be administered intramuscularly and 
may be administered simultaneously with 
hepatitis B vaccine, but at a different injection 
site. HBIG is also recommended for postex-
posure prophylaxis (often in combination 
with hepatitis B vaccine) in specific settings.

13.4.2  Hepatitis B Vaccines

The first available vaccines were produced by 
harvesting HBsAg (the 22-nm particle) from 
the plasma of persons with chronic HBV 
infection, the so-called plasma-derived vac-
cines. Nowadays, these vaccines are no longer 
on the market. The development of recombi-
nant DNA technology to express HBsAg in 
other organisms offered the potential to pro-
duce unlimited supplies of vaccine, and 
recombinant DNA vaccines have now com-
pletely replaced the plasma-derived vaccines. 
Hepatitis B vaccines are formulated to con-
tain 2.5–40 μg of HBsAg protein and an alu-
minum phosphate or aluminum hydroxide 
adjuvant: 0.25 mg in pediatric dose vaccines 
and 0.5 mg in adult dose vaccines.

13.4.3  Combination Vaccines

Several vaccine manufacturers have produced 
combination vaccines containing a hepatitis B 
vaccine component. These combination vac-
cines include diphtheria and tetanus toxoids 
and whole-cell pertussis (DTwP)–hepatitis B 
vaccine; DTwP–Haemophilus influenzae type b 
conjugate (Hib)–hepatitis B vaccine; diphthe-
ria and tetanus toxoids and acellular pertussis 
(DTaP)–hepatitis B vaccine; DTaP–Hib- 
inactivated poliovirus vaccine (IPV)–hepatitis 
B vaccine; DTaP-IPV–hepatitis B vaccine; 
Hib–hepatitis B vaccine; and hepatitis A–hep-
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atitis B vaccine. For each of these combination 
vaccines, the manufacturer has shown that the 
components remain sufficiently immunogenic 
to elicit protective levels of anti- HBs (see 
7 Chap. 20).

13.4.4  Dosage and Route 
of Administration

The quantity of HBsAg protein per dose that 
induces a protective immune response in infants 
and children varies by manufacturer (range 
2.5–10 μg) and by composition of the envelope 
protein(s) and is partially related to the vaccine 
production processes. In general, the vaccine 
dosage for infants and adolescents is 50% lower 
than that required for adults. There is no inter-
national standard of vaccine potency expressed 
in micrograms of HBsAg protein.

13.4.5  Vaccine Immunogenicity 
and Schedules

Historically, the standard three-dose hepatitis 
B vaccine series has consisted of two priming 
doses administered 1 month apart and a third 
dose administered 6 months after the first dose. 
Multiple schedules have been used success-
fully: at birth and at 1 and 6 months of age; at 
2, 4, and 6 months; at 3, 5, and 11 months; at 8, 
12, 16 weeks, and 12 or 15 months; and at 6, 
10, and 14  weeks (in the World Health 
Organization’s [WHO’s] Expanded Program 
on Immunization [EPI] schedule).

13.4.6  Infants and Children

A variety of hepatitis B vaccine schedules 
have been shown to induce levels of seropro-
tection of greater than 95% in infants (see 
7 Sect. 4.5). Programmatically, there is an 
advantage to administering the three doses of 
hepatitis B vaccine at the same time as the 
three doses of other childhood vaccines (e.g., 
DTP, Hib, IPV), and these schedules accom-
modate the use of DTP-, IPV- and Hib- 
containing combination vaccines. To prevent 

perinatal HBV transmission in settings where 
combination vaccines are used, a four-dose 
hepatitis B vaccination schedule is needed, 
with the first dose administered at birth. Use 
of four-dose hepatitis B vaccine schedules, 
including schedules with a birth dose, has not 
increased vaccine reactogenicity. Certain pre-
mature infants with low birthweights (i.e., 
<2000 g) may have decreased seroconversion 
rates after administration of hepatitis B vac-
cine at birth. However, by the age of 1 month, 
all premature infants, regardless of initial 
birthweight or gestational age, have a response 
to vaccination that is comparable to that of 
full-term infants.

13.4.7  Adolescents

Hepatitis B vaccine schedules that have been 
demonstrated to induce seroprotection rates 
of greater than 95% in adolescents include 
doses administered at 0, 1, and 6 months; 0, 2, 
and 4 months; and 0, 12, and 24 months. In 
addition, for adolescents aged 11–15  years, 
the adult dose of hepatitis B vaccine can be 
used for administration at 0 and at 4–6 months. 
This two-dose schedule produces anti-HBs 
concentrations equivalent to those obtained 
with the pediatric dose administered on a 
three-dose schedule.

13.4.8  Adults

Hepatitis B vaccine induces a protective anti-
body response in approximately 30–55% of 
healthy adults aged less than 40 years after the 
first dose, in 75% after the second dose, and in 
more than 90% after the third dose. In adults 
older than 40  years, response rates decline 
with age, and by age 60 years, protective levels 
of antibody develop in only 75% of vacci-
nated persons.

13.4.9  Correlates of Protection

An anti-HBs concentration of 10 mIU/ml or 
more measured 1–3 months after administra-
tion of the last dose of the primary vaccina-
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tion series is considered a reliable marker of 
protection against infection. In vaccine effi-
cacy studies, immunocompetent persons who 
developed anti-HBs concentrations of 10 
mIU/ml or higher after vaccination had virtu-
ally complete protection against both acute 
disease and chronic infection for decades, 
even if  subsequently, over time, anti-HBs con-
centrations declined to less than 10 mIU/ml. 
Indeed, the protective efficacy of hepatitis B 
vaccination is related to the induction of anti-
 HB antibodies, but it also involves the induc-
tion of memory B and T cells. Routine 
postvaccination testing for immunity is not 
necessary, but it is recommended for high-risk 
persons whose subsequent clinical manage-
ment depends on knowledge of their immune 
status. Persons at increased risk for hepatitis B 
found to have anti-HBs concentrations of less 
than 10 mIU/ml after the primary vaccine 
series should be revaccinated. Administration 
of three doses on an appropriate schedule, fol-
lowed by anti-HBs testing 1–2  months after 
the third dose, is usually more practical than 
serological testing after one or more doses of 
vaccine.

13.4.10  Duration of Protection and 
Need for Booster Doses

After primary immunization with hepatitis B 
vaccine, anti-HBs concentrations decline rap-
idly within the first year and more slowly 
thereafter. Among children who respond to a 
primary three-dose vaccination series with 
anti-HB concentrations of  10 mIU/ml or 
greater, 15–50% have low or undetectable 
concentrations of  anti-HBs 5–15 years after 
vaccination. Protection has been shown to 
outlast the presence of  vaccine-induced anti-
bodies, conferring effective long-term protec-
tion against acute disease and development 
of  HBsAg carriage for a minimum of 
25–30 years. Based on currently available sci-
entific evidence, the WHO, in addition to 
advisory groups in the USA and Europe, does 
not recommend routine booster doses of  hep-
atitis B vaccine or periodic serological testing 
to monitor anti-HBs concentrations for 

immunocompetent persons who have 
responded to vaccination or in universal 
immunization programs.

13.4.11  Vaccine-Associated 
Adverse Events

Adverse events after immunization against 
hepatitis B are infrequent and generally mild. 
With the exception of  localized pain, 
placebo- controlled studies have revealed that 
reported events (e.g., myalgia and transient 
fever) occur not more frequently among vac-
cinees than among persons receiving placebo 
(<10% among children, 30% among adults). 
Data from numerous long-term studies fail 
to causally link serious adverse events to hep-
atitis B vaccination. Reports of  severe ana-
phylactic reactions are very rare, and data do 
not indicate a causal association between 
hepatitis B vaccine and Guillain–Barré syn-
drome or demyelinating disorders, including 
multiple sclerosis.

Hepatitis B vaccine is contraindicated only 
for persons with a history of allergic reactions 
to yeast or any of the vaccine’s components. 
Neither pregnancy nor lactation is a contrain-
dication for use of this vaccine. Both prema-
ture infants and HIV-positive persons can 
receive this vaccine.

13.5  Recommendations 
for Hepatitis B Vaccination

13.5.1  Vaccination of Infants 
at Birth

Because perinatal and early postnatal trans-
mission are primary causes of chronic infec-
tions globally, the first dose of hepatitis B 
vaccine should be given as soon as possible 
(<24  h) after birth, regardless of whether a 
country has low, intermediate, or high HBV 
endemicity. Some countries augment univer-
sal vaccination of newborns with maternal 
screening for HBsAg and the administration 
of HBIG and a dose of hepatitis B vaccine to 
infants born to HBsAg-positive mothers. 
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Among infants born to HBsAg-positive 
mothers, a birth dose of hepatitis B vaccine 
reduces the risk for perinatal HBV transmis-
sion by 72% and by >90% when combined 
with HBIG.  The timely delivery of a birth 
dose of hepatitis B vaccine is now a perfor-
mance measure for the global strategy on viral 
hepatitis as discussed in 7 Sect. 13.5.4.

13.5.2  Full Immunization of Infants 
by Routine Immunization 
Programs

To complete the primary hepatitis B vaccine 
series, the birth dose should be followed by 
two or three additional doses of vaccine 
administered at least 4 weeks apart. To help 
ensure completion of the vaccine series, doses 
should be given concurrently with DTP or 
other routine infant vaccinations. For older 
children and adults, the primary series of 
three doses with appropriate intervals applies.

13.5.3  Public Health 
Considerations and 
the Impact of Worldwide 
Hepatitis B Vaccination 
Programs

Routine infant immunization has become a 
long-standing practice in more than 95% of 
countries, providing evidence for the effective-
ness of hepatitis B immunization in signifi-
cantly reducing or eliminating HBV 
transmission. In general, studies conducted in 
areas of high HBV endemicity have demon-
strated declines in the prevalence of chronic 
HBV among children to less than 2% after 
routine infant immunization. Countries that 
adopted and implemented universal hepatitis 
B immunization early include Taiwan (1984), 
Bulgaria (1989), Malaysia (1990), the Gambia 
(1990), Italy, Spain, the USA (1991), and 
Israel (1992).

Taiwan is perhaps the best example of an 
area with previously high endemicity showing 
a substantial decrease in the burden of hepati-
tis B and HBV-related diseases after the 1984 

mass vaccination of newborns. The HBsAg 
prevalence in individuals less than 20 years of 
age decreased from 9.8% in 1984 to 1.3% in 
1994 and to 0.6% in 2004. The annual average 
incidence of HCC among children aged 
6–14 years decreased from 0.7 per 100,000 in 
1981 through 1986 to 0.36 per 100,000 in 1990 
through 1994. In 2004, the HCC incidence for 
age groups of 6–9, 10–14, and 15–19  years 
decreased to 0.15, 0.19, and 0.16 per 100,000 
person-years, respectively, clearly indicating 
the hepatitis B vaccine to be the first vaccine 
against a major human cancer.

Surveillance data from Italy, where univer-
sal vaccination started in 1991 in infants and 
in adolescents, have shown a clear overall 
decline in the incidence of acute hepatitis B, 
from 5/100,000 in 1990 to 0.9/100,000 in 2010. 
This decline was even more striking in indi-
viduals aged 15–24 years, in whom the mor-
bidity rate per 100,000 inhabitants fell from 
17 in 1990 to less than 0.5 in 2010. Moreover, 
a generation of children and young adults (at 
present, 32 age cohorts in 2011) is emerging 
with virtually no markers of HBV infection.

Through nationally representative sero-
logic surveys in 1992, 2006, and 2014, also the 
impact of the national hepatitis B vaccination 
in China has been demonstrated. In persons 
1–29  years, the HBV surface antigen preva-
lence was declined 52% by 2014. The addi-
tional efforts towards interrupting perinatal 
transmission by providing timely birth doses 
are reflected in a 97% decline of HBS surface 
antigen in the children <5 years of age.

13.5.4  Introduction of Hepatitis B 
Vaccination Programs

Despite the availability of hepatitis B vaccine 
since the early 1980s, barriers at that time 
impeded efforts to immunize infants and chil-
dren against hepatitis B, for example, high 
vaccine costs, ill-founded concerns about 
using a plasma-derived vaccine during the 
first years of the AIDS epidemic, and the lack 
of global vaccine policies. By 1991, only 20 
countries had implemented routine infant 
immunization against hepatitis B.  In the fol-
lowing decades, hepatitis B vaccination cover-
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age grew rapidly, and by 2010, hepatitis B 
vaccination coverage among infants had 
reached an estimated 75% worldwide. By the 
end of 2019, a total of 189 countries have 
integrated hepatitis B vaccine into their 
national childhood immunization systems. 
Global coverage with three doses of hepatitis 
B vaccines is estimated at 85%.

In the WHO European Region by 
December 2017, a total of  50 of  the 53 
European countries (94%) had implemented 
a universal hepatitis B vaccination program  
(. Fig.  13.3). 23 (43%) countries offered 
hepatitis B birth dose to all newborns, and 
30 (57%) countries provided hepatitis B 
birth dose selectively to children born to 
HBsAg-positive mothers. The most recent 
countries to follow the recommendation 
were Ireland (in 2008), the Netherlands (in 
2011), the UK (in 2017), and Norway (in 

2017). Sweden has since 2016 regional 
implementation of  universal hepatitis B vac-
cination. Still, three countries (Denmark, 
Finland, and Iceland) adopt vaccination tar-
geting risk groups only, instead of  adding a 
universal vaccination program. However, 
changing demography, increasing immigra-
tion, and the current vaccine costs make the 
cost–benefit ratios in these remaining low 
endemicity countries strongly in favor of 
universal HBV vaccination.

In May 2016, the World Health Assembly 
adopted the first “Global health sector strat-
egy on viral hepatitis, 2016–2020.” The strat-
egy highlights the critical role of universal 
health coverage and sets targets that align 
with those of the Sustainable Development 
Goals. The strategy has a vision to eliminate 
viral hepatitis as a public health problem. This 
is encapsulated in the global targets to reduce 

       . Fig. 13.3 Universal hepatitis B immunization programs in the WHO European Region, Source: WHO/UNICEF 
Joint Reporting Form
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new viral hepatitis infections by 90% and 
reduce deaths due to viral hepatitis by 65% by 
2030. The WHO Regional office for Europe 
has set hepatitis B control targets to be 
achieved by 2020, including 1) 90% or more 
coverage with three doses of hepatitis B vac-
cine, 2) 90% or more coverage with interven-
tions to prevent mother-to-child transmission 
of HBV, and 3) 0.5% or lower than 0.5% prev-
alence of HBV surface antigen in age groups 
vaccinated with hepatitis B vaccine.

13.6  Future Vaccines

Existing hepatitis B vaccines are highly effec-
tive, and there is no evidence that new vac-
cines will be needed to eliminate HBV 
transmission with recommended immuniza-
tion strategies. But – at individual level – new 
vaccine formulations are being developed to 
meet the challenges of non-response or low 
response to existing hepatitis B vaccines, e.g., 
third-generation hepatitis B recombinant vac-
cines containing HBsAg and pre-S1 and pre- 
S2 antigens or adjuvanted hepatitis B 
recombinant vaccines (e.g., HBsAg-1018 ISS). 
These vaccines are showing improved immune 
response in immunocompromised popula-
tions and can offer the possibility of simpli-
fied or reduced schedules, which might be very 
promising for the future, e.g., a 0, 1-month 
schedule instead of the traditional 0, 1, 
6-month schedule.
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14.1  Influenza Viruses

Influenza is caused by influenza viruses that 
belong to the Orthomyxoviridae family and 
have a segmented RNA genome. Influenza 
virus types A and B cause more than 99.9% 
of all the influenza cases that occur every 
winter season in countries with a temperate 
climate; influenza type C is not a significant 
pathogen. The incidence varies from year 
to year, as group A viruses may change the 
prevalent subtype (e.g., from H1N1 to H3N2 
or vice versa), or because of antigenic “drift” 
within the subtype. Point mutations on genes 
encoding the two surface proteins of influenza 
viruses, hemagglutinin (HA) and neuramini-
dase (NA), are called antigenic drift and allow 
the viruses to evade immune defenses devel-
oped by individuals as a result of previous 
infections or vaccination. Variability due to 
antigenic drift is significantly more common 
among A viruses, in particular the A/H3N2 
subtype. Influenza B viruses are more stable 
with regard to antigenic drift, but they fre-
quently switch the prevalent lineage for the 
epidemic season (see below). Major mutations 
(antigenic shift) that occur only in influenza A 
viruses by reassortment of the RNA genome 
can cause pandemics because previous immu-
nity is not effective against such a completely 
different virus. Examples of antigenic shift 
are the emergence of “Asian influenza” in 
1957 (H2N2), “Hong Kong flu” in 1968 
(H3N2), and “swine flu” in 2009 (H1N1sw or 
H1N1pdm09).

14.2  Influenza in the Pediatric Age

Influenza causes medical, social, and eco-
nomic problems in children younger than 5 
years of age, the elderly, pregnant women, and 
individuals with severe chronic medical condi-
tions independently of age. Approximately 
5–15% of the world population suffer from 
seasonal influenza every year, with 3–5 million 
severe cases and more than 500,000 deaths. 
Medical visits, hospitalization rates, admis-
sions to the intensive care unit, and the pre-
scription of drugs, antipyretics, and antibiotics 

are increased during influenza season, with a 
related impact on healthcare expenditure. 
School absenteeism not only has an impact on 
children but contributes to an average loss of 
3 working days for the parent, who must 
remain at home with the child.

Children have the highest incidence of 
influenza each year. Children also shed the 
virus in greater amounts and for a longer time 
than older subjects and are considered the 
main contributors to the transmission of 
infection in the community. Although influ-
enza in children is frequently a mild respira-
tory infection, it has been clearly demonstrated 
that influenza in healthy children may be very 
severe and lead to death. In a study carried 
out in the USA on the influenza seasons from 
October 2004 to September 2012, during 
which 830 pediatric influenza-associated 
deaths were reported, it was found that 43% 
of children who died had no high-risk medical 
conditions. Moreover, contrary to what was 
generally thought, influenza was found poten-
tially severe not only in children younger than 
5 years but also in older children and adoles-
cents. Although the highest risk of death was 
associated with the first years of life (includ-
ing the first 6 months), a large number of 
deaths occurred in children aged over 5 years.

Pregnant women are at risk for severe 
influenza, its complications, and death. 
Vaccination during pregnancy is safe and 
well- tolerated, does not induce fetal complica-
tions, and is highly effective in reducing the 
risk of influenza in young infants up to the 
age of 6 months (. Fig. 6.2).

In the USA, the recommendation is to 
vaccinate all children from the age of 6 
months. In Europe, only Finland and the UK 
have influenza vaccination as part of the 
national immunization program. In Finland, 
the program is for 6- to 36-month-old children 
and in the UK (using intranasal vaccine) from 
age 2 years up. Reduction of the burden of 
influenza in children can be obtained only by 
vaccination. Two different types of influenza 
vaccines are presently available: inactivated 
influenza vaccines (IIVs), which are given via 
the intramuscular and intradermal routes, 
and live attenuated influenza vaccines 
(LAIVs), which are given intranasally.
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14.3  Non-live Influenza Vaccines

The technology for the first influenza vaccines 
dates back to 1941 and used whole influenza 
viruses grown in embryonated eggs and inacti-
vated by formalin. Whole viruses have been 
largely replaced by split-virion vaccines or 
subunit (HA and NA) vaccines. Most of the 
influenza vaccines used in the world are still 
based on egg-grown virus, but are split-virion 
or subunit types. Cell culture-grown influenza 
vaccines have also been licensed, but are in the 
minority.

Until 2013, IIVs contained three inacti-
vated (or split or subunit) viruses: representa-
tives of type A/H1N1 and type A/H3N2 and 
one of the two genetic lineages of type B virus 
(Yamagata or Victoria), which had been recog-
nized since the 1990s. Such a combination is 
called trivalent influenza vaccine (TIV). 
Specific strains to be included in the vaccine 
formulation are chosen every year by the WHO 
considering the epidemiology of virus circula-
tion in the previous year. Inaccurate prediction 
of the predominant influenza B lineage left 
many vaccinated individuals with suboptimal 
protection against influenza B disease caused 
by the influenza B lineage not being included in 
the TIV. In Europe, a B mismatch between vac-
cine and circulating strains occurred in five out 
of ten seasons between 2001 and 2011. This led 
to a modification of the conventional composi-
tion of the influenza vaccine with the inclusion 
of both B lineages for a quadrivalent (or tetra-
valent) influenza vaccine (QIV). The quantity 
of HA in the vaccine is usually 15 μg per anti-
gen. Thus, TIV contains a total of 45 μg and 
QIV 60 μg of HA.

Cell culture-produced IIVs are not more 
efficacious than egg-based vaccines, but cell 
culture is seen as a competitive production 
platform for the future. Moreover, cell culture 
IIVs allow the problem of egg allergy to be 
overcome, although the risk of severe reac-
tions following administration of tradition-
ally prepared IIVs to patients with an egg 
allergy is very low. A recent study found that 
the rate of anaphylaxis after all influenza vac-
cines, including both IIVs and LAIVs, was 
only 1.31 per 1 million vaccine doses given. 

Consequently, it was stated that influenza vac-
cine may be administered to patients with pre-
vious egg-associated hives without any 
precaution. Persons who report symptoms 
other than hives, such as angioedema, respira-
tory distress, lightheadedness, or recurrent 
emesis, or who required epinephrine or 
another emergency medical intervention may 
still receive influenza vaccine under close 
 control.

Conventional TIV (or QIV) is effective, 
but has limitations. It has been calculated that 
on average prevention of influenza occurs in 
about 60% of vaccinated healthy adults when 
the circulating viruses match those in the vac-
cine and in approximately 40% in case of virus 
mismatch. Protection in older children is simi-
lar and lower in young children. Naïve chil-
dren 6–36 months of age have a moderately 
good response to the influenza A components 
delivered in two half  doses of TIV, but the 
response to B viruses is lower. All responses 
are poor in immunocompromised subjects or 
subjects with a severe chronic underlying dis-
ease with some degree of immune system defi-
ciency. Further limitation of IIVs is the 
inability to evoke high antibody titers against 
heterovariant viruses with resulting low pro-
tection in the case of mismatch between circu-
lating strains and strains included in the 
vaccines.

Usually, a half  dose (7.5 μg HA) is given to 
infants and children aged 6–36 months, and 
the full dose (15 μg of each HA) is used for 
older children. The recommendation is to give 
two injections to vaccine-naïve children and a 
single dose annually thereafter.

A higher dose (full adult dose) of HA of 
each virus included in the vaccine yields a bet-
ter response and greater protection in the age 
group 6–36 months (. Table 14.1), but is not 
approved by the regulatory authorities. 
Regardless, Finland is recommending the full 
adult dose for its program in 6- to 36-month- 
old children. However, even with a higher 
dose, the protection against B-strains remains 
low.

All influenza vaccine recommendations 
for children start at 6 months of age. For the 
protection of infants aged <6 months, the 
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only available option is maternal immuniza-
tion in pregnancy (see . Fig. 6.2).

Recombinant influenza vaccines are mak-
ing progress but are not yet available for chil-
dren. A recombinant HA vaccine produced in 
baculovirus-insect cell system is licensed in 
the USA for persons 18 years of age and older. 
This vaccine, Flublok 4 (Sanofi), contains 45 
μg of each of four HAs and no adjuvant. It 
has shown about 30% greater efficacy than 
standard IIV in older adults. Pediatric studies 
are under way.

A VLP vaccine produced in plants 
(Nicotiana benthamiana) is made by Medicago. 
The vaccine has shown good efficacy in adults 
but has not been studied in children as yet.

14.4  Adjuvanted IIVs

Oil-in-water  emulsion adjuvants increase the 
immunogenicity of IIVs. The best-known adju-
vant is MF59, which contains squalene. MF59 
has been extensively studied and is currently 
licensed for use in the elderly in many EU coun-
tries. The MF59-adjuvanted trivalent seasonal 
influenza vaccine (aTIV) has been evaluated in 
young children for immunogenicity, safety, and 
efficacy. MF59- adjuvanted vaccine was safe 
and well-tolerated with only a small, clinically 
marginal increase in local adverse events. aTIV 
was highly efficacious in all children under 6 
years of age and significantly more efficacious 
than a TIV comparator (. Fig.  14.1). In the 
specific age group 6–24 months, aTIV was effi-
cacious, whereas TIV was not. Immune 
responses against B-strains were high after two 
doses of aTIV. MF59 adjuvant also increases 
the heterovariant immune responses to 
A-strains not included in the vaccine.

Despite the promising results, aTIV was 
not licensed in the EU for children. It is 
licensed in Canada and recommended for age 
group 6–23-month-old. Studies have been 
continued with a quadrivalent formulation of 
MF59-adjuvanted vaccine (aQIV), and there 
is a reasonable expectation that this vaccine 
may be licensed for EU children in the near 
future.

       . Table 14.1 Adult dose trivalent influenza 
vaccine (TIV) for young children in the Finnish 
National Immunization Program

Full dose TIV effectiveness by the strain
Influenza A Influenza B

All children 84% (40–96) 45% (−34–78)

≤2 years of age 79% (21–95) 28% (−212–84)

From Heinonen et al. (2011)
Full-dose TIV for children aged 6–36 months 
(off-label) is efficacious against well-matched 
A-strains, but not B-strains
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       . Fig. 14.1 Efficacy of 
MF59-adjuvanted (aTIV) 
vaccine in children 
according to age in a 
multicenter trial in 
Finland and Germany. 
*Statistically significant 
result, †Post hoc analysis. 
(From Vesikari et al. 
2011)
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Virosomes, which are reconstituted viral 
envelopes including membrane lipids and 
viral spike glycoproteins, but devoid of viral 
genetic material, were used for preparation of 
adjuvanted influenza vaccines until few years 
ago. Several studies showed a significant 
improvement in the immune response in com-
parison with conventional IIVs in subjects of 
any age. However, the virosome vaccine was 
withdrawn from the market, mainly because 
its administration in younger children was fol-
lowed by high fever in a non-negligible num-
ber of subjects.

14.5  Pandemic H1N1sw Vaccine 
and Narcolepsy

In 2009, with the  emergence of “swine flu” of 
the H1N1sw  pandemic, vaccines against this 
strain were hastily produced and implemented 
with a minimal delay. Conventional split- 
virion or subunit vaccines were not sufficiently 
immunogenic, whereas whole-virion vaccine 
was reasonably immunogenic, but of limited 
supply. MF59-adjuvanted H1N1sw vaccine 
was used to some extent in Europe, but more 
extensively outside. In contrast, a vaccine with 
a “stronger” adjuvant, AS03, which contains 
both squalene and α-tocopherol, was intro-
duced into several European countries. Such a 
vaccine was highly immunogenic but also 

reactogenic in children. It was used exten-
sively and showed high effectiveness in all age 
groups.

In 2010, the AS03-adjuvanted H1N1sw 
vaccine (Pandemrix) was found to be associ-
ated with narcolepsy, which is one of the 
greatest vaccine disasters of modern times. 
Narcolepsy is a permanent and debilitating 
condition. First reported in Sweden and 
Finland, narcolepsy was seen in many other 
countries using the Pandemrix vaccine (but 
not in connection with other vaccines). The 
vaccine increased the risk of narcolepsy in 
genetically susceptible subjects, mainly in the 
age range of 5–19 years, to at least 13-fold the 
background risk (. Fig.  14.2). A similar 
increase in narcolepsy was not seen in Canada, 
where another AS03-adjuvanted H1N1sw 
vaccine (Arepanrix) was used.

The underlying mechanism may be related 
to the production process of the split-virion 
vaccine in Europe, resulting in a high content 
of the influenza nucleoprotein (NP) antigen in 
the vaccine. NP may be polymerized, and in 
the presence of a strong adjuvant such as 
AS03, a very strong immune response in 
young people is induced not only against the 
HA and NA antigens but also NP, which in 
turn may result in the induction of autoim-
mune reaction in susceptible individuals, with 
cross-reactivity against hypocretin receptor 2, 
leading to deficiency of hypocretin and clini-
cal narcolepsy. Recent studies have shown 
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       . Fig. 14.2 Increase in 
newly diagnosed cases of 
narcolepsy in 4- to 
19-year-old children and 
adolescents in Finland in 
2010 after extensive 
vaccinations against 
H1N1pdm09 virus in the 
fall of  2009 using an 
AS03- adjuvanted vaccine. 
(Partinen et al. 2012)
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molecular mimicry at T-cell level both in 
nucleoprotein and neuraminidase peptides of 
H1N1sw virus and hypocretin reseptor 2. The 
role of ASO3 adjuvant in the induction of 
narcolepsy also appears likely.

14.6  Live Attenuated Influenza 
Vaccine

In the past few years, LAIVs became an 
option for annual immunization against sea-
sonal influenza in children.  The current vac-
cine (the only one available in Europe) is  
based on cold-adapted (ca) temperature- 
sensitive (ts) mutants that were developed by 
HF Maassab in 1966. The ca, ts parent 
strains for influenza A and B are reassorted 
with the HA and NA genes of  current sea-
sonal influenza viruses to make 6:2 reassor-
tants of  influenza A and B, respectively, that 
contain six genes from the ca and ts parents 
and retain the characteristics of  the parent 
strain. The parent strains grow well in embry-
onated eggs, which are used for vaccine pro-
duction.

The parent strains for ca and ts influenza 
virus strains were developed separately for 
influenza A and B viruses in primary chicken 
kidney cells by serial passages at successive 
(down to 25 °C) temperatures. The parent 
strains are stable and retain the mutations 
responsible for ca and ts phenotypes upon 
serial passages in animals and after replication 
in humans. The ca phenotype refers to the 
ability to grow at 25 °C and ts to no growth at 
39 °C for influenza A and 37 °C for influenza 
B.  In practice, this means that LAIV viruses 
are able to multiply on mucous membranes of 
the upper airways, but not in the lungs.

Traditionally, the ca, ts parent strains were 
reassorted with the HA and NA genes of epi-
demic influenza viruses by co-infection in eggs, 
to create 6:2 reassortants for influenza A and B 
vaccines, respectively. Since 2006, a new tech-
nology, reverse genetics, has been used instead. 
This technology enables modification of the 
HA gene before production and incorporation 
in the vaccine and has been used to improve the 
yield and thermostability of the vaccine strains.

14.6.1  Efficacy

A trivalent  composition of LAIV (CAIV-T, 
LAIV3) was tested in a  number of efficacy 
trials before licensure in 2007. The current 
quadrivalent formulation LAIV4 was not 
tested for efficacy before licensure in 2013, but 
real-life effectiveness data are available from 
several sources and, in fact, suggest that 
LAIV4 has not performed so well in 2013–
2016 as LAIV3 did before.

A placebo-controlled efficacy trial in 8- to 
36-month-old day care children was conducted 
in six European countries in 2000–2001 and 
forms the basis for expectations of LAIV per-
formance. The study lasted for two influenza 
epidemic seasons. Before the first season, all 
children received two doses of LAIV3 and 
before the second season, one dose. This is how 
the LAIV should be administered, but often is 
not. Laboratory- confirmed influenza occurred 
in over 10% of the subjects in the first year and 
about 20% in the second year, indicating the 
high incidence of influenza in young children 
and hence the need to vaccinate.

The composite vaccine efficacy in the first 
and second years, respectively, was 85.4% and 
88.7%. The strain-specific efficacy is shown in 
. Table 14.2. Efficacy against A-strains was 
at least 90% and against B-strains 70–80%, 
even though some of the circulating B-strains 
were of a different lineage.

Several other LAIV3 efficacy trials were 
performed against the TIV comparator, and 

       . Table 14.2 Efficacy of  live attenuated 
influenza vaccines (LAIV)3 in a European 
multicenter trial in 8–36-month-old day care 
children

Strain Vaccine efficacy

A/H1N1, season 2001 91.8% (80.8, 97.1)

A/H3N2, season 2002 90.3% (82.9, 94.9)

B, season 2002
Mixed Yamagata and 
Victoria

81.7% (53.7, 93.9)

Modified from Vesikari et al. (2006a)
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each showed a greater efficacy in children. 
The pivotal trial carried out in 8,475 children 
aged 6–59 months is shown in . Fig.  14.3. 
LAIV3 given in two doses to vaccine-naïve 
children (about two thirds of the study popu-
lation) showed 54% greater efficacy than TIV; 
if  it was assumed that the efficacy of TIV 
might have been about 50%, then the efficacy 
of LAIV3 amounts to around 80% against 
any strain.

14.6.2  Real-Life Effectiveness

Because of safety  issues (see below), LAIV is 
licensed only for  children above 2 years of 
age. Accordingly, LAIV has been used increas-
ingly in the USA and Europe in children 
above this age. In the UK, a recommendation 
was issued in 2013 to give a single dose of 
LAIV to children aged 2–17 years; in practice, 
the introduction of this program has now 
reached ages 2–9 years. In Finland, LAIV has 
been given since 2014 to children as part of 
the national immunization program and is 
now given to ages 2–7 years. In most cases in 
the USA and exclusively in the UK and 
Finland, a single dose of LAIV has been 
given, which is not what had been studied in 
prelicensure trials of LAIV.

Matters were complicated by two issues:
 1. In 2009, the H1N1pdm09 pandemic strain 

was introduced into the LAIV to replace 
an earlier H1N1 component. The HA of 

the H1N1pdm09 turned out to be thermo-
labile, which may have been the reason for 
reduced vaccine effectiveness discovered 
several years later.

 2. A quadrivalent composition of LAIV 
(LAIV4) was introduced in 2013. This vac-
cine contained two B-strains representing 
Victoria and Yamagata lineages. The logic 
behind this was the same as for non-live 
influenza vaccines: to increase coverage 
against influenza B. However, the real-life 
value of the quadrivalent composition was 
not tested in an efficacy trial, but the US 
Food and Drugs Administration approved 
the LAIV4 vaccine based on immunoge-
nicity only. In Europe, the European 
Medicines Agency, unlike for QIV, did not 
require an efficacy trial for LAIV4 either.

The real-life effectiveness follow-up in the 
USA (US Flu Vaccine Effectiveness Network) 
was lower than expected, compared with pre-
licensure efficacy. Since 2013, the LAIV4 
composition did not show any efficacy against 
influenza A (largely H1N1) at all. This led to 
withdrawal of the recommendation of LAIVs 
by the Advisory Committee on Immunization 
Practices in June 2016, but recommendation 
was back in place for the 2018–2019 season.

In Europe, a case-control study of LAIV4 in 
the UK in the age group 2–7 years showed an 
adjusted vaccine efficacy of 57.6% (25.1–76%) 
against laboratory-confirmed influenza. Since 
then effectiveness has been between 27% and 
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       . Fig. 14.3 Cumulative 
occurrence of  culture- 
confirmed influenza 
during one influenza 
season in 6- to 59-month-
old children vaccinated 
with two doses of  TIV or 
LAIV (CAIV-T). (From 
Belshe et al. 2007)
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67% depending on the  season. In Finland, an 
overall vaccine effectiveness of 51% was found 
in the season 2015–2016.

Altogether, real-life effectiveness of 
LAIV4 has been systematically lower than 
what was found in the efficacy studies of 
CAIV3.

14.6.3  Safety

LAIVs continued to be used in 2016–2017 
season in the UK and Finland immunization 
programs despite their relatively low efficacy. 
In general, it would seem prudent to follow 
the US recommendation not to continue the 
use of LAIVs until the reasons for low perfor-
mance have been fully elucidated and the 
problems corrected.

Three safety issues are related to LAIVs:
 1. Flu-like symptoms associated with the 

multiplication of live attenuated viruses in 
the upper respiratory tract. This issue is 
also related to the shedding and potential 
transmission of vaccine viruses to suscep-
tible subjects in the environment.

 2. Provocation of asthma or asthma-like 
wheezing in asthma-prone children.

 3. Increased hospitalizations, owing to respi-
ratory problems and other reasons in sub-
jects under 12 months of age.

Respiratory symptoms occur in about 10% of 
naïve children 3–7 days after administration 

of LAIVs and usually last 2–3 days. The 
symptoms include runny and stuffy nose and 
mild fever. The vaccine seems to protect 
against itself: flu-like symptoms are rare after 
the second dose.

Shedding of the vaccine virus may be 
detected in up to 70% of susceptible children. 
The B-strain is dominant over A-strains. 
Shedding peaks between days 3 and 10, but 
may last up to 3 weeks. Transmission is, how-
ever, rare. Of note, if the vaccine virus is trans-
mitted, it retains the ca, ts phenotype and does 
not cause significant symptoms in the recipi-
ents.

Asthma-like wheezing is the best-known 
side effect of LAIVs, which has limited the use 
of this vaccine in children aged 24 months and 
older. Characteristically, the wheezing period 
occurs 7–14 days after administration of 
LAIVs (. Fig. 14.4).

Wheezing is mainly limited to asthma- prone 
children under 24 months of age; although it 
may occur in older children, the rate is not sig-
nificantly higher than in controls. In younger 
children, about one half of the wheezing epi-
sodes are mild, but the other half are not and 
some may require hospitalization. Therefore, 
the current LAIVs should not be given to chil-
dren younger than 24 months of age.

The increased rate of hospitalization in 
recipient children aged 6–11 months is largely 
unexplained. It is likely related to the insuffi-
cient attenuation of LAIV for the youngest 
infants.
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       . Fig. 14.4 Episodes of 
wheezing in children aged 
6–59 months vaccinated 
with TIV or LAIV 
(CAIV-T)
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14.6.4  Other LAIVs

Another LAIV, based on the cold-adapted 
H2N2 virus backbone, was developed in Russia 
(“Leningrad strain”) and recently licensed  to 
manufacturers in China and India. The  intra-
nasal vaccine has been tested and extensively 
used in Russia, but not outside that country. 
The H2N2 backbone has been used to generate 
6:2 reassortants of a variety of seasonal influ-
enza A-strains and pandemic influenza strains. 
The vaccine can be produced in cell culture.
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15.1  Burden of HPV-Related 
Diseases in the  
Pre-vaccination Era

Human papillomaviruses (HPVs) include 
more than 100 viral types, with tropism for 
mucosa or skin. Infection with HPVs may 
become persistent and progress to precancer-
ous lesions and eventually to invasion, caus-
ing cancers in a variety of sites, including the 
uterine cervix, vulva, vagina, penis, anus, oral 
cavity, oropharynx, and possibly the skin in 
patients with epidermodysplasia verrucifor-
mis. In order to evaluate the baseline levels of 
HPV infections and related diseases before 
universal vaccination programs were imple-
mented, it is necessary to refer to data col-
lected in the years 2003–2012. At that time, 
HPV infections were estimated to account for 
5.2% of all cancers in the world, being respon-
sible for 3% of mouth, 12% of oropharynx, 
40% of penis, 40% of vulva/vagina, and virtu-
ally 100% of uterine cervix cancers. In partic-
ular, HPV types 16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, and 59 are classified as group 1 car-
cinogens by the International Agency for 
Research on Cancer (IARC). Cervical cancer 
was the fourth most common cancer in 
women, and the seventh overall, with an esti-
mated 528,000 new cases in 2012. Most 
(around 85%) of the global burden occurs in 
low- and middle- income countries (LMIC), 
where it accounts for almost 12% of all female 
cancers. There were an estimated 266,000 
deaths from cervical cancer worldwide in 
2012, comprising 7.5% of all female cancer 
deaths. Almost nine out of ten (87%) cervical 
cancer deaths occurred in the LMIC regions. 
Mortality varies 18-fold among the different 
regions of the world, with rates ranging from 
less than 2 per 100,000  in Western Asia, 
Western Europe, and Australia/New Zealand 
to more than 20 per 100,000  in Melanesia 
(20.6), Middle (22.2), and Eastern (27.6) 
Africa. In addition to causing malignant can-
cers, HPVs are also the cause of genital warts 
(GWs), histologically benign lesions that rep-
resent the most common sexually transmitted 
disease in many countries. Several million 
cases of GWs occur every year in the world in 

both females and males, with a peak incidence 
between 20 and 24  years of age for women 
and between 25 and 29  years among men. 
HPVs are also responsible for a very rare but 
extremely debilitating disease, juvenile-onset 
recurrent respiratory papillomatosis 
(JORRP), characterized by the growth of 
recurrent tumors in the respiratory tract, 
which results from a vertical transmission of 
HPV from mother to child. Virology studies 
have substantiated the link between genital 
condylomas and JORRP.  HPV types 6 and 
11, which are responsible for 80–90% of the 
condylomas, are responsible for nearly 100% 
of JORRP.

European data (2012) (7 http://www. 
hpvcentre. net/statistics/reports/XEX. pdf) 
confirm that the disease burden due to HPV 
infection is impressive: more than 58,000 new 
cervical cancer cases are estimated to be diag-
nosed annually, i.e., the sixth cause of female 
cancer in Europe overall and the second most 
common female cancer in women aged 
15–44 years. Looking at mortality, more than 
24,000 new cervical cancer deaths occur annu-
ally in Europe, i.e., the seventh cause of female 
cancer death overall and the second most 
common cause of female cancer death in 
women aged 15–44 years.

Data on other HPV-related cancers are 
more difficult to obtain, owing to their rela-
tively lower incidence and to a lack of  stan-
dardization of  registries. However, estimates 
performed using reliable information avail-
able for 26 countries in Europe (EU countries 
not including Greece, Hungary, Luxemburg, 
and Romania plus data from Iceland, 
Norway, and Switzerland) show an incidence 
of  about 2700 vulvar cancers, 1100 vaginal 
cancers, 4600 anal cancers (2900  in females, 
1700 in males), 15,200 head and neck cancers 
(2500 in females, 12,700 in males), and almost 
1100 penile cancers. In the same countries, 
23,200 cervical cancer cases are estimated to 
occur every year. Overall, this means that, of 
the 48,000 HPV-16- and HPV-18-related can-
cers occurring each year in the selected 
European countries, 30% are in men. 
Excluding cervical cancer, of  the approxi-
mately 23,000 cancer cases due to HPV-16/18, 
most are seen in men owing to the incidence 
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of head and neck cancers, which are fivefold 
more frequent in males than females. New 
cases of  GWs attributable to HPV types 
6/11  in the same countries are estimated at 
between 615,000 and 675,000 each year, with 
an equal sex distribution.

Regarding precancerous lesions, data col-
lected between 2003 and 2007 in the 31 coun-
tries covered by the European Medicines 
Agency plus Switzerland showed the follow-
ing ranges in numbers attributable to HPV: 
Cervical Intraepithelial Neoplasia (CIN) 
grade 2 or higher (CIN2+) 267,350–510,609; 
Vulvar Intraepithelial Neoplasia grade 2/3 
(VIN 2/3) 12,067–23,977; Vaginal 
Intraepithelial Neoplasia grade 2/3 (VaIN 
2/3) 2442–4521; and Anal Intraepithelial 
Neoplasia grade 2/3 (AIN 2/3) 1545 in females 
and 1093 in males.

15.2  Epidemiology and Ways 
of Transmission

The association between persistent HPV infec-
tion and cervical cancer is one of the strongest 
known in epidemiology, meaning that cervical 
cancer is necessarily linked to such an infec-
tion. HPV types 16 and 18 are responsible 
for >70% of cervical cancers in the world, 
the remaining less than 30% being due to the 
other carcinogenic types. The fraction of non-
cervical cancers attributable to HPV is vari-
able, being about 83% for anal cancer, 60% 
for vaginal cancer, 42% for penile cancer, 31% 
for vulvar cancer, and 22% for oropharyngeal 
cancer. HPV-16 is also the single most impor-
tant type to which almost all noncervical can-
cers due to HPV are attributable.

HPV-6 and HPV-11 are responsible for 
>90% of genital warts and JORRP cases in 
the world.

Several co-factors linked to the possible 
evolution from persistent infection toward 
precancerous and cancerous lesions have been 
recognized: smoking, parity, use of oral con-
traceptives, HIV infection, and other sexually 
transmitted infections. Male circumcision has 
been shown to decrease the risk of cervical 
cancer in female partners.

Transmission of HPV occurs primarily 
through sexual intercourse, not necessarily 
implying penetration. As a matter of fact, 
infection has also been described following 
manual–genital or oral–genital contact. 
Condom use may reduce the risk of infection, 
but is not completely protective.

In addition, nonsexual routes are possible, 
the most important being mother-to-child 
vertical transmission, which is a rare but pos-
sible event. Transmission through contami-
nated objects (i.e., surgical gloves or biopsy 
forceps) has been hypothesized, but has never 
been definitely proven.

15.3  Human Papillomavirus 
Vaccines

The development of HPV prophylactic vac-
cines started after the demonstration of the 
possibility of producing virus-like particles 
(VLPs) through self-assembly of antigens 
codified by the genomic regions L1 and L2 
(virus capsid proteins). This property is one of 
the reasons for the high immunogenicity of 
HPV vaccines, as recombinant L1 proteins 
produced in yeast or insect cells reconstitute 
the external shell structure of the virus.

Infection with HPV is an exclusively muco-
sal event (no viremia) that does not cause 
inflammation or cell death. Consequently, 
natural immunity following infection is usu-
ally weak, and reinfection with the same HPV 
type may occur. Vaccination is given intra-
muscularly, and a strong primary and second-
ary response (including immunological 
memory induction) is obtained after a com-
plete course of immunization.

The mechanism of protection is based on 
neutralizing antibodies able to prevent virus 
entry into the target mucosal cell. It is postu-
lated that anti-HPV antibodies produced fol-
lowing active immunization transudate into 
the cervical mucosal basal layer and into the 
cervical mucus, where virions are neutralized. 
However, no minimum protective level of 
antibodies (correlate of protection) has been 
defined, also as a consequence of the excellent 
protection afforded by vaccines. The lack of 
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such a correlate implies that the protective 
effect of vaccines needs to be defined clini-
cally. As it is not possible to measure the effi-
cacy of HPV vaccines against cervical and 
other cancers in clinical trials for evident ethi-
cal and temporal reasons, it was necessary to 
find a surrogate marker of protection afforded 
by vaccination. Persistent infection with HPV 
is a possible outcome, but viral clearance can 
occur spontaneously. Prevention of cervical 
intraepithelial neoplasia (CIN) grade 2 or 
higher (CIN2+) is considered the best surro-
gate, as spontaneous reversion to normal his-
tology, although possible, is very rare.

The demonstration of immunogenicity, 
efficacy, and safety of the first prototype mon-
ovalent vaccine against HPV-16 paved the way 
for the development and availability of first- 
generation vaccines, i.e., the quadrivalent vac-
cine (containing HPV types 6, 11, 16, and 18) 
and the bivalent vaccine (containing HPV 
types 16 and 18). Since 2015, a nine-valent 
HPV vaccine (containing HPV types 6, 11, 16, 
18, 31, 33, 45, 52, and 58) has been approved 
for use in the USA and Europe.

15.4  Bivalent HPV Vaccine

The bivalent vaccine, Cervarix (GSK), is pro-
duced in insect cells (derived from the butterfly 
Trichoplusia ni) by recombinant DNA tech-
niques and adjuvanted with the AS04 system, 
which is composed of aluminum hydroxide 
and monophosphoryl lipid A, a lipopolysac-
charide from the cell wall of Salmonella spp. 
bacteria (. Table  15.1). Efficacy data were 
evaluated in a young adult female popula-
tion after a three-dose schedule at 0, 1, and 
6 months of the vaccine or placebo. Efficacy 
was primarily in the total vaccinated cohort, 
which included women who were HPV-DNA-
negative and seronegative for HPV-16 and 
HPV-18 at study entry and who had received at 
least one dose of vaccine or placebo. Women 
who had a baseline high- grade lesion or lack-
ing cytology data were excluded from the 
analysis. The efficacy of the bivalent vaccine 
in the prevention of CIN2+ associated with 
HPV-16 and/or HPV-18 was 90.4% (97.9% 
confidence interval [CI] 53.4–99.3%). Efficacy 

against the single types was 93.3% (97.9%; CI 
47.0–99.9%) for HPV-16 and 83.3% (97.9% CI 
−78.8–99.9%) for HPV- 18. When the analy-
sis was also based on HPV- 16 or HPV-18  in 
the lesion and in preceding cytology samples 
(post hoc analysis with attribution of the 
lesion to specific HPV types), efficacy values 
all became 100% (97.9% CI 74.2–100% for 
type 16/18; 64.5–100% for type 16; −49.5 to 
100% for type 18). The bivalent HPV vaccine 
showed a cross-protective efficacy, especially 
against types 31 and 45. An overall efficacy 
against CIN3+ lesions (irrespective of HPV 
type in the lesion) of 93.2% (95% CI 78.9–
98.7%) was reported at year 4 of follow-up 
for women involved in the PATRICIA clinical 
trial. However, it is not possible to define the 
duration of such a cross- protective effect, also 
because the clinical trials of HPV vaccines 
were not powered with the aim of measuring 
cross-protection. A comparative study on the 

       . Table 15.1 Efficacy of  the nine-valent 
human papilloma virus (HPV) vaccine against 
HPV- 31/33/45/52/58 (cervical/vulvar/vaginal 
disease, persistent infection) – women aged 
16–26 years; received all three vaccinations 
within year of  enrolment

Per protocol efficacy population (median follow-up 
40 months post dose 33)
Endpoint 9vHPV 

vaccine
No. of 
cases/n

qHPV 
vaccine
No. of 
cases/n

Efficacy
(95% CI)

≥CIN2/3, 
VIN2/3, 
VaIN2/3

1/6016 30/6017 96.7%
(80.9, 

99.8)

All CIN, 
VIN, VaIN2

3/6016 103/6017 97.1%
(91.8, 

99.2)

6-month 
persistent 
infection

35/5939 810/5953 96.0%
(94.4, 

97.2)

1. Joura et al. (2015)
2. Supplement for Joura et al. (2015)
3. Bautista O. V503–001 MEMO – Median Fol-
low- up Time for Efficacy. Data on file. Dr. A Lux-
embourg ACIP February 2014 Meeting. 7 http://
www. cdc. gov/vaccines/acip/meetings/slides- 2016- 
02. html
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immunogenicity of the bivalent and the quad-
rivalent HPV vaccines showed significantly 
higher levels of antibodies against both HPV-
16 and HPV-18 following administration of 
the bivalent versus the quadrivalent vaccine. 
The meaning of such data for long-term pro-
tection is as yet unknown.

Following a specifically designed clinical 
trial to compare the immunogenicity of two 
doses of bivalent vaccine in girls 9–14 years of 
age vs three doses given to young women aged 
15–25 years, which demonstrated that GMTs 
after two doses in girls were not inferior to 
three doses in women, a change occurred in 
the recommended schedule for young girls, 
which since 2013/2014 foresees the adminis-
tration of two doses at 6  months apart for 
subjects aged <15 years.

15.5  Quadrivalent HPV Vaccine

The quadrivalent vaccine (Gardasil, Merck) is 
produced in yeast cells by recombinant DNA 
techniques and adjuvanted with amorphous 
aluminum salts (. Table  15.1). The phase 3 
clinical trial was performed in 13 different 
countries (FUTURE II Study) and involved 
about 12,000 women, randomly assigned to 
receive HPV vaccine or placebo according to 
a 3-dose schedule (0, 2, and 6 months). The 
composite efficacy result (CIN2, CIN3, ade-
nocarcinoma in situ) after an average 3-year 
follow-up was 98% (95% CI 86–100%) in the 
per-protocol susceptible population and 44% 
(95% CI 26–58%) in the intention-to-treat 
population, where women already infected 
were also represented.

Immunological memory against the quad-
rivalent L1-encoded HPV antigens was dem-
onstrated by a challenge dose administered 
5 years after the first dose in fully vaccinated 
women. A booster response was elicited even 
if  the woman had lost detectable antibodies to 
some antigen. Interestingly, in the same study, 
it was possible to highlight that no case of 
breakthrough infection occurred in women of 
the vaccine group who became seronegative in 
the 5-year time interval, whereas ten cases of 
infection occurred in women belonging to the 

placebo group. It is not clear whether this 
means that vaccinated women retained a pro-
tective but undetectable level of antibodies to 
the L1 antigen, or if  they were protected 
through an anamnestic response at the muco-
sal level. Women belonging to the placebo 
group were immunized at year 5, and this 
intervention prevented the possibility of hav-
ing long-term efficacy data through the com-
parison of vaccinated vs unvaccinated women. 
However, data from originally vaccinated 
women followed through cancer registries in 
Nordic countries demonstrated no break-
through infection after 12 years of follow-up, 
with a trend toward continued protection 
through 14 years post-vaccination. The quad-
rivalent vaccine showed a good degree of 
cross-protection in clinical trials, especially 
against HPV-31 and HPV-33, the duration of 
which needs to be further investigated. An 
independent study comparing the antibody 
response obtained after two doses adminis-
tered 6 months apart in girls aged 9–13 years 
versus young women aged 16–26 years receiv-
ing three doses at 0, 2, and 6 months showed 
non-inferiority of the two-dose schedule, and 
the two-dose schedule was approved for the 
quadrivalent vaccine given at age 9–13 years.

15.6  Nonavalent HPV Vaccine

The nine-valent HPV vaccine was developed 
based on the heritage of the quadrivalent vac-
cine, with which it shares the same production 
process and the same adjuvant. It includes the 
additional HPV types 31, 33, 45, 52, and 58. 
The foreseen direct impact of the new vaccine 
is an increase in prevented overall HPV-related 
cancers from 75% to 89%. About 90% of cer-
vical cancer cases are directly preventable 
using the nine-valent vaccine (vs 72% with the 
quadrivalent vaccine), whereas the increase in 
prevented cases would be more limited for 
anal cancer (from 87% to 90%).

In a double-blind, randomized, multi-
center study, over 14,000 women were ran-
domly assigned to receive three doses of 
either the nonavalent or the quadrivalent 
HPV vaccine (comparator) at months 0, 2, 
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and 6. The nonavalent vaccine turned out 
to have  overlapping (and non-inferior) sero-
conversion rates and geometric mean titers 
(GMTs) 1 month after the third dose (month 
7). The efficacy of  the nonavalent vaccine 
against precancerous lesions and persistent 
infection due to HPV types 31, 33, 45, 52, 
and 58 was directly measured in the trial, as 
the quadrivalent vaccine lacks VLPs of  such 
HPV types. The overall efficacy data against 
different endpoints for the five types are 
reported in . Table 15.1 and was invariably 
>90%, mostly >95%. . Table  15.2 reports 
the 6-month efficacy against persistent 
infection for the single additional types of 
the nine-valent vaccine, which ranged from 
94.8% to 99.1%.

15.7  Effectiveness of HPV Vaccines: 
From Trials to the Real World

Fourteen years after HPV vaccination was 
implemented in several countries, a consider-
able amount of disease impact data is avail-
able. HPV vaccination programs have been 
proven to reduce incident and prevalent HPV- 
related conditions and diseases even a couple 
of years after vaccination implementation. As 
those data come from ecological studies, 
results must be interpreted with care. Below, 
some of the available data on HPV vaccina-
tion effectiveness are reported.

The first diseases on which immunization 
have an impact are GWs.

In Australia, 5 years after implementation 
of HPV vaccination, a 93% reduction of GWs 
irrespective of vaccination status was regis-
tered in women aged <21  years and a 100% 
reduction in women who declared that they 
had been vaccinated. GW incidence in hetero-
sexual men also decreased by indirect effect. 
Such an effect was not visible in the homo-
sexual male population. In Denmark, after 
introduction of the vaccination program, the 
incidence ratio (IR) of GWs in 16- and 
17- year- old women between 2008 and 2013 
decreased from 1071 to 58 per 100,000 person- 
years and was reduced from 365 to 77 per 
100,000 person-years in men.

Also, the prevalence of vaccine-type HPV 
DNA decreased significantly in Australian 
females aged 18–24 years: 4vHPV prevalence 
decreased from 29% to 7% in partially and to 
2% in fully vaccinated women; a lower preva-
lence of vaccine-targeted types in unvacci-
nated women (19%) suggested herd immunity. 
Furthermore, in a country using the bivalent 
vaccine, such as Scotland, from a total of 
4679 samples tested, a significant reduction in 
prevalence of HPV-16 and HPV-18 from 
29.8% (95% CI 28.3, 31.3%) to 13.6% (95% CI 
11.7, 15.8%) was registered in the 5 years after 
vaccination implementation.

Precancerous lesions have also decreased 
significantly following implementation of 
immunization strategies. Australian data 
updated to March 2014, with a vaccine cov-
erage around 70% for three doses, showed a 

       . Table 15.2 Efficacy of  the nine-valent HPV 
vaccine against 6-month persistent infection (PI) 
due to types 31, 33, 45, 52, and 58. Per protocol 
population

Endpoint
6-month 
PI

9vHPV
No. 
cases/
total

qHPV
No.  
cases/total

Efficacy 
(95% CI)

HPV 31 7/5251 150/5198 95.5% 
(90.7, 
97.9)

HPV 33 1/5553 106/5560 99.1% 
(95.2, 
100)

HPV 45 4/5649 124/5658 96.8% 
(92.1, 
98.9)

HPV 52 11/5263 387/5160 97.3% 
(95.5, 
98.7)

HPV 58 12/5297 225/5284 94.8% 
(91.0, 
97.1)

The nine-valent vaccine was subsequently 
approved for use with a two-dose schedule at 
0–6/12 months in girls and boys aged 9–14 years 
(7  https://www. cdc. gov/vaccines/acip/meetings/
downloads/min- archive/min- 2016- 02. pdf)
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reduction of high-grade precancerous lesions 
(CIN2/3) of 50% in women aged <21 years. In 
Scotland, a significant reduction of CIN diag-
noses in women who received three doses of 
vaccine vs those not vaccinated was registered: 
for CIN 1, adjusted RR was 0.71 (95% CI 
0.58–0.87; P = 0.0008). For CIN 2, adjusted 
RR was 0.5 (95% CI 0.4–0.63; P  =  0.0001) 
and for CIN 3, adjusted RR was 0.45 (95% CI 
0.35–0.58; P = 0.0001).

In 2020, first direct evidences collected in 
Sweden on the effectiveness of HPV vaccines 
against cervical cancer were published. Girls 
and women were evaluated for cervical cancer 
until their 31st birthday. Cervical cancer was 
diagnosed in 19 women who had received the 
quadrivalent HPV vaccine and in 538 women 
who had not received the vaccine. The cumu-
lative incidence of cervical cancer was 47 cases 
per 100,000 persons among women who had 
been vaccinated and 94 cases per 100,000 per-
sons among those who had not been vacci-
nated. After adjustment for age at follow-up, 
the incidence rate ratio for the comparison of 
the vaccinated population with the unvacci-
nated population was 0.51 (95% confidence 
interval [CI], 0.32–0.82). After additional 
adjustment for other covariates, the incidence 
rate ratio was 0.37 (95% CI, 0.21–0.57). After 
adjustment for all covariates, the incidence 
rate ratio was 0.12 (95% CI, 0.00–0.34) among 
women who had been vaccinated before the 
age of 17 years and 0.47 (95% CI, 0.27–0.75) 
among women who had been vaccinated at 
the age of 17–30 years.

Further data from 4 Nordic European 
countries (Denmark, Iceland, Norway, and 
Sweden) at the end of 14 years of follow-up 
after enrollment in FUTURE II were avail-
able in 2021. Young women (16–23  years 
of age) who received three qHPV vaccine 
doses during the randomized, double-blind, 
placebo- controlled FUTURE II base study 
were followed for effectiveness for an addi-
tional ≥10  years through national registries. 
The observed incidence of HPV-16/18-related 
high-grade cervical dysplasia was compared 
with recent historical background incidence 
rates in an unvaccinated population. No cases 
of HPV-16/18-related high-grade cervical 
dysplasia were observed in the per-protocol 

effectiveness population (N = 2121; 24,099·0 
person-years of follow-up) during the entire 
study. Vaccine effectiveness of 100% (95% CI 
94.7–100) was demonstrated for ≥12  years, 
with a trend toward continued protection 
through 14 years post-vaccination.

15.8  Safety of HPV Vaccines

All HPV vaccines showed a good safety pro-
file in clinical trials. Local reactions (pain, 
swelling, induration, redness, etc.) are fre-
quently reported side effects. Systemic reac-
tions included fever, headache, vertigo, and 
nausea.

Post-marketing surveillance data include, 
as expected, reports of a wide range of adverse 
events following immunization (AEFIs). 
Causality assessment is a complex process 
that implies the verification of the simultane-
ous presence of different criteria, and not sim-
ply temporal association.

Several diseases of uncertain etiology have 
been reported after HPV vaccination; how-
ever, none of them was demonstrated to be 
causally associated with immunization.

For the quadrivalent vaccine, a review of 
15 published post-marketing studies based on 
both passive and active surveillance showed 
an excellent record of safety on >1 million 
vaccinated subjects around the world. The 
US Institute of Medicine published a review 
on HPV vaccination, autoimmune disease, 
and acute disseminated encephalomyelitis 
(ADEM), which stated that the vaccine is not 
associated with an increased risk of multiple 
sclerosis or other demyelinating diseases.

The most recent threat to HPV vaccina-
tion programs was the report of some cases 
of complex regional pain syndrome (CRPS) 
and of postural orthostatic tachycardia syn-
drome (POTS) in vaccinated girls, follow-
ing which vaccination coverage dramatically 
fell in Japan. Following a Danish request 
of review for evidence of possible causal-
ity, the Pharmacovigilance Risk Assessment 
Committee (PRAC) of the European 
Medicine Agency (EMA) stated that available 
evidence does not show any causal relation-
ship between HPV vaccination and the two 
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syndromes. Such a conclusion was endorsed 
officially by the EMA on November 20, 
2015. In December 2015, the WHO Global 
Advisory Committee on Vaccine Safety con-
firmed that no such causal association exists, 
calling for efforts by Japan health authorities 
to restore vaccination coverage.

15.9  Vaccination Programs 
in the World

Vaccination for HPV has been recommended 
and implemented in the adolescent female pop-
ulation of several countries for about 14 years, 
starting from industrialized areas and achiev-
ing different coverage results (. Fig. 15.1). In 
May 2018 the WHO Director- General made 
a global call for action toward the elimination 
of cervical cancer as a public health problem, 
aiming to reduce the annual incidence below 
4 cases per 100,000 globally. In August 2020, 
the World Health Assembly passed a resolu-
tion calling for elimination of cervical cancer 
and adopting a strategy to make it happen.

Countries with limited resources have been 
involved in vaccination demonstration proj-
ects and, in some cases, have launched a 
national program with the help of interna-
tional agencies and alliances (. Fig.  15.2). 
Extension of the immunization offer to ado-
lescent male subjects has become an impor-
tant additional opportunity for several 
countries, also because the progressive 
decrease of vaccine costs and the possibility 
of administering two doses only in adoles-
cents have made universal HPV immunization 
a cost-effective option in many instances. 
Special attention is needed for homosexual 
men with HIV infection, who are at a particu-
larly increased risk for HPV-related diseases 
and deaths. However, it seems unlikely that a 
high vaccination coverage is reached in such a 
risk group, universal (female and male) ado-
lescent programs being the real solution. An 
extension of female age groups involved in the 
active offer of immunization to include young 
adults would allow a faster impact of vaccina-
tion programs on HPV-related cancers and 
precancers.

       . Fig. 15.1 Countries that include human papilloma 
virus (HPV) vaccine in their national immunization pro-
gram. (Data source: WHO/IVB Database, as of  23rd 
October 2020. Map production Immunization Vaccines 
and Biologicals (IVB), World Health Organization; The 
boundaries and names shown and the designations used 
on this map do not imply the expression of  any opinion 

whatsoever on the part of  the World Health Organiza-
tion concerning the legal status of  any country, terri-
tory, city, or area or of  its authorities, or concerning the 
delimitation of  its frontiers or boundaries. Dotted lines 
on maps represent approximate border lines for which 
there may not yet be full agreement. ©WHO 2020. All 
rights reserved)
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       . Fig. 15.2 Global HPV National Vaccine Introduc-
tion Projected National Introduction, and Completed 
Demonstration Projects as of  May 4, 2020. (7 https://

path. azureedge. net/media/documents/Global_HPV_
Vaccine_Intro_Overview_Slides_webversion_2020May. 
pdf)

Furthermore, it must not be forgotten that 
reaching high coverage with HPV vaccines 
can have a deep impact on the organization of 
screening programs. In the presence of a high 
coverage against HPV vaccine types in the 

population, it would be possible to extend 
HPV DNA testing as a primary screening 
test, and fewer screening rounds during a 
woman’s lifetime would be sufficient to pro-
vide almost complete protection against HPV.

Bivalent vaccine Quadrivalent vaccine Nonavalent vaccine

Antigens 
(virus-like 
particles – 
VLPs)

20 μg HPV-16
20 μg HPV-18

40 μg HPV-16
20 μg HPV-18
20 μg HPV-6
40 μg HPV-11

60 μg HPV-16
40 μg HPV-18
30 μg HPV-6
40 μg HPV-11
20 μg HPV-31
20 μg HPV-33
20 μg HPV-45
20 μg HPV-52
20 μg HPV-58

Expression 
system

Baculovirus expression vector 
system in Trichoplusia ni 
Rix4446 cell substrate

Saccharomyces 
cerevisiae yeast

Saccharomyces cerevisiae 
yeast

Adjuvant AS04 Adjuvant system [50 μg 
MPL and 500 μg Al(OH)3]

225 μg amorphous 
aluminum hydroxy-
phosphate sulfate

500 μg amorphous 
aluminum hydroxyphos-
phate sulfate

Administration 
schedule

2 doses 5–13 months apart from 
9 to 14 years
3 doses at month 0, 1, 6 in 
subjects ≥15 years

2 doses at month 0 and 
6 from 9 to 13 years
3 doses at month 0, 2, 
6 in subjects ≥14 years

2 doses 5–13 months apart 
from 9 to 14 years
3 doses at month 0, 2, 6 in 
subjects ≥15 years
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16.1  Tick-Borne Encephalitis 
Disease

Tick-borne encephalitis (TBE) is caused by 
the TBE virus (TBEV), a member of the 
Flavivirus family. There are three antigeneti-
cally very closely related subtypes of the virus: 
the European subtype (TBEV-Eu), the 
Siberian subtype (TBEV-Sib), and the Far 
East subtype (TBEV-Fe). The virus is inocu-
lated to the host by a sting (frequently and 
erroneously referred to as a “bite”) from an 
infected tick and the virus then replicates 
locally, followed by viremia of 2–7 days and 
facultative invasion of the central nervous 
system.

Viremia occurs in all patients with TBEV 
infections, but approximately two-thirds of 
them remain asymptomatic and only one- 
third get clinical symptoms.

Tick-borne encephalitis is only rarely 
exported to other countries and a recent 
review on travel-associated TBE presented evi-
dence that in 2012 only 39 cases of TBE were 
documented in Central and Western Europe 
among international travelers (. Figs.  16.1 
and 16.2).

Nevertheless, TBE has to be taken into 
account in the differential diagnosis of aseptic 
meningitis in patients who had stayed in a 
TBE-endemic area in the previous 4  weeks, 
especially in the warm season (7 Box 16.1).

Box 16.1 Criteria for Tick-Borne Encephalitis (TBE) Case Confirmation and Consecutive 
Case Classification
Clinical criteria
Any person  with symptoms of  inflammation 
of  the central nervous system (e.g., meningi-
tis, meningoencephalitis, encephalomyelitis, 
encephaloradiculitis).
Laboratory criteria1

1. Confirmed case:
At least one of  the following five:

 5 TBE-specific immunoglobulin M 
(IgM) and immunoglobulin G anti-
bodies in blood

 5 TBE-specific IgM antibodies in cere-
brospinal fluid

 5 Seroconversion or fourfold increase 
in TBE-specific antibodies in paired 
serum samples

 5 Detection of  TBE viral nucleic acid in 
a clinical specimen

 5 Isolation of  the TBE virus from a clini-
cal specimen

2. Probable case:
 5 Detection of  TBE-specific IgM anti-

bodies in a unique serum sample
Epidemiological criteria

 5 Exposure to a common source (unpas-
teurized dairy products)

Case classification
 (i) Possible case: not applicable
 (ii) Probable case

 5 Any person meeting the clinical 
criteria and the laboratory crite-
ria for a probable case, or

 5 Any person meeting the clinical 
criteria and with an epidemio-
logical link

 (iii) Confirmed case
 5 Any person meeting the clinical 

and laboratory criteria for case 
confirmation 

1 Serological results should be interpreted according to the vaccination status and previous exposure to 
other flaviviral infections. Confirmed cases in such situations should be validated by serum neutraliza-
tion assay or other equivalent assays.
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Known TBE risk areas as of 2015

Areas considered to be endemic without precise documentation

Areas with solitary cases of TBE

       . Fig. 16.1 Endemic areas of  tick-borne encephalitis (TBE) in Europe. (©Pfizer with permission)
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16.2  TBE Vaccines

16.2.1  Vaccines

Currently, four different inactivated whole- 
virus alum-adjuvanted vaccines against TBE 
are available, two of them regionally in Russia 
(based on TBEV-Sib) and two in Europe (based 
on TBEV-Eu). The two European vaccines, 
Encepur® (available since 1994) and FSME-
Immun® (available since 1976) are formulated 
in two separate preparations: one for chil-
dren and one for adults. Both vaccine brands 
underwent a series of modifications up to the 
beginning of the millennium, when the actual 
preparations (. Table 16.1) were introduced to 
the market. FSME-Immun 0.25 ml junior® is 
licensed for use in children ≥1–15 years of age. 
It contains 1.2 mcg of inactivated TBEV-Eu 
strain Neudörfl. Encepur 0.25 ml children® is 
licensed according to the Summary of Product 
Characteristics for children ≥1–11  years of 
age and contains 0.75 mcg inactivated TBE 
virus strain Karlsruhe 23. The respective virus 
strains are cultivated on primary chicken 
embryonic cells. The vaccines contain either 
sucrose (Encepur®) or human serum albumin 

(HSA; FSME- Immun®) as stabilizers, both 
without any preservative (. Table 16.1).

Adult formulations of the TBE vaccines 
simply contain twice the amount of antigen 
of the respective vaccines for children in 
0.5 ml volume and should be used for intra-
muscular administration in individuals 12 
(Encepur®) and 16  years of age (FSME- 
Immun®) onward respectively.

16.2.2  Immunization Schedules

The conventional basic immunization sched-
ule of TBE vaccines consists of two doses 
given at an interval of 1–3 months, followed 
by a third dose 5 or 9–12 months later, ideally 
applied before the tick season starts. The first 
booster dose should be applied 3 years later 
and then boosting is recommended in 5-year 
intervals to maintain circulating neutralizing 
antibodies. Some national recommendations 
differ from this licensed schedule, for example, 
the Austrian authorities recommend a 3-year 
booster interval for persons ≥60 years of age 
and in Switzerland booster doses are recom-
mended at intervals of 10 years.

0
TBE incidence

Non visible countries
Malta

Lichtenstein

0 250 500 1,000 kilometers

>0 – 0.5
>0.5 – 4.0
>4.0 – 8.5
>8.5 – 18.5
>18.5
Data not available at NUTS2 or NUTS3
Data not available for the report
No surveillance
Not included

       . Fig. 16.2 The average annual incidence rate of  TBE 
per 100,000 inhabitants in the EU/European Free Trade 
Association area at a lower administrative-level Nomen-

clature of  Territorial Units for Statistics (NUTS) 2 
(Italy) or NUTS 3. (European Centre for Disease Pre-
vention and Control 2012)
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For both vaccines, accelerated immuni-
zation schedules are licensed, consisting of 
a series of three doses on days 0–7–21, fol-
lowed by a fourth dose after 12–18  months 
(Encepur®) and two doses 14  days apart 
with a third dose after 5–12 months (FSME- 
Immun®; . Table 16.2).

16.2.3  Irregular Vaccination 
Schedules

If  a person has received only one dose of TBE 
vaccine, a second dose should be applied 
within 1  year after the first one; otherwise, 
immune response is not guaranteed (serocon-
version 94% rather than >95%). After at least 
two doses, a single further dose administered 
up to 20 years (and beyond) later leads to a 
sufficient anamnestic response, indicating a 
robust immune memory.

16.2.4  Interchangeability

FSME-Immun® and Encepur® can be 
administered alternately for boosting, whereas 
the primary series (at least doses 1 and 2) 
should be performed with either product, as 
data on interchangeability during basic immu-
nization are scarce.

16.2.5  TBE Vaccination After a Tick 
Sting

There are no generally accepted postexposure 
procedures in persons without or with incom-
plete immunizations against TBE in the 
case of  a tick sting in a TBE-endemic area. 
However, the Austrian Health Authorities 
published a useful schedule in their national 
vaccination recommendations (. Table 16.3) 
that may be followed. Basically, a first dose of 

       . Table 16.1 Specific characteristics and composition of  European tick-borne encephalitis (TBE) vaccines

Name and producer FSME-IMMUN®; Pfizer Encepur®; GSK

Antigen details

Strain TBEV-Eu Neudörfl TBEV-Eu K23

Passages PCEC PCEC

Production PCEC PCEC

Amount of antigen (adults/children) 2.4 μg/1.2 μg 1.5 μg/0.75 μg

Excipients

Adjuvant Al(OH)3 Al(OH)3

Preservative No No

Stabilizer HSA Sucrose

Presentation

Formulation (adults/children) 0.5/0.25 ml, liquid 0.5/0.25 ml, liquid

Packaging Prefilled syringe Prefilled syringe

Shelf  life 30 months (2–8 °C) 30 months (2–8 °C)

Adapted from WHO (2011)
TBEV-Eu tick-borne encephalitis virus European strain, HSA human serum albumin, PCEC primary chicken 
embryonic cells, Al(OH)3 aluminum hydroxide
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       . Table 16.3 TBE vaccination after a tick sting

Vaccination 
history (written 
documentation)

Interval between last 
immunization and tick 
sting

Interval between tick 
sting and physician visita

Recommendation

Unvaccinated or 
unknown

Not applicable <4 weeks Wait until ≥4 weeks after sting, 
then initiate immunization series

1 dose ≤14 days Not relevant Wait until ≥4 weeks after sting, 
then administer second dose

15 days–1 year <48 h Administer second dose 
immediately

≥48 h Wait until ≥4 weeks after sting, 
then administer second dose b

≥1 year <48 h Administer second dose 
immediatelyb

≥48 h Wait until ≥4 weeks after sting, 
then administer second doseb

≥ 2 Additional vaccination according 
to regular schedule

Adapted from BMG (2016)
aIf  time elapsed is not to be determined, use schedule “>48 h after tick sting”
bControl of  antibody response recommended. If  not possible, count this vaccination as the first one in the 
basic immunization schedule

       . Table 16.2 Immunization schedules for TBE vaccinesa according to the Summary of  Product Charac-
teristics, intervals given in months unless indicated otherwise

Basic immunization conventional 
schedule; (dose 1 on day 0)

Basic immunization rapid schedule; 
(dose 1 on day 0)

First 
booster 
(years)

Subsequent 
boosters 
(years)

2nd dose (months) 3rd dose 
(months)

2nd dose 3rd dose 
(months)

4th dose 
(months)

FSME- 
Immun®

1–3 5–12 14 days 5–12 – 3 5b

Encepur® 1–3 9–12 7 days 21 days 12–18c,d 3 5b

Adapted from WHO (2011)
aSchedules apply for both preparations (children’s and adults’ preparation)
bIn persons 50 years of  age and older, an interval of  3 years (Austria: persons 60 years of  age and older); 
Switzerland: 10-year intervals, independent of  age
cConsidered as first booster
dAlternatively, as with FSME-Immun®, the interval between the first doses may be reduced to 14 days, fol-
lowed by a third dose 9–12 months later
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immunization should be avoided in a previ-
ously unimmunized patient during the TBE 
incubation period after a tick sting, as it is 
not expected to be efficient, but may cause 
 concern if  it interferes with natural TBE 
infection.

16.3  TBE Vaccines: Immunogenicity 
and Effectiveness

16.3.1  Immunogenicity

Encepur® and FSME-Immun® have been 
registered based on immunogenicity and 
safety study data, but no controlled trials 
with clinical efficacy endpoints have been 
conducted. For both vaccines, ample data 
on their immunogenicity are available, dem-
onstrating high seroconversion rates of 
close to 100% and robust neutralizing anti-
body titers in healthy subjects. Persistence 
of  neutralizing antibodies after primary 
and/or booster vaccinations indicate long-
term protection in healthy persons. Of  note, 
age at initiation of  the immunization series 
plays an important role, with higher sero-
conversion rates and mean antibody values 
in addition to more prolonged antibody per-
sistence in children and adolescents com-
pared with adults.

Focusing on the pediatric use of the two 
TBE vaccines, a number of studies have evalu-
ated the immunogenicity of the preparations 
and consistently found high seroconversion 
rates of 98–100% after a primary course (con-
ventional or accelerated dosing schedule) of 
vaccinations and appropriate persistence of 
neutralizing antibodies to support the recom-
mended boosting intervals. A few studies 
show evidence that antibody persistence in 
children may be even longer than expected. 
There is no convincing evidence that one vac-
cine would induce a superior immune response 
or lead to better protection against disease 
than the other.

16.3.2  Cross-Protection

TBEV-Eu-containing vaccines induce some 
cross-protection against the other TBEV sub-
types, indicating that FSME-Immun® and 
Encepur® are also protective against TBEV- 
Sib and TBEV-Fe.

16.3.3  Immunocompromised 
Patients and Low 
Responders

The TBE vaccines induce a strong and robust 
immune memory in healthy persons. However, 
there is some recent evidence that in immuno-
compromised patients or those with certain 
underlying chronic diseases the immune 
response may be impaired. Primary low 
responsiveness after vaccination seems to 
occur rarely: Recent investigations of “low 
responders” after TBE vaccination show that 
low cellular, humoral, and cytokine response 
levels, particularly IL-2 and IFN-γ, correlate 
with each other. Although immune response 
may be impaired, there is consensus that TBE 
vaccination with the available vaccines will do 
no harm in immunocompromised patients.

16.3.4  Field Effectiveness

Field effectiveness of TBE vaccines has been 
investigated systematically in Austria, where 
vaccination coverage reached a sufficient 
level to obtain robust data. A first calcula-
tion, covering the period 2000–2006, yielded a 
field effectiveness of 99% for regularly vacci-
nated (mainly with FSME-Immun®) persons 
and reached 95.5% for those with irregular 
immunization schedules. A further analy-
sis covering the years 2010–2011 (including 
approximately one third of subjects vacci-
nated with Encepur®) showed similar results: 
Effectiveness was 98.7% for regularly vacci-
nated subjects and 92.5% in those with irregu-
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lar schedules, respectively. These data are in 
accordance with only few reports of vaccine 
failure in fully vaccinated individuals during 
the last few decades.

It is estimated that in Austria around 4000 
cases of TBE were prevented by vaccination 
between 2000 and 2011 and the yearly 
reported number of TBE cases fell to 10–15% 
compared with the pre-vaccination era levels.

16.4  TBE Vaccines: Adverse Events 
and Contraindications

16.4.1  Reactogenicity

The formulations of the TBE vaccines have been 
refined several times over the past decades and 
this has significantly reduced their reactogenicity. 
WHO and Cochrane reviews on safety attested 

the two TBEV-Eu–based vaccines to be safe. 
Pharmacovigilance data from both manufactur-
ers, including about 72 million doses of vaccines 
of both brands distributed from 2001 to 2009, 
indicate a combined rate of severe adverse events 
of 1.6–1.9 per 100,000 doses. These include a 
range of entities, usually coinciding with immu-
nization, but not necessarily causally related.

Typical systemic adverse events in children 
include mild and short-lasting fever mainly 
associated with the first dose and with a very 
low frequency of less than 0.5% (medically 
accompanied cases) of vaccinated individu-
als in a cohort of more than 25,000 vaccin-
ees. Other systemic adverse events include 
headache, fatigue, malaise, muscle pain, and 
joint pain. Local redness, injection site pain, 
and itching may also occur. For details see 
. Table  16.4. Allergic reactions to vaccine 
components occur only occasionally.

       . Table 16.4 Safety and reactogenicity of  Encepur® and FSME-Immun® (Source: SPC)

Vaccines and 
probability of 
occurrence 
(adverse events/
doses)

≥1/10 ≥1/100
<1/10

≥1/1000
<1/100

≥1/10,000
<1/1000

Not known (based 
on single cases or 
small case series)

FSME-Immun ®
First dose: 
n = 3512
Second dose: 
n = 3477
Third dose: 
n = 3277

Local 
reaction at 
injection 
site:
Redness, 
swelling, 
induration

Headache, 
nausea
Myalgia, 
arthralgia
Malaise, 
fatigue

Lymphade-
nopathy
Vertigo
Vomiting
Fever (only 
exception-
ally 
>39 °C)

Acute allergic 
reactions
Somnolence
Diarrhea, 
abdominal pain

Aggravation of 
autoimmune disease
Visual impairment, 
photophobia, 
meningismus, 
epilepsy, encephali-
tis, neuritis, 
tachycardia
Urticaria, pruritus, 
exanthema
Flu-like symptoms, 
weakness, edema

Encepur ®
(pooled date 
from clinical 
studies and 
postmarketing 
surveillance)

Transient 
pain at 
injection 
site; general 
malaise, 
myalgia
Headache

Redness, 
swelling at 
injection 
site
Flu-like 
symptoms
Nausea, 
arthralgia

Arthralgia 
and 
myalgia 
(neck)

Granuloma at 
injection site
Lymphadenopathy
Neuritis-like 
symptoms
Diarrhea
Systemic allergic 
reactions such as 
urticaria, dyspnea, 
bronchospasm, 
hypotension

Extremely rare:
Guillain–Barré 
syndrome
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16.4.2  Contraindications

The TBE vaccines are contraindicated in 
persons with acute diseases. Allergies to vac-
cine components also constitute contrain-
dications; in the case of egg protein allergy, 
contraindication is restricted to severe forms, 
that is, with anaphylactic reactions. In all 
other patients, appropriate precautionary 
measures and supervision after immunization 
should be applied. Chronic diseases, includ-
ing those affecting the central nervous system, 
are not a contraindication for TBE vaccina-
tion. However, the phenomenon of coinciding 
changes in the natural course of such under-
lying diseases should be discussed with the 
patients or their parents before immunization.

16.5  TBE Vaccination 
Recommendations

With more than 30 years of experience with 
the use of TBE vaccines in Europe, there is 
ample evidence for their positive public health 
impact. Most European countries, especially 
those with endemic TBE areas, do recom-
mend TBE vaccination for their populations 
at risk, including travelers to endemic areas 
outside the country. In accordance with the 
labeled licensure of the vaccines, this includes 
children 1  year of age or older. In contrast, 
Austria is the only European country to date 
with a universal vaccination recommendation, 
reflecting the high burden of TBE in the pre-
immunization era and the wide distribution 
of endemic areas in that country. The cur-
rent recommendations for selected European 
countries are listed in . Table 16.5.

In addition, there is a tendency in Europe 
to limit vaccination recommendations to older 
age groups, as pediatric TBE cases tend to be 
less severe, although there is growing evidence 
that TBE cases in children may also take a 
severe clinical course and long-term outcome 
after TBE in children is underestimated. 
Cost–benefit calculations of TBE vaccination 
for endemic areas is mostly not available; only 
one study predicted savings of $80million for 
Austria from a general vaccination recom-

mendation. More recent data from Slovenia 
clearly indicated the cost- effectiveness of TBE 
vaccination for a highly endemic country.

       . Table 16.5 Vaccination recommendation for 
TBE

Country Recommendation status

Albania No policy

Austria Universal recommendation ≥1 year 
of age

Bulgaria No policy

Croatia For highly endemic areas and 
occupational exposure

Czech 
Republic

For highly endemic areas and 
occupational exposure

Estonia Recommended for populations at riska

Finland Recommended for endemic areas

Germany Recommended for endemic areas

Hungary Recommended for populations at riska

Italy Recommended on a district level

Latvia Recommended for populations at 
riska

Lithuania Recommended for populations at 
riska

Norway Recommended for high-risk 
populations

Poland Recommended for high-risk 
populations

Romania No policy

Serbia No policy

Slovakia For highly endemic areas and 
occupational exposure

Slovenia For highly endemic areas and 
occupational exposure

Sweden Recommended for highly and 
moderately endemic districts, above 
1 or 3 years of age respectively

Switzer-
land

Recommended for individuals living 
in or travelling to endemic areas, in 
general ≥6 years of age

Adapted from Hombach et al. (2016)
No detailed specifications available
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17.1   Introduction

Despite all the efforts to fight it since the 
discovery of Mycobacterium tuberculosis by 
Robert Koch in 1882, tuberculosis (TB) it is 
still responsible for nearly 1.4 million deaths 
per year worldwide.

TB is primarily a pulmonary disease 
caused by M. tuberculosis and transmitted 
via the respiratory route, which could present 
different manifestations and affect bones, the 
central nervous system, and lymph nodes, and 
the progression of the disease can have several 
outcomes, largely determined by the response 
of the host immune system. TB is a major 
contributor to mortality in under 5-year-olds 
in TB-endemic settings.

Bacillus Calmette–Guérin (BCG) is the 
current vaccine against TB. BCG provides a 
strong protection against disseminated forms 
of the disease in infants and young children, 
but confers very limited protection against 
pulmonary forms of TB, which are respon-
sible for the transmission of the disease. 
Today, BCG is included in the immunization 
schedule for TB-endemic countries, with a 
global coverage at birth close to 90% world-
wide. In Europe, most of the countries in the 
past exercised BCG vaccination policy for all 
and currently recommend BCG vaccination 
for special groups (for information concern-
ing country’s BCG policies and practices visit 
7 http://www. bcgatlas. org/ and for Europe 
7  http://vaccine- schedule. ecdc. europa. eu/
Pages/Scheduler. aspx).

The goals of the World Health Organization’s 
(WHO) 2015 End TB Strategy include a 95% 
reduction in TB deaths and a 90% global dis-
ease reduction by 2035; for this, it is necessary 
to develop a comprehensive and appropriate 
approach that includes new and more effective 
vaccines, in addition to improved diagnostics 
and treatment.

17.2   Tuberculosis Epidemiology

In 2020, the WHO estimated that out of the 
ten million people developed TB in 2019, of 
which children aged <15  years accounted 

for 12%, and a total of 1.4 million people 
died from TB including with HIV coinfec-
tion. Geographically, most people who devel-
oped TB in 2019 were in the WHO regions 
of Southeast Asia (44%), Africa (25%), and 
the Western Pacific (18%). Eight countries 
accounted for two-thirds of the global total: 
India (26%), Indonesia (8.5%), China (8.4%), 
the Philippines (6.0%), Pakistan (5.7%), 
Nigeria (4.4%), Bangladesh (3.6%), and South 
Africa (3.6%) (. Fig.  17.1). Global total 
of 206,030 people with MDR/RR-TB were 
detected and notified in 2019, a 10% increase 
from 186.883  in 2018 {WHO:2020vz}. The 
year 2018 saw a further decrease in TB, with 
259,000 incident TB cases (225,000–296,000) 
estimated in the WHO European Region, cor-
responding to 28 cases per 100,000 population 
according to European Centre for Disease 
Control (ECDC), and the WHO reported 
on the TB situation according to 2020 data 
(. Fig. 17.2). In 2018, there were an estimated 
77,000 new cases of rifampicin- resistant and 
multidrug-resistant TB (RR/MDR TB) in the 
Region.

17.3   BCG Vaccine

The BCG vaccine is currently the only licensed 
vaccine against TB in use today, and is one of 
the most widely administered vaccines in the 
world. Around 4 billion BCG doses have been 
administered worldwide in history, principally 
in the setting of routine newborn immuniza-
tion (as recommended by the WHO). Today, 
global immunization BCG coverage at birth 
is estimated to be close to 90% (. Fig. 17.3).

The original strain of Mycobacterium bovis 
BCG strain was developed in 1921 in France 
at the Pasteur Institute with  attenuation 
through serial passage of an isolate from a 
cow with TB mastitis. This isolate was sub-
sequently distributed to several laboratories 
in the world and a number of strains devel-
oped. Before the adoption of freeze- drying in 
the 1960s, the different laboratories preserved 
their strain by repeated subculture passages, 
and this resulted in the appearance of differ-
ent BCG sub-strains that became designated 
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       . Fig. 17.1 Worldwide tuberculosis data estimated tuberculosis cases (any form) incidence rates 2019 per 100,000 
population. (WHO report 2020)

       . Fig. 17.2 Tuberculosis notification rates of  new tuberculosis cases and relapses per 100,000 population, Euro-
pean Region, 2018. (From 2020 WHO/ECDC TB report)
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by the laboratory. Genomic analysis of BCG 
strains has documented multiple molecular 
changes. The main reason for BCG attenua-
tion is the loss of the region of difference 1 
(RD1). RD1 region is associated with subse-
quent loss of the immunodominant virulence 
factor, the early secretory antigen of 6  kDa 
(ESAT-6) and CFP10, both antigens used 
in that interferon-γ release assay (IGRA), to 
differentiate BCG vaccination from M. tuber-
culosis infection. Multiple other deletions 
probably contribute to phenotypic differences 
between BCG strains and although there are 
clear reactogenicity differences, it is not clear 
whether strain differences are a significant 
factor contributing to the variable efficacy of 
BCG observed in clinic.

Currently, five main BCG strains account 
for more than 90% of the vaccines in use 
worldwide in international immunization 
programs, each strain possessing differ-
ent characteristics. The agreed terminology 
for the strains includes the Pasteur 1173 P2, 
the Danish 1331, the Glaxo 1077 (derived 
from the Danish strain), the Tokyo 172–1, 
the Russian BCG-I, and the Brazil Moreau 
RDJ.  BCG vaccine shortages have been 

reported in many countries. These shortages 
started in 2013 and continued into 2015. The 
United Nations Children’s Fund (UNICEF) 
is the main supplier of BCG vaccine to 
TB-endemic countries. Two of its four sup-
pliers, the Statens Serum Institut in Denmark 
and the Serum Institute of India experienced 
technical difficulties that resulted in reduced 
production capacity. Global demand for BCG 
is estimated at 260 million doses per year. 
UNICEF reported shortages of eight million 
doses in 2013, of 23 million doses in 2014, and 
of 17 million doses in 2015.

The BCG vaccine is administered intra-
dermally, after reconstitution of  a lyophilized 
composition. After reconstitution, every 1 ml 
of  vaccine contains ten doses 2–8 × 105 cfu of 
M. bovis live attenuated BCG (0.1 ml of  the 
reconstituted vaccine). The vaccine should be 
stored between 2 ° C and 8 ° C. When recon-
stituted it should be protected from light.

Vaccine dosage:
 5 For adults and children >12  months, 

0.1 ml of the reconstituted vaccine is rec-
ommended.

 5 For infants <12  months, 0.05  ml of the 
reconstituted vaccine is recommended.

       . Fig. 17.3 Map of  the BCG vaccination practices by country. (WHO TB Report 2020) (Source: The BCG World 
Atlas, second Edition, 7 http://www. bcgatlas. org/, acces August 2020)
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Currently, there are new vaccines against 
TB under development, some of which are 
designed to boost the effects of BCG and oth-
ers as BCG replacement vaccines (see further).

17.4   Methods of Administration

The injection site should be dry and clean. If  
the skin is swabbed with an antiseptic (such as 
alcohol), this should be allowed to evaporate 
completely before the injection is given.

The BCG vaccine should be administered 
by personnel trained in the intradermal tech-
nique, using a syringe of 1 ml sub-graduated 
into hundredths of a milliliter (1/100 ml), fit-
ted with a short bevel needle (25G/0.50  mm 
or 26G/0.45  mm). Jet injections or multiple 
puncture devices should not be used.

The vaccine should be injected strictly 
intradermally in the arm, over the distal inser-
tion of the deltoid muscle onto the humerus 
(approximately one-third down the upper 
arm) as follows (. Fig. 17.4):

 5 The skin is stretched between thumb and 
forefinger.

 5 The needle should be almost parallel to the 
skin surface and slowly inserted (bevel 
upward), approximately 2  mm into the 
superficial layers of the dermis.

 5 The needle should be visible through the 
epidermis during insertion.

 5 The injection is given slowly.
 5 A raised, blanched bleb is a sign of correct 

injection.

The injection site is best left uncovered to 
facilitate healing.

17.5   Efficacy of BCG

The efficacy of the current TB vaccine BCG is 
consistent against the severe forms of the dis-
ease (meningeal and miliary TB), but is lim-
ited against pulmonary forms of the disease; 
this disease manifestation is responsible for 
transmission  – fueling the growing epidemic 
worldwide. The most controversial aspect 
of BCG is its variable efficacy when used 
in different trials, with variable, geographi-
cally dependent, efficacy against pulmonary 
TB.  BCG does not seem to protect against 
disease when given to people already infected 
or sensitized to environmental mycobacteria, 
which could explain the geographic variation. 
Furthermore, until recently, it was not pos-
sible to establish whether the protective effect 
of BCG vaccination against disease stemmed 
from its action in preventing acquisition of 
infection or limited to the prevention of pro-
gression from infection to clinical disease. 
A systematic review and meta-analysis con-
ducted in 2014 demonstrated that the BCG 
vaccine reduced infections by 19–27% and 
progression to active TB by 71%.

Primary vaccination of newborns and 
infants appears to confer better protection 
than older children and adults. The absence 
of prior M. tuberculosis infection or sensitiza-
tion with environmental mycobacteria is asso-
ciated with higher efficacy of BCG against 
pulmonary TB and possibly against miliary 
and meningeal TBs. In contrast, the immune 
response to mycobacterial antigens in older 
children and adults living in areas that are 
endemic for TB appear to have higher back-
ground immunity than those living in non-
endemic areas. This could have an influence 
on the relative efficacy of BCG when admin-

       . Fig. 17.4 Administration of  the BCG vaccine. The 
skin is stretched between thumb and forefinger. The nee-
dle should be almost parallel with the skin surface and 
slowly inserted (bevel upward), approximately 2 mm into 
the superficial layers of  the dermis. The needle should be 
visible through the epidermis during insertion. The 
injection is given slowly. A raised, blanched bleb is a sign 
of  correct injection. (Picture courtesy of  Dr. Jesper 
Kjærgaard, Copenhagen University Hospital)
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istered to older children and adults living in 
TB-endemic regions.

The possible reasons for variable efficacy 
include:

 5 Genetic variability of the population.
 5 Environmental factors as suggested by the 

relatively good efficacy seen in temperate 
regions compared with tropical regions of 
the globe.

 5 Background exposure to the disease TB: 
Previous exposure may both limit the 
replication of BCG (“blocking”) and/
or confer protection equivalent to BCG 
(“masking”).

 5 Nonspecific immune responses against TB 
mycobacteria by non-TB mycobacteria.

 5 Exposure to parasites that skew the 
immune response toward a Th2 type of 
response rather than a Th1 type of 
response, the latter believed to be most 
important for immunoprotection.

 5 The use of different strains of BCG with 
potentially different efficacy. However, a 
recent meta-analysis of trials, including 18 
studies reporting on protection against 
pulmonary and six reporting on protec-
tion against miliary or meningeal tubercu-
losis, showed no evidence that the efficacy 
of BCG was influenced by vaccine strains.

17.6   Immune Response to BCG

The immune response to primary BCG immu-
nization has been evaluated in different stud-
ies in children demonstrating that there is a 
BCG-associated induction of CD4+ and 
CD8+ T cells, interferon (IFN)-γ a+, interleu-
kin (IL)-2+, tumor necrosis factor (TNF)-α+, 
and polyfunctional CD4+ T cells.

As there is a lack of correlate of protection 
for TB, immunological studies of infant BCG 
immunization cannot currently be applied to 
determine immunization policy because a sur-
rogate marker of BCG-induced protection is 
yet to be identified.

The BCG vaccine is administered intrader-
mally. As natural infection and sensitization 
to M. tuberculosis in humans usually occur 
via the respiratory route, research is being 

conducted on the respiratory  administration 
of BCG as we will discuss later in this chapter.

17.7   Heterologous Protection 
Including COVID-19

The BCG vaccination reduces rates of M. 
tuberculosis infection and provides strong 
protection against disseminated forms of 
the disease in infants and young children; 
TB is a major contributor to under-5 mor-
tality in TB- endemic settings. In the last few 
years, epidemiological and trial evidence in 
humans have supported the conclusion that 
BCG vaccination leads to several beneficial 
heterologous effects on all-cause mortality. 
BCG vaccination reduces all-cause mortal-
ity through beneficial nonspecific effects on 
the immune system; the importance of these 
effects has been formally recognized by the 
WHO. These “non-specific” beneficial effects 
suggest improved survival as the result of 
enhanced immune protection against non-
related infections. Mechanisms for this het-
erologous effect are identified as immune 
alternative cross- reactivity and the recently 
described “immune training” effect of  vacci-
nation. This “training” targeted on the cells 
of  the innate immune system could be related 
to epigenetic reprogramming of innate cells 
through a NOD2- related mechanism. Trained 
cells become more efficient at immune 
response against nonrelated pathogens after 
vaccination (see also 7 Chap. 1).

In 2020 with the devastating COVID-
19 pandemic causing nearly two million 
deaths, it has been hypothesized that BCG 
vaccination could be a potential tool against 
COVID-19. The question was whether BCG 
could offer protection against SARS-CoV-2 
infection or reduce COVID-19 disease sever-
ity. Ecological studies have suggested that 
countries and regions that mandate BCG 
vaccination for the population have a lower 
number of  infections and a reduced mor-
tality from COVID-19, suggesting associa-
tion between BCG vaccination policy and 
COVID-19 mortality. For Israeli adults aged 
35 to 41 years, BCG vaccination in childhood 
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was associated with a similar rate of  posi-
tive test results for SARS- CoV- 2 compared 
with no vaccination, and the conclusion 
of  the study did not support the idea that 
BCG vaccination in childhood has a protec-
tive effect against SARS-CoV-2 infection in 
adulthood. Because of  the small number of 
severe cases, no conclusion about the asso-
ciation between BCG status and severity of 
disease could be reached. A history of  BCG 
vaccination was associated with a decrease in 
the seroprevalence of  anti–SARS- CoV- 2 IgG 
and a lower number of  health-care work-
ers who self-reported experiencing COVID-
19–related clinical symptoms (Escobar et al. 
2020). Therefore, large randomized, prospec-
tive clinical trials of  BCG vaccination are 
urgently needed to confirm whether BCG 
vaccination can confer a protective effect 
against COVID-19. Today we are waiting 
for the results of  nearly 20 clinical trials that 
begun in 2020. These studies are being car-
ried out in health-care personnel from differ-
ent countries to find out if  the BCG vaccine 
can protect against the COVID-19 disease 
(BRACE, CORONA studies), and in peo-
ple over 60  years of  age who are at greater 
risk of  suffering the most serious forms of 
COVID- 19 disease (Giamarellos-Bourboulis 
et  al. 2020). A randomized clinical trial for 
enhanced trained immune responses through 
BCG vaccination to prevent infections of  the 
elderly (ACTIVATE) is under way. Interim 
analysis of  the results showed protection 
from new infections with major effect on the 
prevention of  respiratory disease but larger 
randomized clinical trials to study the impact 
of  BCG vaccination on morbidity and mor-
tality associated with COVID-19 are needed.

17.8   Vaccination Schedules 
and Indications

The International Union Against Tuberculosis 
and Lung Disease (IUATLD) has suggested a 
number of criteria according to which it may 
be reasonable for a country to move from a 
policy of systematic vaccination with BCG to 
the selective vaccination of  high- risk groups.

The IUATLD and WHO recommend sus-
pension of systematic BCG only for the fol-
lowing criteria:

 5 There is an effective reporting system, and 
the average annual notification rate of 
smear-positive pulmonary TB is <5 per 
100,000.

 5 The average annual notification rate of 
tuberculous meningitis is <1 per ten mil-
lion inhabitants in the last 5 years.

 5 The average annual risk of TB infection is 
<0.1%.

The BCG vaccination is considered strictly 
necessary in the following cases:

 5 Newborn vaccination is recommended in 
countries with high incidence of TB.

 5 Children without PPD exposed to smear- 
positive patients with poor compliance or 
refusal of treatment, or when the treat-
ment does not get the negative sputum 
(persistently smear-positive patients).

 5 Children without PPD who move to live in 
highly TB-endemic countries, especially 
where control programs and access to 
appropriate treatment is not possible and 
where the prevalence of multidrug- resistant 
TB is high.

17.8.1  Administration of BCG 
in HIV Patients

In countries with a high prevalence of TB and 
HIV, it is important to exercise caution when 
BCG is administrated routinely owing to the 
risk of disseminated BCG in HIV-infected 
infants (ranges of 400–1300 per 100,000 doses 
administered). Therefore, BCG vaccination 
is not appropriate for infants or adults with 
known HIV infection (or other immuno-
deficiency) or for those patients with a high 
degree of suspicion for HIV infection, even if  
unconfirmed by laboratory results.

The BCG vaccination should be adminis-
tered to asymptomatic infants born to mothers 
with unknown HIV status in countries with a 
high TB prevalence. However, for asymptom-
atic infants with unknown HIV status born 
to mothers known to be infected with HIV 
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the optimal approach to BCG vaccination is 
uncertain. At present, the WHO recommends 
that routine childhood BCG immunization be 
continued until all elements of an HIV-testing 
program can be implemented.

In countries with a low incidence of TB, 
BCG immunization may be considered in chil-
dren ≤5 years in the following circumstances:

 5 The child is continuously exposed to an 
untreated or ineffectively treated patient 
who has infectious pulmonary TB and nei-
ther separation from the infectious patient 
nor long-term primary preventive therapy 
is feasible.

 5 The child is continuously exposed to a 
patient who has infectious pulmonary TB 
caused by M. tuberculosis strains resistant 
to isoniazid and rifampin, and separation 
from the infectious patient is not feasible.

 5 Children moving to Europe from endemic 
countries.

17.8.2  Exposure to MDR-TB

The efficacy of BCG vaccination for per-
sons who are travelling to endemic areas 
with expected exposure to drug-resistant 
TB is uncertain. However, given the poten-
tially significant risk of MDR-TB treatment 
failure, together with the relatively low rate 
of complications related to BCG vaccina-
tion in immunocompetent individuals, some 
favor administering BCG vaccination to 
unvaccinated, tuberculin-negative individu-
als exposed to MDR-TB. Further studies are 
needed to reconcile the protective efficacy of 
BCG vaccination in the setting of multidrug- 
resistant TB exposure among older children 
and adults.

17.9   Administration with Other 
Vaccines or Products

The BCG vaccine can be administered con-
comitantly with other vaccines without 
increasing side effects. The immunogenic-

ity obtained is similar to that obtained with 
 separate administration. The main limitation 
is the need for administration in different ana-
tomical sites.

Coadministration with any other vaccine is 
possible (including other live vaccines). BCG 
enhances T- and B-cell responses to unrelated 
vaccine antigens. Unexpectedly, BCG vac-
cination has affected responses to various 
vaccines differently whether administered at 
the time of priming, boosting, or even before 
priming. BCG enhances both Th1 and Th2 
cytokine responses to unrelated antigens and 
extended its influence on antibody responses 
to oral polio vaccine (see 7 Chap. 1).

Regional lymphadenitis cases have been 
reported after administering other vaccines in 
the same place in which BCG vaccination was 
applied. Therefore, it is not recommended to 
administer any other vaccine in the same limb 
within 3 months of BCG administration.

It is also recommended not to administer 
BCG vaccine if  the patient has been treated 
with antibiotics during the previous 30 days.

17.10   Safety

Overall, the BCG vaccine is well tolerated. 
After 2–6  weeks of receiving the vaccine, a 
small papule appears that increases in size and 
changes into an ulcer. The lymphatic nodules 
in cervical and axillary areas may be tempo-
rarily enlarged.

After a period of about 3 months, a scar 
appears, which is permanent (. Fig. 17.5).

The safety of BCG vaccination has been 
widely proven because more than 4 billion 
units have been administered all over the 
world since 1921. The most common compli-
cation found with its use is the occurrence of 
regional lymphadenitis with or without sup-
puration (. Table 17.1). Other types of local 
reactions, such as abscess or ulcers, are rarely 
seen and are more related to the administra-
tion technique, which must be carried out 
under strictly aseptic conditions and always 
intradermally.
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17.11   Warnings 
and Contraindications 
of the BCG Vaccine

General Warnings The BCG vaccine, when 
administered at birth, is highly reactogenic but 
safe. Swelling and scarring are common.

Anaphylactic reactions are seen only 
rarely, but their management should be pre-
pared in advance and the patient should be 
closely observed for 15–30  min after admin-
istration.

The vaccine should be administered intra-
dermally. Deeper administration could pro-
duce lymphadenitis or abscesses.

If  an overdose of the vaccine is given, it 
may lead to suppurative lymphadenitis or, 
rarely, systemic infection.

Contraindications 
 5 Immunocompromised patients, given that 

BCG vaccination is a live vaccine: congen-
ital or acquired immunodeficiency due to 
immunosuppressive drugs such as cortico-
steroids, alkylating antineoplastic agents, 
radiation… Patients with HIV (with the 
exceptions as mentioned above).

 5 Patients with a positive PPD skin test or 
with TB.

 5 BCG should be avoided in pregnancy, 
especially in the first trimester, as it is a live 
vaccine.

 5 Hypersensitivity to the BCG vaccine or 
any of its components.

 5 Burns patients.
 5 Malnourished children.
 5 Active infection.
 5 Preterm infants with a birth weight less 

than 2.5 kg.
 5 Patients with blood diseases.
 5 Oncology patients.
 5 Patients who are already undergoing TB 

treatment.
 5 Patients with skin diseases. The area of 

insertion of the vaccine should be free of 
lesions.

       . Fig. 17.5 Scarring after BCG vaccination. After 
1–6  weeks, a small, red blister may appear where the 
injection was given. This should heal in a few weeks. 
After 6–12  weeks, the blister may turn into a small, 
weeping sore. The sore may take up to 3 months to heal, 
and leave a small scar. (Picture courtesy of  Dr. Jesper 
Kjærgaard, Copenhagen University Hospital)

       . Table 17.1 Common local and systemic 
reactions to BCG (expressed as a percentage)

Systemic reactions

Anorexia <5%

Fever <1%

Systemic reaction to 
vaccine

<0.003%

Asthenia <5%

Osteitis <0.0001%

Local

Abscess <0.01%

Lymphadenopathy 1–2%

Keloid 2–4%

Pain 95%

Erythema 95%

Ulceration 95% after 14 days

Pustule 95%

Swelling 95%

Pain 95%

Scar 95%
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17.12   Research on Alternative 
Routes of Administration 
of BCG

New routes of administration to the currently 
universally used intradermal route of BCG 
have been tested experimentally in nonhuman 
primates (NHP) trying to improve protec-
tion against the respiratory form of TB. The 
administration of BCG intravenously (IV) 
in macaque models shows a high protection 
against TB infection using 100 times the intra-
dermal dose of BCG (Darrah et  al. 2020). 
These preclinical results open the door to a 
better understanding of BCG protection, effi-
cacy results demonstrate ability of IV BCG 
to substantially limit M. tuberculosis infec-
tion in a highly susceptible rhesus macaques 
model could have important implications in 
the preclinical evaluation of new candidates, 
as it could provide a prototype to identify 
biomarkers and immune mechanisms of pro-
tection induced by vaccines against TB. The 
enormous difficulty of using the IV route for 
mass vaccination campaigns and the potential 
safety risks of using 100 times the intradermal 
dose make its clinical use unlikely. The admin-
istration of BCG by respiratory route in the 
macaque model has shown great promise in 
conferring very good immunity and protec-
tion in NHP (Dijkman et  al. 2019). If  these 
results are confirmed in clinical studies, the 
aerosol route could be considered a possible 

universal vaccination route to BCG and new 
TB vaccine strategies. New studies of BCG 
administration by aerosol have been initiated 
recently (NCT03912207).

17.13   New Tuberculosis Vaccines 
in Clinical Trials

The most successful, licensed vaccines avail-
able today induce neutralizing antibodies that 
provide protective immunity. Animal and 
human studies of TB, however, suggest that 
a robust cellular immune response is required 
for protection against M. tuberculosis infec-
tion and disease. For this reason, most current 
clinical TB vaccine candidates are based on a 
variety of vectors, adjuvants, and antigens 
that induce classical TH1 cytokines such as 
IFN-γ or TNF-α from either CD4+ or CD8+ 
T cells.

TB vaccine development and the progress 
in clinical evaluation have been thoroughly 
reviewed recently (Sable et  al. 2019) as well 
as the update on TB vaccine pipeline (Martin 
et al. 2020). Today, there are 14 different TB 
vaccines or TB vaccines strategies being stud-
ied in clinical trials (. Fig. 17.6), and many 
more in preclinical development. Five of these 
trials are based on whole cell mycobacteria. 
The rest of them are various subunit-based 
approaches in which M. tuberculosis anti-
gens are expressed as recombinant proteins 

       . Fig. 17.6 The Global Clinical Development pipeline of  TB vaccines in clinical trials. (WHO TB Report 2020)
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that are either formulated with adjuvants or 
presented in recombinant viral vectors. BCG/
BCG revaccination strategy showed a positive 
signal in prevention studies of M. tuberculosis 
infection and has been included for applica-
tion in adolescents and adults vaccinated with 
BCG at birth.

WHO Preferred Product Characteristics 
for New TB vaccines focus on two strategic 
goals for developing safe, effective and afford-
able TB vaccines: (1) for adolescents and 
adults, and (2) for neonates and infants with 
improved safety and efficacy as compared to 
BCG. Given the central role that adolescents 
and adults with active pulmonary TB disease 
play in spreading M. tuberculosis infection, 
the prevention of pulmonary TB disease in 
adolescents and adults is the priority strate-
gic target in TB vaccine development. While 
infants and young children with TB do not 
represent an important source of M. tubercu-
losis transmission, they represent an impor-
tant, vulnerable group, and there is a need to 
improve upon the BCG vaccines currently in 
use. Considering a BCG replacement candi-
date nonspecific effects as in BCG will need to 
be considered.

The current global TB vaccine portfolio 
consists of three main types of vaccine strat-
egies, which are either preventive or thera-
peutic. The preventive strategies embrace the 
priming BCG replacement vaccines and sub-
unit BCG boosts (or enhancers). Therapeutic 
candidates that have reached clinical develop-
ment to date comprise inactivated forms of 
mycobacteria being developed for patients 
with active TB. They receive TB drug therapy 
also in addition to this vaccine to shorten the 
duration of the therapy and to reduce the 
likelihood of recurrence after completion of 
treatment.

There are two main strategies for which 
research on prophylactic vaccines for TB pre-
vention is focused:

 5 A better vaccine than the current BCG: 
more efficacious and longer lasting, or 
preventive of  TB infection and disease 
in infants who have not been infected 
with M. tuberculosis (BCG replacement 
strategy).

 5 A BCG booster vaccine: for use as a heter-
ologous boost in BCG-primed individuals, 
where BCG is given at birth and then 
boosting is applied with specific M. tuber-
culosis antigens. This strategy may be indi-
cated in those patients who are latently 
infected, preventing infection and/or pro-
gression to active disease. Subunit vaccines 
are based on one or a few M. tuberculosis–
specific protein antigens using viral vectors 
or adjuvants as the delivery system.

Replacement strategies for BCG are divided 
into two classes of  live vaccines, namely 
recombinant BCG (rBCG) and live-attenu-
ated M. tuberculosis. The rBCG candidates 
are designed to improve the efficacy of  BCG 
by the insertion of  other genes. Rationally 
attenuated M. tuberculosis of  human origin 
is considered a classical Pasteurian approach 
to human vaccinology, expected to mimic 
natural infection without causing disease. 
Two BCG replacement vaccines are in the 
advanced stages of  development: rBCG 
VPM1002 and MTBVAC. rBCG VPM1002 
(rBCGΔUreC::hly) expresses listeriolysin 
(hly) from Listeria monocytogenes with dele-
tion of  the urease C (ureC) gene, MTBVAC 
is a live, rationally attenuated derivative of  a 
human M. tuberculosis isolate, which belongs 
to lineage 4 (European–African–American), 
one of  the most widespread lineages of  M. 
tuberculosis. MTBVAC contains all the genes 
present in M. tuberculosis strains, including 
the genes that are deleted in M. bovis and 
RD1 region deleted in BCG. MTBVAC con-
tains two independent stable deletion muta-
tions in the virulence genes phoP and fadD26. 
These deletions were generated in the absence 
of  antibiotic resistance markers, fulfilling the 
Geneva consensus requirements for progress-
ing live mycobacterial vaccines to clinical 
trials. MTBVAC has completed two Phase I 
trials: the Phase Ia safety and immunogenic-
ity results in adults conducted at the Univer-
sity of  Lausanne and Phase Ib in Newborns 
in South Africa were satisfactory and immu-
nological results encouraging. When given at 
the same dose as BCG (5 × 105 cfu), MTB-
VAC has shown a comparable safety pro-
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file to BCG and more polyfunctional CD4+ 
central memory T cells. The immunogenicity 
data show that MTBVAC is more immuno-
genic than BCG in newborns. MTBVAC is 
currently in clinical development, with the 
primary target population being newborns 
(BCG replacement vaccine) and the sec-
ondary target being adolescents and adults 
(BCG revaccination). Dose-defining Phase 
IIa trials in both target populations started 
in 2019 (7 ClinicalTrials. gov NCT02933281) 
and in neonates (7 ClinicalTrials. gov 
NCT03536117). Recently it was demon-
strated that similarly to BCG, MTBVAC 
is able to induce trained immunity. Taken 
together, these data supported the efficacy 
clinical trials in high- burden countries where 
TB is endemic.

The first efficacy trial of a new TB vaccine 
after almost 100 years of use of BCG, was pub-
lished in 2013. MVA85A vaccine is designed 
to increase immunity in children previously 
vaccinated with BCG and who are given the 
modified Ankara vaccine virus (MVA) to 
which the gene coding for the Ag85A major 
TB antigen had been introduced. The Phase 
IIb efficacy study consisted of a double-blind, 
placebo-control study in healthy children 
aged between 4 and 6  months, not infected 
with HIV and who had previously received 
BCG at birth, followed for more than 3 years. 
The result showed that 32 children (2%) of 
the 1399 vaccinated with BCG  +  MVA85A 
were diagnosed with TB and 39 children (3%) 
of the 1398 vaccinated with BCG + placebo. 
The difference between the two groups was 
not significant, and the interpretation of the 
result of the study was the absence of efficacy 
of MVA85A.

Two proofs of concept trials have been 
published with positive signals that encourage 
the preparation of Phase 2b efficacy studies 
with a greater number of volunteers for effi-
cacy studies in endemic countries. BCG revac-
cination study in adolescents/adults studied 
the prevention of M. tuberculosis infection 
using interferon-γ release assays (IGRA) con-
version QuantiFERON test in healthy South 
African adolescents This trial demonstrated 

that BCG/BCG revaccination reduced the 
rate of upper respiratory tract infections as 
compared to a subunit vaccine or placebo 
(2.1%, 9.4%, and 7.9%, respectively; P < 0.001 
for both comparisons) suggesting that BCG 
revaccination could prevent respiratory dis-
eases, including AMR forms of these diseases.

Another clinical trial that showed positive 
results in individuals previously infected with 
M. tuberculosis (LTBI) was with TB vaccine 
candidate M72/AS01E, which is a subunit can-
didate vaccine comprising two M. tuberculo-
sis antigens (32A and 39A) formulated in the 
AS01E adjuvant for delivery. It was evaluated 
in a Phase IIb efficacy trial in in Kenya, South 
Africa, and Zambia among M. tuberculosis–
infected, HIV-negative candidates. The data 
showed 54.0% protective efficacy in M. tuber-
culosis–infected young adult women, and the 
immunogenicity analysis after end of the 3-year 
follow-up showed that M72/AS01E elicited 
an immune response and provided protection 
against progression to pulmonary TB disease 
for at least 3 years. Although in LTBI individu-
als, this is the first time a proof-of-principle 
trial demonstrates vaccine- induced protection 
against clinical TB disease. However, whether 
M72/AS01 could provide protection against TB 
among M. tuberculosis–uninfected and HIV-
negative individuals and in people from other 
geographical areas remain key questions to be 
answered. M72/AS01E has been exclusively 
licensed to the Medical Research Institute of 
Bill and Melinda Gates Foundation for further 
development.

At present, there are no accepted cor-
relates of  protection that, unto themselves, 
could support a decision to license a TB 
vaccine. Robust safety and immunogenicity 
data are needed for future efficacy trials of 
new TB vaccines. Therefore, the develop-
ment of  new vaccines against the pulmo-
nary forms of  TB are urgently needed for 
the control of  TB.
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18.1   Burden of Pertussis Disease

The clinical characteristics of pertussis dis-
ease are highly dependent on the host’s basic 
immunity. Most if  not all neonates and young 
infants (i.e., <3  months of age) of moth-
ers who were not immunized against pertus-
sis during pregnancy develop a cough when 
exposed to Bordetella pertussis, the causative 
agent of pertussis (or whooping cough). At 
this young age, infants are highly vulner-
able for complicated disease, which includes 
apnea (in 49–58% of affected individuals), 
the need for supplemental oxygen (59–100%) 
and/or mechanical ventilation (27–100%), 
and pulmonary hypertension (11–39%). In 
accordance, most deaths due to B. pertussis 
infection occur in neonates and young infants 
with a case fatality rate of 1–3%.

Typical pertussis is a three-stage disease 
and usually occurs in unimmunized older 
infants and children, less frequently in ado-
lescents or adults: after an incubation period 
of 7–10 days, the catarrhal phase begins with 
nonspecific nasal congestion, rhinorrhea, con-
junctivitis, mild sore throat, and cough. Fever 
is uncommon. One to two weeks later, the par-
oxysmal stage follows. It is characterized by 
worsening coughs, cumulating in frequent par-
oxysmal spells, occurring day and night, with 
viscous secretions, vomiting, and the charac-
teristic whoops terminating the coughing spell, 
but sometimes directly leading to the next one. 
Between these paroxysms, the patient appears 
well. After several weeks, the final convalescent 
stage of highly variable duration brings relief, 
with decreasing frequency and severity of 
coughing spells and accompanying symptoms.

Leukocytosis due to lymphocytosis is a 
hallmark of typical pertussis and the basis for 
most pulmonary complications, which may 
lead to respiratory failure with the need for 
exchange transfusion of extracorporeal mem-
brane oxygenation.

In contrast, the clinical presentation of 
pertussis in immunized children and adoles-
cents as well as in adults (even in those who 
are unimmunized), is frequently less typical, 
i.e., predominantly a nonspecific cough of 
variable duration. The cough frequently lasts 
for several weeks and because of the lack of 

characteristic signs such as paroxysms, vomit-
ing, and whooping, it often remains undiag-
nosed unless it is linked to a case of typical 
pertussis or a knowledgeable physician con-
siders pertussis in the differential diagnosis 
and applies appropriate diagnostic tests.

Complications are rare with atypical per-
tussis. In contrast, in patients with typical 
pertussis, severe coughing episodes, pneumo-
thorax, rib fracture, herniated intervertebral 
disc, epistaxis, subconjunctival hemorrhage, 
subdural hematoma, hernia, rectal prolapse, 
urinary incontinence, and carotid artery dis-
section have been reported to be consequences 
of increased intrathoracic pressure.

Importantly, all patients with pertussis  – 
typical or less typical  – are contagious and 
therefore play an important role in transmis-
sion chains.

18.2   Pertussis Epidemiology

As has been shown in longitudinal seropreva-
lence studies (with anti-pertussis toxin IgG 
antibody values as a sensitive and the only 
specific marker of infection), most B. pertussis 
infections (affecting up to 20% of any popu-
lation per year) remain asymptomatic. Fewer 
individuals, 0.5–1% (or 500–1000 per 100,000 
of the population per year), develop a cough 
of ≥2  weeks’ duration due to B. pertussis 
infection, and this is only detected in prospec-
tive studies. Among those, a variable frac-
tion – depending on the basic immunity (see 
7 Sect. 18.1 above) – develop classic pertus-
sis. In passive surveillance systems, the basis 
for nationwide mandatory reporting in many 
European countries, the yearly incidence of 
pertussis varies greatly, with values ranging 
from 0.01 to 96 per 100,000, where most coun-
tries report an incidence of approximately 10. 
These differences by all likelihood are not real, 
but these can be explained by the heterogene-
ity of surveillance systems in place and their 
associated case definitions. In the future, it is 
hoped that all European countries, or at least 
all European Union Member States will use 
the pertussis case definition proposed by the 
European Centre for Disease Prevention and 
Control (ECDC; 7 Box 18.1).

 U. Heininger
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Box 18.1 Pertussis Case Definition and  Case Classification Proposed by the  European 
Centre for Disease Prevention and Control (ECDC)
Pertussis (Bordetella pertussis)

Clinical criteria:
Any person with a cough lasting at least 

2 weeks and at least one of  the following three 
features:

 5 Paroxysms of  coughing
 5 Inspiratory “whooping”
 5 Post-tussive vomiting

Or
Any person diagnosed as having pertussis 

by a physician
Or

Apneic episodes in infants

Laboratory criteria:
At least one of  the following three:

 5 Isolation of  Bordetella pertussis from a 
clinical specimen

 5 Detection of  Bordetella pertussis nucleic 
acid in a clinical specimen

 5 Bordetella pertussis–specific antibody 
response

Serology results need to be interpreted accord-
ing to the vaccination status

Epidemiological criteria:
 5 An epidemiological link due to human- to- 

human transmission

Additional information:
Incubation period 6–20  days, most 

often 10 days

Case classification:
A. Possible case

 5 Any person meeting the clinical criteria
B. Probable case

 5 Any person meeting the clinical crite-
ria and with an epidemiological link

C. Confirmed case
 5 Any person meeting the clinical and 

laboratory criteria

Note: The case definition and classification is 
that stipulated by the EU Commission Decision 
of 8 August 2012

18.3   Pertussis Vaccines

18.3.1  Whole-Cell Pertussis 
Vaccines

All whole-cell pertussis (wP) vaccines con-
tain killed B. pertussis organisms of various 
genetic backgrounds. The first wP vaccines 
were developed shortly after B. pertussis was 
isolated, and the first results regarding pro-
tection were reported from the USA in 1925. 
After an animal model had been established 
(“Kendrick’s mouse protection test”) in 1947, 
standardization of vaccine production was 
possible and consecutive field studies in Great 
Britain were performed in the 1940s and 
1950s. They demonstrated that the potency 
of wP vaccines as determined in the mouse 
protection test correlated with their clini-
cal effectiveness in children. After that, wP, 
in combination with diphtheria and tetanus 

toxoids (DTP), was introduced into national 
immunization programs in many countries 
worldwide.

In the 1970s, concerns were raised based on 
serious adverse events (i.e., sudden infant death 
syndrome and various neurological illnesses 
including “encephalopathy” and epilepsy), 
which were reported following the use of DTP 
and were erroneously attributed to the wP 
component of the combination vaccine. It took 
decades to demonstrate that these events were 
coincidental rather than causally connected to 
DTP. Yet, these concerns, along with notable 
local side effects and fever induced by wP, led 
to the development of new pertussis vaccines. 
Such new acellular vaccines (see below) were 
first developed and then generally introduced 
for use in infants in Japan in 1981. Large field 
efficacy trials in Europe and Senegal, per-
formed during the early 1990s, demonstrated 
better tolerability and acceptable efficacy of 
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aP vaccines (. Tables 18.1 and 18.2) and have 
paved the way for the licensure of various aP 
combination vaccine products ever since.

In Europe, all countries except Poland and 
Serbia have switched from wP to aP vaccines 
for the primary immunization series in infants 
at some point in time between 1995 and 2010. 
There are two main disadvantages of wP 
vaccines compared with aP vaccines: higher 
reactogenicity, especially fever, and less stan-
dardized production, leading to highly variable 
lot-to-lot performance with regard to effec-
tiveness (. Tables 18.1 and 18.2). Yet, many 
countries outside Europe – especially low- and 
middle-income countries – still use wP vaccines 
in various combinations of diphtheria and tet-
anus toxoid (DTwP), with or without further 
components such as Hib, hepatitis B, and IPV.

18.3.2  Acellular Pertussis Vaccines

In the late 1970s, and throughout the 1980s 
and early 1990s, several vaccine manufactur-
ers developed aP vaccines with the goal of bet-
ter tolerability and similar efficacy compared 
with conventional wP vaccines. The former 
goal has clearly been reached (. Table 18.1), 
but the latter unfortunately has not. Although 
aP vaccines (formulated as DTaP) performed 
better than one lot of DTwP vaccine pro-
duced in the USA when tested in efficacy tri-
als in Italy and Sweden (Stockholm), overall 
efficacy estimates of DTwP vaccine were 
approximately 10% higher than those of 
DTaP after three or four doses in 3 + 0 (all 
doses in infants, no booster in the second year 
of life) and 3 + 1 (with a booster dose in the 

       . Table 18.1 Comparative reactogenicity of  whole-cell and acellular pertussis vaccines, by doses 1–3, as 
established in the United States Nationwide Multicenter Acellular Pertussis Trial

Adverse events DTaPa (frequency in %) DTP (frequency in %)

Dose 1
n = 1814

Dose 2
n = 1774

Dose 3
n = 1717

Dose 1
n = 370

Dose 2
n = 358

Dose 3
n = 342

Local

Redness, any
Redness, >2 cm

13.5
1.3

17.1
0.9

21.5
1.7

49.4
8.6

47.7
6.1

47.6
3.2

Swelling, any
Swelling, >2 cm

8.7
1.7

12.1
1.4

13.3
2.2

39.7
16.5

34.1
9.5

35.7
5.6

Pain, moderate or severe
Pain, severe

3.8
0.2

2.0
0.1

2.1
0.1

27.3
9.7

18.7
6.1

15.8
3.8

Systemic

Fever (temperature ≥37.8 °C 
[100.1 °F])

4.2 11.3 15.8 27.3 34.1 37.7

Fever (temperature ≥38.4 °C 
[101.1 °F])

0.4 1.2 2.2 3.0 5.3 9.9

Fussiness, moderate or severe
Fussiness, severe

6.6
2.0

7.7
1.6

6.7
1.3

20.6
3.8

23.5
7.0

17.3
4.7

Drowsiness 29.9 17.6 12.9 43.5 31.0 24.6

Anorexia 9.3 8.9 8.9 19.5 16.5 14.3

Vomiting 6.3 4.5 4.2 7.0 4.5 5.3

Use of antipyretic 39.3 36.7 36.3 60.5 59.8 61.4

Modified after Decker et al. (1995)
DTaP diphtheria–tetanus–acellular pertussis, DTP diphtheria–tetanus–pertussis
aPooled data from 13 different DTaP products
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second year of life) immunization schedules, 
respectively (. Table 18.2).

18.4   Safety and Reactogenicity

Tolerability of DTaP vaccines is good and not 
different from that of DT vaccines without 
the aP component. A detailed comparison of 
DTaP and DTwP reactogenicity profiles, as 
established in the United States Nationwide 
Multicenter Acellular Pertussis Trial, is shown 
in . Table 18.1.

In the 1970s and 1980s, wP vaccines were 
held responsible for allegedly having caused 

“pertussis vaccine encephalopathy” in infants 
to the order of 1 per 330,000 doses within 
7  days of immunization. However, careful 
investigations later demonstrated that what 
had been thought to be specific wP vaccine 
damage was in reality the result of various 
underlying morbidity with diverse etiopatho-
genesis, including genetic disorders such as 
the recently discovered SCN1A gene muta-
tion, leading to Dravet syndrome. In other 
words, what was observed and reported was 
coincidence rather than cause and effect. 
Even before rare, specific underlying morbidi-
ties were discovered, it was epidemiologically 
shown that the increased risk of onset of cen-

       . Table 18.2 Comparative whole-cell and acellular pertussis vaccine efficacy as established in prospective 
randomized clinical trials

Country/
region

Study design Schedule
Vaccinea 
efficacy

No. doses (age) Typical 
pertussis 
(%)

Mild and typical 
pertussis (%)

Germany, 
Erlangen

Prospective 
cohort

aP-4 4 doses (3, 4, 
6 + 15–18 months)

83 72

wP As above 93 83

Germany, 
Mainz

Household 
contact

aP-3 3 doses (3, 4, 5 months) 89 81

wP As above 98 Not reported

Germany, 
Munich

Case control aP-2 4 doses (2, 4, 6, 
15–25 months)

93 Not reported

wP As above 96 Not reported

Italy, Rome Double-blind, 
prospective 
cohort

aP-3a 3 doses (2, 4, 6 months) 84 71

aP-3b As above 84 71

wP As above 36 23

Senegal Household 
contact

aP-2 3 doses (2, 4, 6, 
15–25 months)

74 Not reported

wP As above 92 Not reported

Sweden, 
Gothenburg

Double-blind, 
prospective 
cohort

aP-1 3 doses (3, 5, 
12 months)

71 54

Sweden, 
Stockholm

Double-blind, 
prospective 
cohort

aP-2 3 doses (2, 4, 6 months) 59 42

aP-3 As above 85 78

wP As above 48 41

wP whole-cell pertussis vaccine
aaP-1 = single component acellular pertussis vaccine, aP-2 = 2-component acellular pertussis vaccine, etc.
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tral nervous system disease potentially leading 
to brain damage within 7 days of immuniza-
tion was offset by a decreased relative risk 
over the subsequent 3-week period such that 
the overall result was no increased risk for 
serious neurological disease with wP vaccines. 
However, despite such clear evidence against 
it, the myth of “pertussis vaccine damage” 
continues to prevail, especially on obscure 
internet fora.

Hypotonic–hyporesponsive episodes 
(HHEs) have been reported after many vac-
cines used in infants, with or without aP or wP 
components. However, the risk of HHEs is 
approximately tenfold higher with DTwP vac-
cine than with DTaP vaccine (approximately 1 
per 15,000 vs. 1 per 1500 doses).

For children from the age of 4  years 
onward, adolescents, and adults without any 
upper age limit, acellular pertussis vaccines 
in combination with tetanus and diphtheria 
toxoids with reduced diphtheria and pertus-
sis antigen content – therefore referred to as 
“Tdap” (tetanus–diphtheria–acellular pertus-
sis) – have been licensed in Europe and else-
where.

18.5   Real-World Effectiveness Data

Investigations into the real-world effective-
ness of aP vaccines (and to a lesser extent, wP 
vaccines) are being conducted on an ongoing 
basis, with new evidence arising constantly. 
After the introduction of aP immunization 
programs in Europe in 1995 and onward, 
duration of protection after three or four 
doses was the focus of investigations. When 
it became apparent that efficacy waned with 
time after the last of three or four doses in 
infants and young children, booster doses 
were introduced in several countries in the 
early 2000s. Population-wide implementation 
of a fifth dose, usually at pre-school age and 
sometimes in adolescence, is more difficult to 
achieve than doses 4 and especially 1–3, and 
its low uptake contributes to the limited effec-
tiveness. Moreover, it has recently become 
clear that even after five doses protection 
against pertussis does not last very long: In a 

matched case–control study from Washington 
State, USA, adolescents and young adults 
(11–19 years of age) with suspected, probable, 
and confirmed pertussis were identified, and 
vaccine effectiveness was calculated based on 
pertussis immunization history. Among those 
individuals who had received only acellular 
pertussis vaccines, Tdap vaccine effective-
ness was 73% at 1 year and 34% at 2–4 years 
following their last pertussis vaccine dose. 
Similarly, waning immunity was shown in 
a study in Wisconsin, where a pertussis out-
break had occurred in 2012. Tdap effective-
ness in preventing laboratory-confirmed 
pertussis decreased with increasing time since 
receipt of the last Tdap vaccine, with values 
of 75%, 68%, 34%, and 12% among those who 
received their last Tdap dose in 2012, 2011, 
2010, and 2009/2008, respectively. Therefore, 
the introduction of further booster doses in 
 adolescents, and even adults, was the next 
step that some but by far not all countries in 
Europe have taken in recent years. However, 
with aP vaccines of suboptimal effective-
ness, control of pertussis is challenging if  
not impossible. Recently, this has raised dis-
cussions about the re-introduction of wP, for 
example, as part of sequential wP/aP immuni-
zation schedules. Although some wP vaccines 
do appear to be more efficacious than any aP 
vaccine, there is lot-to-lot inconsistency with 
poor efficacy (<50%) for some wP products 
(. Table  18.2). As, unfortunately, there is a 
lack of a reliable serological correlate of vac-
cine protection and no reliable animal models 
that would allow wP vaccine performance to 
be predicted, their use in the field is a constant 
lot- to- lot lottery.

18.6   Pertussis Vaccine 
Recommendations

Currently, so-called “2 + 1” and “3 + 1” DTaP 
immunization schedules are used in 16 (previ-
ous edition of this textbook, 2017: 8!) and 15 
(2017: 23) European countries, respectively, 
organized under the umbrella of the ECDC 
(. Fig.  18.1). The first figure stands for the 
number of priming doses in infants (i.e., 2 
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or 3) and the “+1” stands for the reinforc-
ing last dose of the primary series, usually 
given around the first birthday. The apparent 
heterogeneity in time points reflects variable 
interpretations of data by national immuniza-
tion technical advisory groups to the govern-
ments, variable histories of the development 
of such recommendations, and associations 
with scheduled health care visits such as the 
“well baby visits,” which again may vary from 
country to country.

In addition to regularly scheduled doses 
throughout childhood, some countries do 
recommend pertussis immunization in spe-
cific situations, with the goal of decreasing 
the risk of transmission to young, vulnerable 
infants (“cocooning”). Unfortunately, several 
studies, including one from Switzerland, have 
shown that cocooning is extremely challeng-
ing from a logistic point of view and a com-
plete “cocoon” around the newborn or young 
infant is hardly ever achieved, especially in 
large households.

Today, among various strategies of mater-
nal and paternal immunization, the concept 
of immunization in pregnancy is most prom-
ising. The ideal timing is during the second 
or early third trimester to guarantee optimal 
amounts of maternal anti-PT-IgG antibod-
ies transferred via the placenta to the unborn 
fetus. Maternal and paternal immunization 
means that women’s and men’s pertussis 
immunization status is brought up to date 
as part of family planning before the wom-
an’s pregnancy or catching up with pertus-
sis immunizations after delivery, if  they were 
missed before. Basically, this leads to cocoon-
ing of the young infant, as discussed above. In 
addition to this, immunizing a woman during 
pregnancy brings a new dimension of protec-
tion to the infant, i.e., direct protection via 
transplacental transfer of high quantities of 
maternal anti-pertussis toxin (PT) IgG anti-
bodies. A case–control study, performed as 
part of a national vaccination program for 
pregnant women in the UK between October 
2012 and July 2013, demonstrated that only 
17% of mothers of infants (<8 weeks of age) 
with pertussis compared to 71% of mothers 
of healthy age-matched controls had been 

immunized against pertussis in pregnancy. 
This resulted in a protective effectiveness of 
immunization in pregnancy of 93%. It was 
further shown in Belgium that the average 
PT antibody levels in children whose moth-
ers had been vaccinated against pertussis dur-
ing pregnancy were much higher than those 
in children of unvaccinated mothers (101 vs. 
12 IU/ml and 16 vs. 1 IU/ml at birth, and at 
the age of 2 months, respectively). When mea-
sured again 4 weeks after completion of the 
primary immunization 3 dose series at age 2, 
−3, and −4 months of age, however, anti-PT 
values in infants of vaccinated mothers were 
lower than those in control children (29 vs. 
54 IU/ml), and this difference was still present 
after the fourth dose at 15 months of age (36 
vs. 57  IU/ml).

The clinical significance of this blunting of 
the child’s immune response to aP vaccine is 
unclear because of the lack of a reliable sero-
logical correlate of immunity and must be fur-
ther evaluated in prospective epidemiological 
studies. One such study performed in the UK 
has provided convincing evidence of protec-
tion against pertussis provided by immuni-
zation in pregnancy beyond the infant’s own 
first two doses of acellular pertussis contain-
ing combination vaccines. This additional 
protection from immunization of the infant’s 
mother during pregnancy, as may be expected, 
is no longer evident after the third infant dose.

Given the benefit of significant protec-
tion during the first months of life in infants, 
these observations do not question pertussis 
immunization in pregnancy. So far, no safety 
concerns have arisen with regard to pertus-
sis immunization in pregnant women. In an 
observational study based on the US Vaccine 
Safety Datalink, which accompanied the 
introduction of the immunization program 
in pregnant women in 2012  in the USA, no 
safety signals were detected. Today, in addi-
tion to England and Wales and the USA, an 
increasing number of countries recommend 
pertussis (Tdap) immunization for pregnant 
women.

However, given the suboptimal protec-
tive power of currently available aP vaccines, 
the search for “better” vaccines is ongoing. 
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Intensive efforts are underway to identify bio-
markers that would predict protection from B. 
pertussis infection and/or disease and would 
then promote the development of new vac-
cines, which would elicit a protective immune 
response against B. pertussis. Although we 
may dream about a new generation of such 
better performing pertussis vaccines, the best 
use of aP (and wP, where still in use) vaccines 
should be made. This includes the optimiza-
tion of vaccine coverage in the whole popu-
lation and the timely administration of the 
recommended doses in infants and young 
children.
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19.1   Introduction

Haemophilus influenzae is a human-restricted 
pathogen that colonizes the nose and throat, 
and to a lesser extent the conjunctivae and 
genital tract. H. influenzae was first identified 
as a pathogen by Koch in 1883, who described 
small gram-negative bacilli in conjunctivitis. 
In 1889–1892 a major outbreak of influenza 
swept across Europe. Pfeiffer examined spu-
tum from patients suffering from influenza 
and reported “in every case … a similar type 
of bacillus was found in absolutely pure cul-
ture … and in almost incredible numbers.” He 
had difficulty in growing the bacillus until he 
added blood to the culture medium.

Continued belief  that Bacillus influenzae 
(or Pfeiffer’s bacillus) was the cause of influ-
enza resulted in it being specifically named 
Haemophilus influenzae. In 1922, Kristensen 
proposed that this organism was a secondary 
invader and not the primary cause of influ-
enza. In 1933, Smith, Andrewes and Laidlaw 
established that influenza was a viral infection, 
but the name of the bacterium has remained 
unchanged.

In 1933, Margaret Pittman differentiated 
H. influenzae into two major groups: encapsu-
lated and non-capsulated strains (more com-
monly described as non-typeable Haemophilus 
influenzae: NTHi). She also described the six 
antigenically and chemically distinct types of 

capsulated strains; designated Pittman types a 
to f  and identified type b (Hib) as of predomi-
nant importance in causing meningitis and 
other systemic haemophilus infections. The 
most virulent serotype is Hib.

In 1933, Fothergill and Wright showed 
that blood of young children, aged less than 
2  years, had absent or low levels of bacteri-
cidal activity against the H. influenzae type 
b polysaccharide capsule, whereas blood 
from older children and adults did demon-
strate bactericidal activity against Hib. They 
also noted that most cases of Hib meningitis 
occurred in young children, leading them to 
speculate that naturally acquired antibodies 
to the polysaccharide capsule were protective 
against serious Hib infections. The rarity of 
infections in the first 2 months of life corre-
lates with the presence of maternal antibod-
ies to Hib and the occurrence of infection in 
early infancy with the absence of antibodies 
having such specificity. As the mean level of 
Hib antibodies in the population rises, so Hib 
infections decline (. Fig. 19.1).

19.2   Burden of Disease

Before the introduction of Hib conjugate 
vaccine, Hib was the most common cause 
of bacterial meningitis in children, 75% of 
whom were over 2 months and under 3 years 
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       . Fig. 19.1 Incidence of  H. influenzae meningitis (heavy solid line) during the first 5 years of  life and the corre-
sponding mean level of  anti-polyribosyl ribitol phosphate (PRP) (Hib) antibodies (thin line) (Peltola et al. 1977)
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of age. Hib meningitis had a case fatality ratio 
of 5–10%, with up to one-third of survivors 
suffering significant sequelae, including deaf-
ness, intellectual impairment, cerebral palsy 
and epilepsy. Hib was also the most common 
cause of acute epiglottitis in children, which 
generally occurred in children aged between 2 
and 4  years of age. Other manifestations of 
invasive Hib infection include bacteraemia, 
periorbital cellulitis, septic arthritis, osteomy-
elitis and pneumonia (. Fig. 19.2).

The mean annual incidence per 100,000 
children aged <5  years of invasive Hib dis-
ease prior to the introduction of Hib conju-
gate vaccine in Europe was 23/100,000, with 
higher incidences seen in northern Europe 
(. Fig.  19.3) than in southern European 
countries. In some parts of the world and 
some populations, much higher rates were 
reported, ranging from 60–130/100,000 chil-
dren <5 years in the USA to 450/100,000  in 
Indigenous populations in Australia, Canada 
and the USA.

19.3   Pathogenesis

H. influenzae is transmitted by aerosols of 
respiratory secretions or by direct contact with 
contaminated material. The primary event is 
colonization of the nasopharynx. Before the 
introduction of Hib vaccines, 3–5% of healthy 
pre-school children in industrialized countries 
were asymptomatic Hib carriers. The rate of 

non-typeable H. influenzae carriage is much 
higher. Asymptomatic Hib carriage can per-
sist for up to 6 months.

Prior infection with respiratory viruses, 
such as influenza, predisposes to nasopharyn-
geal carriage by several mechanisms, includ-
ing obstruction to the outflow of  respiratory 
secretions, depression of  local immunity and 
suppression of  mucociliary clearance. The 
rate of  Hib carriage varies with age, crowd-
ing, geography and vaccine coverage in a 
population.

Invasive Hib disease follows invasion of 
the bloodstream. Recent viral infection is a 
risk factor for developing invasive Hib dis-
ease, by facilitating the attachment of Hib to 
the respiratory epithelium. The risk of inva-
sive Hib disease is increased in children with 
certain comorbidities, including sickle cell 
disease, asplenia, malignancies and antibody 
deficiency syndromes.

The capsule of Hib is composed of poly-
ribosylribitol phosphate (PRP). PRP is the 
single most important major virulence deter-
minant for invasion of the blood stream 
because it resists phagocytosis, complement- 
mediated bacteriolysis and splenic clear-
ance. Studies on unimmunized individuals 
in Finland indicated that serum anti-PRP 
antibodies of ≥0.15  μg/mL correlated with 
a decreased incidence of Hib meningitis. 
Further studies established that a concen-
tration of ≥0.15  μg/mL provides short-term 
protection against invasive Hib disease, but 

52%

17%

15%

8%
6%

2%

Meningitis

Epiglottitis

Pneumonia

Arthritis

Cellulitis

Bacteraemia

       . Fig. 19.2 Spectrum of  invasive infections caused by Hib in the UK. Prospective surveillance data in all ages for 
2 years before the introduction of  routine Hib immunization (Anderson et al. 1995)
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long-term protection requires a concentration 
of ≥1.0 μg/mL.

19.4   Hib Polysaccharide Vaccine

The first Hib vaccine was a PRP plain polysac-
charide vaccine, which was used in a field trial 
in Finland. This trial involving 100,000 chil-
dren aged 3 months to 5 years demonstrated 
an age-dependent response to PRP.  PRP 
polysaccharide vaccine had no demonstrable 
effect on nasopharyngeal carriage of Hib and 
thus did not interrupt transmission of Hib or 
produce herd protection. Polysaccharide vac-
cines activate B cells via a T-helper cell–inde-
pendent pathway, which is poorly developed 
in children aged <18  months and character-
ized by lack of immune memory, short-lived 
antibody responses and poor immunogenicity.

19.5   Hib Conjugate Vaccines

In the late 1980s, conjugate Hib vaccines were 
developed which increased the immunogenicity 
of PRP polysaccharide. The polysaccharide–
protein conjugate induced a T-cell-dependent 
response. T-cell-dependent responses develop 
much earlier in infants than T-cell-independent 
responses and infants can respond to polysac-
charide–protein conjugate vaccines from the 
age of 6 weeks.

Protein antigens encourage class switching 
from IgM to IgG via T-helper cells. The IgG 
is predominantly IgG1 subclass, which in vitro 
induces complement-mediated opsonic activity 
and bacteriolysis. In addition, immunizing with 
a conjugate vaccine results in antibodies with 
higher avidity compared to those produced after 
immunization with plain PRP polysaccharide, 
with the added benefit of avidity maturation.

≥ 45/100,000
30-44.99/100,000
15-29.99/100,000

0-14.99/100,000

       . Fig. 19.3 Annual incidence of  invasive Hib disease/100,000 <5 years in Europe before the introduction of  rou-
tine Hib immunization (data from EU-IBIS reports)
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Protein–polysaccharide conjugate vaccines 
also have a marked impact on nasopharyngeal 
carriage. By reducing nasopharyngeal carriage 
of Hib, transmission to other susceptible un-
immunized children and adults is interrupted, 
reducing infection in other age groups. This 
effect is known as herd protection.

Four different Hib vaccines were initially 
developed. They differed in the protein carrier 
used, the length of the PRP saccharide and 
the method of protein–polysaccharide conju-
gation. The four protein carriers were tetanus 
toxoid (PRP-TT), diphtheria toxoid (PRP-
D), Neisseria meningitidis outer membrane 
protein complex (PRP-OMP) and a non-toxic 
mutant Corynebacterium diphtheriae protein 
CRM 197 (PRP-CRM).

Although the different Hib vaccines were 
equally immunogenic in adults, they elicited 
differing immune responses in children aged 
<2 years. The PRP-D conjugate was the least 
immunogenic in infants, eliciting an anti-PRP 
antibody titre ≥1.0 μg/mL in ≈30% of infants 
after two or three doses, and was subsequently 
withdrawn.

The other three vaccines are highly immu-
nogenic in children aged >18  months. Their 
immunogenicity varies in children aged 
<18  months. PRP-OMP vaccine stimulates 
the highest antibody concentration with a sin-
gle dose administered at 2 months of age elic-
iting antibody titres ≥1.0 μg/mL in 70–80% of 
infants. PRP-OMP was the preferred vaccine 
for use in populations where there was a high 

burden of disease in very young infants, for 
example, Indigenous Australian, American 
Indian and Alaska Native infants. PRP-TT 
and PRP-CRM have similar immunogenic-
ity and there is no significant difference in the 
percentage of infants achieving anti-PRP anti-
body titres of ≥1.0 μg/mL after three priming 
doses. A booster dose of any of the PRP vac-
cines administered in the second year of life 
results in seroprotective levels of anti- PRP 
antibodies, irrespective of the PRP- vaccine 
used for the primary immunization series.

19.6   Combination Vaccines

Following the successful introduction of mon-
ovalent Hib conjugate vaccines, the Hib com-
ponent was incorporated into combination 
vaccines (see 7 Chap. 20). However, the com-
bination may result in a significantly reduced 
anti-PRP antibody response compared to that 
achieved by a separate Hib conjugate vaccine. 
The Hib component has been combined with 
diphtheria toxoid (D), tetanus toxoid (T), 
whole-cell Pertussis (wP), acellular Pertussis 
(aP), inactivated polio (IPV) and Hepatitis B 
(HepB) as a component of pentavalent and 
hexavalent vaccines. It has also been com-
bined with Meningococcal group C – tetanus 
toxoid (MenC-TT) as a dual vaccine Hib- 
MenC- TT and with Meningococcal groups 
C and Y as a trivalent vaccine (MenCY-TT) 
(. Table 19.1).

       . Table 19.1 Some examples of  Hib-containing vaccines available in Europe in 2021

Name Characteristics Manufacturer Type

Act-Hib Hib (PRP-TT) Sanofi Pasteur Monovalent

Hiberix Hib (PRP-TT) GSK Monovalent

Hexacima/ Hexyon/Hexaxim DTaP–HepB–IPV–Hib (PRP-TT) Sanofi Pasteur Hexavalent

Infanrix hexa DTaP–HepB–IPV–Hib (PRP-TT) GSK Hexavalent

Vaxelis DTaP–HepB–IPV–Hib (PRP-TT) MCM Hexavalent

Infanrix-IPV-Hib DTaP–IPV–Hib (PRP-TT) GSK Pentavalent

Pentavac DTaP–IPV–Hib (PRP-TT) Sanofi Pasteur Pentavalent

Menitorix MenC–Hib (PRP-TT) GSK Bivalent

MenHibrix MenCY-Hib (PRP-TT) GSK Trivalent
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19.7   Introduction of Hib Conjugate 
Vaccines in Europe

Hib conjugate vaccine was included in the 
National Immunization Programme (NIP) of 
Finland in 1986, and over the next 20  years 
was added to the NIP schedule in all European 
countries.

19.8   Impact of Hib Conjugate 
Vaccines

Following the introduction of routine Hib 
conjugate vaccination in many European 
countries, an international collaboration was 
established in 1996 to monitor the impact of 
Hib conjugate vaccine on the epidemiology of 
invasive H. influenzae disease. Data on inva-
sive H. influenzae disease was collected from 
25 European countries between 1999 and 2006 
by the European Union Invasive Bacterial 
Infections Surveillance Network (funded by 
the European Commission DG SANCO). In 
2007, the surveillance activities were trans-
ferred to the European Centre for Disease 
Prevention and Control (ECDC). Between 
2007 and 2014, 12 European countries reported 
10,624 cases of invasive H. influenzae infec-
tion to ECDC. The majority of isolates were 
non-typeable H. influenzae (NTHi) (78%), 9% 
were Hib, 9% were H. influenzae serotype f  
(Hif) and 3% were serotype e (Hie). By 2014, 
the incidence of invasive Hib infection across 
Europe had declined to 0.65/100,000  in chil-
dren aged <1  year and 0.18/100,000  in chil-
dren aged 1–4 years. Invasive NTHi infections 
occur predominantly in neonates and older 
adults, the majority of whom have underlying 
comorbidities. Invasive Hif and Hie infections 
also mainly occur in older adults with under-
lying risk factors.

Hib conjugate vaccine is now included in 
the NIP of all European countries. The sched-
ules of vaccine administration vary, with 
some countries giving three doses in the first 
year, followed by a booster in the second year 
of life, and others giving two doses in infancy 
plus a booster dose after the first birthday 
(. Fig.  19.4). In 2013, France changed the 

schedule from 3 + 1 to 2 + 1 doses (2, 4 and 
11 months).

Multiple Hib containing vaccines have 
been used in Europe. Countries have changed 
the Hib vaccine used over time but overall 
there has been a convergence towards the use 
of pentavalent or hexavalent combination 
vaccines (. Fig. 19.4).

19.9   Safety of Hib Conjugate 
Vaccines

All the Hib conjugate vaccines have an excel-
lent safety profile. Mild local reactions, includ-
ing redness, induration, and swelling are 
reported to be more common with PRP-TT 
than with PRP-CRM or PRP-OMP.

19.10   Hib Vaccine Failures

Although Hib conjugate vaccines are highly 
effective, vaccine failures do occasionally 
occur. Clinical and immunological evaluation 
is recommended for children who develop 
invasive Hib disease despite a full course of 
Hib vaccinations.

19.11   UK Hib Vaccine Experience: 
Lessons Learned

Routine Hib immunization was introduced 
in the UK in October 1992. Three doses of 
Hib conjugate vaccine (PRP-TT; Pasteur 
Merieux) given at 2, 3 and 4 months of age 
were offered to all infants <1 year old. There 
was no booster dose in the second year of 
life. It was believed that a booster dose would 
not be needed as immunological memory was 
expected to provide long-term protection. A 
catch-up programme of a single dose of PRP- 
CRM vaccine was offered to children aged 
1–4  years over the first year of the national 
infant immunization programme.

Following the introduction of Hib conju-
gate vaccination in the UK, there was a rapid 
and sustained decline in invasive Hib disease 
(. Fig.  19.5) with the annual attack rate 
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       . Fig. 19.4 Recommended Hib immunization sched-
ules for European countries: 2021. (Reproduced with 
permission from: 7 https://www. ecdc. europa. eu/en/
publications- data/ecdc- vaccine- scheduler)
Footnotes:
(1) Minimum interval of  6 month after second dose
(2) Not earlier than 12 months after the third dose
(3) The first dose of  hexavalent vaccine is given from the 
end of  the second month of  life, at intervals of  2 months 
between the first and the second dose, and the third dose 
given between the eleventh and thirteenth months of  the 
child’s age
(4) Optional doses if  monovalent and other combina-
tion vaccines are used
(5) Number of  doses necessary varies according to 
age
(6) Hib/MenC combined vaccine
(7) Recommended only in specific circumstances, for 
example: infants born to a mother not vaccinated 

against pertussis during pregnancy or infants born to a 
mother infected with Hepatitis B
The contents of this report are covered by the ECDC legal 
notice. See: 7 https://ecdc. europa. eu/en/legal- notice. The 
report reflects the state of submissions in the ECDC vac-
cination schedule platform as of 2021-06-22 at 13:22. Red 
line above: mandatory vaccination, Blue line above: vac-
cination not covered by national Health System

  
General recommendation

  
Recommendation for specific groups only

  
Catch-up (e.g. if  previous doses missed)
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for invasive Hib disease in children <5 years 
falling from 23.8/100,000  in 1991–1992 to 
1.8/100,000 in 1993–1994. The decline in vac-
cinated age groups was soon followed by a 
decline in other age groups through indirect 
(herd) protection. By 1998 the incidence of 
invasive Hib disease in children aged <5 years 
had fallen to 0.63/100,000. There were esti-
mated to be 2.2 vaccine failures/100,000 vac-
cinated children (95% CI, 1.8–2.7). Vaccine 
failures were uncommon. Although the vac-
cine effectiveness waned with time it remained 
high (>95%) until the sixth year of life.

From 1999, there was a resurgence in cases 
of Hib infection in children (. Fig. 19.5) with 
134 cases in <5 years in 2002 versus 31 cases 
in 1996. There appear to be several reasons 
for this resurgence. The vaccine effectiveness 
among children immunized in infancy was 
lower than had been anticipated. Among chil-
dren <5  years who developed invasive Hib 
infection between 1993 and 2000, the vaccine 
effectiveness (VE) was estimated to be 57% 

(95% CI, 43–67). The VE was lower in children 
immunized in infancy compared to those who 
received a single dose of Hib vaccine as part of 
the catch-up programme and the VE in those 
immunized in infancy declined significantly 
over time (p = 0.004), declining to zero after 
1 year. This lower VE only became apparent 
when the direct and indirect protection pro-
vided by the catch-up campaign in children 
aged 1–4  years began to wane. By 1998, all 
children aged <5 years had only received rou-
tine infant immunization in early infancy.

A further reason for the resurgence was a 
shortage of the DTwP-Hib vaccine that was 
being used in the UK, which led to approxi-
mately half  of infants receiving an alternative 
combination vaccine containing acellular per-
tussis component. DTaP-Hib vaccines have 
been shown to have lower Hib immunogenic-
ity, especially when used in an early acceler-
ated infant schedule, as was the case in the 
UK.  There is evidence that combination 
DTaP-Hib vaccines can elicit a significant 
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       . Fig. 19.5 Incidence of invasive H. influenzae disease in England by serotype: 1990–2018 (data from Public Health 
England)
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reduction in the anti-PRP antibody titres, 
possibly through catalytic depolymerization 
of PRP in the presence of aluminium hydrox-
ide or because they lack the adjuvant effect of 
the whole cell pertussis component on PRP.

Another potential cause of the resurgence 
was the concomitant introduction of menin-
gococcal C (MenC) conjugate vaccine in 
1999, which was given at the same time as the 
Hib conjugated vaccine. Most of the MenC 
conjugate used was CRM based, and there is 
evidence that use of this vaccine together with 
DTaP-Hib also results in lower immunogenic-
ity of the Hib component.

Control of the resurgence was achieved 
by the administration of a single dose of 
Hib vaccine to all children aged 6  months 
to 4 years in April 2003. In 2004, the DTwP-
Hib conjugate was switched to routine use 
of DTaP–IPV–Hib conjugate, and a routine 
booster dose of Hib vaccine, administered 
as a Hib–MenC combination, at 12  months 
of age was added to the schedule in 2006. A 
second preschool booster campaign was con-
ducted in 2007 for children who were too old 
for the 12-month booster dose but too young 
for the 2003 booster campaign.

Following these actions, the number of 
cases of invasive Hib disease declined rapidly 
and has remained at a very low level, with a 
few cases of invasive Hib disease in adults.

There was a similar resurgence in the 
Republic of Ireland, which had also intro-
duced an infant Hib immunization pro-
gramme with a schedule of three doses at 2, 4, 
6 months without a booster dose.

The UK experience with Hib conjugate 
vaccines showed that immunological mem-
ory per se was insufficient to confer clinical 
protection. The lower-than-expected vaccine 
effectiveness of  an early accelerated infant 
immunization schedule was masked for sev-
eral years by the catch-up campaign which 
produced high levels of  antibody and pro-
longed direct protection in older cohorts and 
contributed to high population immunity. 
Protection against Hib infection may depend 
on the level of  serum anti-PRP antibodies at 
the time of acquisition of the organism in the 
nasopharynx. A booster dose in the second 
year of  life produces high levels of  serum 

anti- PRP antibodies, which are sustained 
above the protective threshold to provide 
protection against Hib infection in children 
<5 years of  age.

19.12   Invasive H. influenzae 
Infections in Europe 
in the Era of Routine Hib 
Conjugate Vaccination

In 2018, there were 3982 cases of invasive 
H. influenzae disease reported by 30 European 
countries to ECDC.  The overall incidence 
was 0.8/100,000 population (. Fig. 19.6). Of 
these, 2266/3982 (57%) of the isolates were of 
known serotype; 1777/2266 (78%) were NTHi. 
NTHi was the most common H. influenzae 
reported in all age groups, and the majority of 
cases were in patients aged >65 years. There 
were 153 Hib reports (7%) and the majority of 
Hib infections occurred in older adults with 
underlying comorbidities. There were 44 cases 
of Hib infection in children aged <5  years 
with documented Hib vaccination status; 8 of 
the 21 cases aged <1 year were unvaccinated 
and 6 had received only one dose, while 9 of 
the 23 cases in children aged 1–4 years were 
unvaccinated.

Hif was the most common capsulated 
serotype with 213 (9%) reported cases. There 
were 63 Hie infections (3%). Both Hif and 
Hie infections occurred mainly in infants and 
older adults with underlying comorbidities. 
The most common presentation of NTHi, Hie 
and Hif infections is pneumonia, followed by 
sepsis. There were 60 cases reported as Hia, 
Hic, Hid or non-b infections.

There had been a concern that other 
capsulated serotypes of H. influenzae might 
occupy the ecological niche formerly occu-
pied by Hib and emerge as significant causes 
of invasive disease. This has not happened 
although there has been a small increase in 
the number of invasive Hif and Hie cases in 
Europe. However, there has been a significant 
year-on-year increase in the number of cases 
of invasive NTHi infection. A review of the 
260 invasive H. influenzae isolates submit-
ted to the Portuguese Reference laboratory 
from 2011 to 2018 reported that the major-
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ity were NTHi (79%), which predominantly 
affected older adults (64% ≥65  years). Over 
half  (55.6%) of the encapsulated infections 
occurred in preschool age children, with Hib 
being the most common (13.5%) followed 
by Hif (3.1%), Hia (2.7%) and Hie (1.5%). 
Nineteen of the 25 Hib infections in young 
children occurred in children who would have 
been eligible to have received two to four 
doses of vaccine. Hib vaccine coverage in 
Portugal is (~100%). A small number of Hia 
infections have also been reported in the UK 
and Italy. Data from 2017 to 2018 from four 
European countries (England, Germany, Italy 
and Finland) confirmed the predominance 
of NTHi infections (77–85%). Hib was the 
commonest encapsulated serotype in Italy 

(11.5%), whereas Hif was the most frequent 
in the other three countries.

19.13   Conclusions

The introduction of Hib conjugate vaccine 
has been extremely successful, with the virtual 
elimination of invasive Hib disease in children 
and a significant reduction in cases in adults 
due to herd protection. A small number of 
cases of invasive Hib disease continue to occur 
in Europe, mainly in adults or in unvaccinated 
children, with some Hib vaccine failures. The 
continuing circulation of Hib emphasizes the 
importance of maintaining high coverage of 
Hib vaccine and continuing surveillance to 

       . Fig. 19.6 Distribution of  confirmed Haemophilus 
influenzae disease cases per 100,000 population by coun-
try, EU/EEA, 2018 Source: Country reports from Aus-
tria, Belgium, Bulgaria, Croatia, Cyprus, the Czech 
Republic, Denmark, Estonia, Finland, France, Ger-

many, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Malta, the Netherlands, Norway, Poland, 
Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, 
and the United Kingdom (Annual Epidemiological 
Review for 2018 – Haemophilus influenzae (europa.eu))
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monitor the evolution of invasive H. influ-
enzae infections in Europe. NTHi have now 
emerged as the commonest cause of invasive 
H. influenzae infection, including pneumonia 
and bacteraemia. A vaccine effective against 
NTHi could be of value in preventing these 
infections. A 10-valent pneumococcal conju-
gate vaccine (PHid-CV; Synflorix: GSK) uses 
H. influenzae outer membrane lipoprotein 
D as its carrier protein, which is conserved 
amongst the majority of strains of H. influen-
zae. Immunization results in high concentra-
tions of anti-protein D antibodies, but has no 
effect on nasopharyngeal NTHi colonization 
and to date has not had any demonstrable 
efficacy against invasive NTHi infections. The 
challenge is to overcome the marked heteroge-
neity and phase variability of NTHi. Such a 
vaccine could be targeted at groups who have 
a high incidence of mucosal NTHi infections, 
including otitis media in Indigenous children 
or adults with chronic obstructive pulmonary 
disease.
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20.1   Introduction: The Need, 
Challenges, and Benefits 
of Combination Vaccines

Since the beginning of the vaccination era, 
the number of vaccine-preventable diseases 
has continued to increase at a fast rate. 
Traditionally, with each new vaccine included 
in the vaccination schedule, a new injection 
was required to administer the immunization, 
and this sparked multiple responses from 
different social sectors: On the one hand, 
general practitioners were confused by the 
ever-changing immunization schedules; on 
the other hand, parents were concerned about 
their children becoming “pincushions.” This 
problem, far from being solved, continued to 
worsen as the number of vaccines in develop-
ment raised each year, making the situation 
more pressing.

Different approaches emerged to address 
the problem. One of these involved deferring 
additional injections until the next office visit. 
However, ultimately, this strategy backfired: 
The increasing costs and burden on staff  
associated with the scheduling of new visits, 
combined with the increased likelihood of 
vaccinations being missed, ended up jeop-
ardizing vaccination coverages. In this con-
text, the necessity for combination vaccines 
became acute.

Combination vaccines are individual prep-
arations that include two or more antigens of 
different microorganisms. Combination vac-
cines have been used in adults and children 
alike for over half  a century; in 1948, the com-
bination of diphtheria, tetanus, and pertussis 
antigens into a single vaccine was first used 
to vaccinate infants and children. Since then, 
many new techniques have been developed 
and the number of components combined 
into a single product has risen greatly.

Combination vaccines have not only solved 
the burden of multiple injections. Other chal-
lenges such as the storage and shipment of 
vaccines, the increasing number of visits, the 
injection of more adjuvants, or the introduc-
tion of new vaccines into the calendar have 

been met, owing to the availability of combi-
nation vaccines (. Fig. 20.1).

20.2   The “Perfect” Combination 
Vaccine

An ideal combination vaccine needs to meet 
the following requirements:

 5 Safety and efficacy: A new combination 
vaccine should not be more reactive, less 
immunogenic, or less efficacious than the 
individual components administered sepa-
rately.

 5 Fit the established immunization schedule: A 
combination vaccine should include com-
ponents that are normally administered at 
the same immunization visit and respect its 
established timing and interval, with only 
slight variations being acceptable.

 5 Ease of use: From the practical point of 
view, a combination vaccine should be 
easy to store and administer, and not 
increase the burden on staff.

20.3   Composition of Combination 
Vaccines

Commonly administered combination vaccines 
include as base the diphtheria and tetanus tox-
oid, used alone (DT or Td) or with whole-cell 
(DTwP) or acellular (DTaP) pertussis com-
ponent (. Fig.  20.2). To this baseline prod-
uct, a plethora of components can be added. 
Common combinations include inactivated 
poliovirus (IPV), Haemophilus influenzae b vac-
cine (Hib), and/or hepatitis B vaccine (HepB). 
Although not commercialized to date, addi-
tional components might be meningococcal 
conjugate vaccine or hepatitis A vaccine (HA).

Another branch of combination vaccines is 
live attenuated measles–mumps–rubella vaccine 
(MMR), with a more recent addition of a vari-
cella vaccine (V) component (see 7 Chap.  9). 
Henceforth, this chapter focuses specifically on 
the pentavalent and hexavalent combination 
vaccines (. Tables 20.1 and 20.2).

 F. Martinón-Torres
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COMBINATION VACCINES

PUBLIC HEALTH & ECONOMIC VALUE

PUBLIC HEALTH/
ECONOMIC VALUE

Use of combination vaccines allows for the introduction
of new antigerns into the vaccines schedule without
increasing the number of injections

Combination vaccines improve vaccination
coverage which allows for better and wider
protection of the population against infectious
diseases and decreases the cost of disease
management and potential outbreaks

Use of combination vaccines
reduces costs borne by
healthcare systems by reducing
the number of visits needed

Combination vaccines improve compliance
and timeliness of vaccination leading to
better proctection against disease

There is better acceptance from parents
illustrated by ahigh willingness to pay to
avoid extra injections

There is an improvement of daily practice
e�cency (e.g. reduced administrative tasks,
time saving, simpli�cation of the supply/cold
chain storage)

Combination vaccines formulation is much more complex than a simple
mixture of several antigens (i.e. physical compatilbility, stability of antigens)

Extra doses of some antigens can be administered with combination
vaccines, thus increasing the risk of adverse events

Manufacturing is a long and complex process requiring
strict and expensive quality control tests (i.e.

consistency and preproducibility)

In case of allergic reaction or adverse event it
can be di�cult to single out the component

responsible for it

Clinical evidence demostration is also
more challenging (i.e. potential

interference of antigens)

In general, combination vaccines
are more expensive

Combination vaccines may lead to increased
safety for healthcare staff due to a reduced
risk of needle stick injuries from fewer number
of injecitons

Combination vaccines could save time and
reduce loss of productivity by negating the
need to return for deferred injections

There are fewer potential local side e�ects
due to fewer injections

Using combination vaccines reduces pain and
discomfort for children due to fewer injections

CHALLENGES

CHALLENGES

SOCIETAL VALUE

FOR HEALTHCARE PROVIDERS

HEALTHCARE PROVIDERS

FOR PARENTS

PARENTS

FOR CHILDREN

CHILDREN

       . Fig. 20.1 Combination vaccines: from challenges to 
benefits (Adapted from Maman et al. 2015). Several key 
benefits from combination vaccines can be easily identi-

fied, with societal and public health and economic cate-
gories being the most important. Also, important 
challenges should be considered

DTPa

DTPa-HB

DTPa-HB-IPV

DTPa-HB-IPV-Hib

DTPa-HB-VPI-Hib-MnC*

DTPa-IPV DTPa-Hib

DTPa-Hib-IPV

MnC

       .Fig. 20.2 Development of combination vaccines based on DTPa. (*)Heptavalent vaccine with MenC under development
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20.4   Introduction to Pentavalent 
and Hexavalent Vaccination

With the new immunization recommenda-
tions made by the WHO, the number of 
routine vaccinations has grown from the ini-
tial 6 recommended EPI antigens  – bacillus 
Calmette–Guérin, diphtheria, tetanus, pertus-
sis, poliomyelitis, and measles – to the current 
11 antigens, which additionally include HepB, 
Hib, pneumococcus, rotavirus, and rubella. 
This increase meant that the development of 
pentavalent and hexavalent combination vac-
cines fitting the routine vaccination schedules 
became a necessity. In this respect, Europe has 
taken the lead in comparison with other world 
regions, and routine vaccination with pen-
tavalent and hexavalent combinations, includ-
ing DTPa, Hib, HepB, and IPV, has been on 
European vaccination programs for more 
than 20 years. Since the marketing authoriza-
tion of Hexavac® and Infanrix Hexa® in 2000, 
immunization schedules in most European 
countries have included hexavalent vaccines. 
With the introduction of combination vac-
cines, there has been an increase in acceptance 
and vaccination coverage, especially for HepB.

20.4.1  Pentavalent

 1. DtaP-IPV-Hib (Pediacel®, Infanrix IPV-
Hib®, Pentavac®/Pentaxim®)

Pediacel® (Sanofi Pasteur) is indicated 
for primary and booster vaccination against 
diphtheria, tetanus, pertussis, poliomyelitis, 
and invasive Haemophilus influenzae type 
b disease in infants and children from the 
age of 6 weeks up to the fourth birthday.

7 https://pdf. hres. ca/dpd_pm/00015723.
PDF

Infanrix IPV-Hib® (GSK) is indicated 
for active immunization against diphthe-
ria, tetanus, pertussis, poliomyelitis, and 
Haemophilus influenzae type b disease 
from the age of 2 months or as booster dose 
in the second year of life.

7 https://www. medicines. org. uk/emc/
medicine/28678

Pentavac®/Pentaxim® (Sanofi Pasteur) 
is indicated for active immunization against 
diphtheria, tetanus, pertussis, poliomyeli-
tis, and Haemophilus influenzae type b for 
primary vaccination in infants, as a booster 
in children who have previously received a 
primary vaccination with this vaccine, or 
a diphtheria–tetanus–whole-cell or acellu-
lar pertussis–poliomyelitis vaccine, whether 
mixed or not with freeze-dried conjugate 
Haemophilus influenzae type b vaccine.

7  http://www.medicines.ie/print-
friendlydocument.aspx?documentid=454
1&companyid=202

The pentavalent combination including 
DTaP, IPV, and Hib is the most widely dis-
tributed and used combination in Europe. 
This combination vaccine is available in 
15 out of 33 European countries, either as 
the main pillar of the routine vaccination 
program, or to complement vaccination 
recommendations where the hexavalent 
would add an unnecessary additional 
HepB dose.

 2. DtaP–Hib–HepB (this combination is not 
available on the European market).

 3. DTaP-IPV-HepB (this combination is not 
available on the European market).

Some European countries, especially in east-
ern Europe, still use DTwP-containing com-
bination vaccines in their routine vaccination 
programs. The human immune responses 
against aP vaccines are directed against puri-
fied protein virulence factors whereas in wP 
vaccines, it is directed against an array of 
antigens of  the whole bacterial cells. How-
ever, changes in effectiveness of  wP have 
occurred without being noticed in the pro-
duction or lot release process, which has not 
happened so far with aP vaccines. The use of 
wP-based vaccines makes the vaccines more 
affordable than their acellular pertussis coun-
terparts, with significantly lower prices (see 
7 Chap. 18).

 F. Martinón-Torres
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20.4.2  Hexavalent

DtaP–IPV–Hib–HepB (Infanrix Hexa®, 
Vaxelis®, Hexyon/Hexacima/Hexaxim®)

 z INFANRIX Hexa® (GSK)
7 http://www. ema. europa. eu/docs/en_GB/doc-
ument_library/EPAR_- _Product_Information/
human/000296/WC500032505.pdf

 z Hexyon®, Hexacima®, Hexaxim® (Sanofi 
Pasteur)

7 http://www. ema. europa. eu/docs/en_GB/doc-
ument_library/EPAR_- _Product_Information/
human/002702/WC500145808.pdf

 z Vaxelis® Sanofi Pasteur and MSD
7 http://www. ema. europa. eu/docs/en_GB/doc-
ument_library/EPAR_- _Product_Information/
human/003982/WC500202435.pdf

Four hexavalent vaccines have been licensed 
in Europe in the last 20 years and Europe has 
been the first region in the world to adopt 
hexavalent vaccines as part of the routine 
immunization program. As many as 22 out of 
33 European countries routinely use vaccines 
combining antigens of six different diseases in 
children (. Table 20.3).

Immune responses to the diphtheria, teta-
nus, and polio components of the different 
hexavalent combinations are noninferior to 
those of the separate components. Although 
there is no serological correlate of protection 
against pertussis disease, the clinical efficacy 
of Infanrix® Hexa against pertussis has been 
demonstrated in household contact studies, 
and the more recent hexavalent vaccines have 
shown to achieve comparable seroprotective 
titers for the shared antigens. However, poten-
tially clinically relevant differences in immune 
responses to vaccine antigens were observed. 
Hexyon®, Infanrix Hexa®, and Vaxelis® 
include 2, 3, and 5 pertussis antigens, respec-
tively, with pertussis toxoid and filamentous 
hemagglutinin common to the three formu-
lations (see 7 Chap. 18). Anti-filamentous 
hemagglutinin (FHA) from pertussis and anti-

polyribosylribitol phosphate (PRP) from Hib 
antibody concentrations tended to be higher, 
and anti-HBV and anti-pertussis toxin (PT) 
from pertussis antibody concentrations lower, 
in Hexyon® versus Infanrix Hexa® vaccinees. 
Anti-PT and anti-PRP antibody concentra-
tions tended to be higher, and anti-HBV, anti-
FHA, and anti-PRN antibody concentrations 
lower, in Vaxelis® versus Infanrix Hexa® 
 vaccinees.

A fourth hexavalent vaccine, Hexavac®, 
was withdrawn in 2005 because of rapid wan-
ing of antibody titers against Hep B compo-
nent. Currently available hexavalent vaccines 
induce comparable immune responses to Hep 
B.  Infanrix® Hexa and Vaxelis® contain the 
same HepB component as used in the mon-
ovalent vaccines Engerix-B® and HBVaxPro®, 
respectively, with a different dose compared 
with Hexavac®. The three hexavalent vac-
cines use recombinant DNA technology for B 
hepatitis antigen production in yeast: Infanrix 
Hexa® and Vaxelis® use Saccharomyces 
cerevisiae, whereas Hexyon® produces it in 
Hansenula polymorpha cells.

While Vaxelis® and Hexyon® are fully liq-
uid, ready-to-use vaccines, Infanrix® Hexa 
requires reconstitution before administration. 
Data regarding the long-term persistence 
of immune response, immune memory, and 
 vaccine effectiveness of Vaxelis® and Hexyon® 
are still needed as compared with Infanrix® 
Hexa.

20.5   Practical Considerations

20.5.1  Concomitant Administration 
with Other Vaccines

DTaP combination vaccines may be given at 
the same time as pneumococcal conjugate, 
rotavirus, meningococcal conjugate and mea-
sles, mumps, rubella, and varicella vaccines. 
The potential for the interaction of DTaP- 
based penta- and hexavalent vaccines with 
these four vaccines has been studied in sever-
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alwclinical trials, and no important variations 
in the antibody titers were found.

20.5.2  Interchangeability

Monovalent vaccines and  combination vac-
cines for the same diseases produced by the 
same manufacturer usually carry similar anti-
gens, with no issues regarding interchange of 
vaccines. Questions arise, however, between 
hexavalent vaccines manufactured by differ-
ent companies.

Several studies have addressed inter-
changeability and shown that vaccines con-
taining diphtheria, tetanus, poliovirus, HepB, 
and Hib antigens are generally interchange-
able. As there is no serological correlation 
of protection for pertussis, the interchange-
ability for those vaccines containing pertus-
sis antigens has remained unclear for a long 
time. Owing to this, recommendations state 
that whenever possible, it would be preferable 
to use the same manufacturer’s vaccine, at 
least for priming, but no contraindication has 

been stated against the opposite procedure. A 
number of studies have shown that combining 
aP- containing vaccines from different manu-
facturers regardless of the immunization 
schedule will provide similar seroprotective 
levels and immune memory as if  they were the 
same vaccine.

In general, it is always preferable to use the 
same vaccine, at least in the priming schedule. 
Only if  the timeliness of the immunization 
of the child can be affected, or if  the vaccine 
administered previously is unknown, vaccina-
tion with vaccines containing similar antigens 
is not contraindicated.

20.5.3  Vaccination Schedules

In general, the  schedules regarding pentavalent/
hexavalent vaccines used in Europe can be sum-
marized as either 2 + 1 or 3 + 1. Both schedules 
have proved to be effective for pentavalent and 
hexavalent vaccines. The specific schedules of 
the available hexavalent vaccines according to 
their label are summarized in . Table 20.4.

       . Table 20.4 Posology specified in the summary of  product characteristics of  the different hexavalent 
vaccines available

Full-term infants Preterm infants >24 weeks HepB at birth

Primary 
vaccination
(minimum 
6 weeks old)

Booster 
vaccination

Primary 
vaccina-
tion

Booster 
vaccination

Infanrix® 
Hexa

3-dose
(at least 
1-month 
intervals 
between 
doses)

At least 
6 months after 
priming and 
preferably 
before 
18 monthsa

3-dose
(at least 
1-month 
intervals 
between 
doses)

At least 
6 months after 
priming and 
preferably 
before 
18 months

2-dose
(at least 
2-month 
intervals 
between 
doses)

At least 
6 months after 
priming and 
preferably 
before 11–13 
monthsa
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20.6   Concerns and Issues 
of a Lifetime with  
Combination Vaccines

20.6.1  Multiple Antigens 
and Immunity Overload

As the number of  antigens administered to 
infants has kept growing, some parents and 

also healthcare professionals have expressed 
concerns about a possible overload of the 
immune system of children. This theory 
has been widely discussed and convincingly 
refuted, but misguided concerns still populate 
the internet. Children are commonly exposed 
to many more antigens in daily life than those 
injected in the vaccines, with no negative 
impact on the immune system.

       . Table 20.4 (continued)

Full-term infants Preterm infants >24 weeks HepB at birth

Hexyon® 3-dose
(at least 
1-month 
intervals 
between 
doses)

At least 
6 months after 
primingb

No data available In the absence of hepatitis 
B vaccination at birth, it is 
necessary to give a hepB 
vaccine booster dose
Hexavalent vaccines can be 
considered for HepB 
booster dose
When a hepB vaccine is 
given at birth, hexavalent 
vaccines can be used as 
replacement for supple-
mentary HepB doses after 
week 6. If  a second dose of 
HepB is required before 
this age, a monovalent 
hepB vaccine should be 
used.

2-dose
(at least 
2-month 
intervals 
between 
doses)

At least 
6 months after 
primingb

Vaxelis® 3-dose
(at least 
1-month 
intervals 
between 
doses)

At least 
6 months after 
primingc

Can be 
given

Can be given In the absence of hepatitis 
B vaccination at birth, it is 
necessary to give a hepB 
vaccine booster dose
Hexavalent vaccines can be 
considered for HepB 
booster dose
When a hepB vaccine is 
given at birth, hexavalent 
vaccines can be used as 
replacement for supplemen-
tary HepB doses after week 
6. If  a second dose of 
HepB is required before this 
age, a monovalent hepB 
vaccine should be used

2-dose
(at least 
1-month 
intervals 
between 
doses)

At least 
6 months after 
primingc

Can be 
given

Can be given

aNot after 36 months old
bNot after 24 months old
cNot after 15 months old
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20.6.2  Hexavalent Vaccine Safety 
and Their Relation 
to Sudden Unexpected 
Death

An association between  hexavalent  vaccina-
tion and the occurrence of sudden unexpected 
death (SUD) was suspected when a series of 
three SUDs were reported in Germany within 
48  h of the administration of the booster 
dose of Hexavac® between 2000 and 2003. 
Standardized mortality ratios for SUD cases 
within 1  day of vaccination were 31.3 (95% 
CI 3.8–113.1; 2 cases observed; 0.06 cases 
expected), and 23.5 within 2 days of vaccina-
tion (95% CI 4.8–68,6; 3 cases observed; 0.13 
cases expected), so even when these data did 
not prove a causal relationship, an alarm signal 
was raised, and further investigation began. 
The Committee for Proprietary Medicinal 
Products (CPMP) issued a statement in 2003 
after a statistical analysis based on the German 
data, and found no plausible biological cause 
for association between hexavalent vaccines 
and SUD in the second year of life.

In Italy, a case series studying neonates 
born in the period 1999–2004 reported that 
the association between hexavalent vaccine 
administration and risk of SUD in the first 
14  days after vaccine administration was 
significantly lower than that estimated in 
Germany; the authors claimed that this associ-
ation was limited to the first vaccine dose only, 
at an age coinciding with the highest incidence 
of SUD. Relative risk in the first 2 days after 
vaccination was 0.7 and 2.3 for Hexavac® and 
Infanrix® Hexa, respectively; the risk was 2.8 
versus 1.4 and 1.6 versus 1.5 for the first week 
and for the 2 weeks after vaccine administra-
tion, respectively. Based on these data, it was 
concluded that the limited increase in relative 
risk appeared to be confined to the first dose, 
and that it may be partially explained by the 
confounding effect of age.

Other studies performed so far have con-
firmed that none of the hexavalent vaccines 
used at the moment had any distinct effect 
on SUD. Currently, a family history of SUD 
does not contraindicate the use of hexavalent 
vaccines.

20.6.3  Reduced Hib Response 
When Combined with DTaP

The most  commonly reported example of 
immune interference in DTaP-based combi-
nation vaccines is the reduction in antibody 
titers to the Hib component of the vaccine 
polyribosylribitol phosphate (PRP) antigen. 
wP-based vaccines do not show this interfer-
ence to the same extent, as the wP component 
may be acting as an adjuvant.

An interference between tetanus tox-
oid (TT) and Hib has been demonstrated. 
In Hib vaccines, TT acts as a carrier pro-
tein conjugated to the PRP.  Several reasons 
for this interference have been mentioned: 
Competition between TT-specific and PRP-
specific B cells for the Hib conjugate anti-
gen, suppression of PRP response by clonal 
expansion of TT-specific B cells, and physical 
prevention of the binding between the conju-
gate antigen and PRP-specific B cells by the 
TT carrier protein. FHA has also been proven 
to interact with PRP. Studies show that FHA 
is a suppressor of IL12 and IFNγ, suppress-
ing immune responses to co-injected antigens. 
Lastly, aluminum hydroxide has been reported 
to be incompatible with Hib, with 5–11 times 
lower levels of PRP antibodies.

Whatever the case, this lower response 
does not seem to have a clinical impact. It 
has been stated that the current seroprotective 
threshold against PRP is probably too high, 
and that antibody responses below this thresh-
old are similarly protective. Furthermore, the 
newest hexavalent vaccine combines PRP 
with meningococcal outer membrane pro-
tein (PEP-OMPC), which is known to elicit a 
stronger early immunogenic response against 
Hib than the PRP-T antigen.

20.6.4  Combining with Neonatal 
Hepatitis B Immunization

In the case of  hepatitis B, several countries 
administer the first dose at the time of birth, 
as recommended by the WHO. The other com-
ponents of the combination vaccine are not to 
be administered in the first days of life and a 
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combination of HepB and DTaP still requires 
administration of monovalent HepB at birth 
followed by doses in combination with DTaP 
at 2, 4, and 6 months, resulting in an unneces-
sary fourth dose of HepB at the 6th month. A 
study comparing the DTaP–HepB combina-
tion administered at 2, 4, and 6 months with 
separate administration of HepB at birth, 1, 
and 6 months and DTaP at 2, 4, and 6 months 
showed significantly lower HepB antibody 
titers with the combination vaccine. However, 
antibody levels were still above serologically 
recognized levels of protection in 99% of 
the subjects. Furthermore, administration 
of a DtaP–HepB–IPV/Hib vaccine at 2, 4, 
and 6 months after a dose of HepB vaccine 
shortly after birth did not have an impact on 
protective anti-HBs titers and was not more 
reactogenic than the same combination given 
without the birth dose of HepB.

20.6.5  HepB Reduction 
in Long-Term Protection

Rapid waning of hepatitis B vaccine–induced 
antibodies was the reason for the withdrawal 
of the hexavalent combination vaccine, 
Hexavac®, by the EMEA in 2005. Although 
>95% of children vaccinated with Hexavac® 
had seroprotective antibody levels after pri-
mary vaccination, up to 20% of them were 
relatively low (≤100 IU/L) and these subjects 
had a lower response to the booster dose. 
This observation was also reflected in stud-
ies where Hexavac® was co-administered with 
pneumococcal vaccine or meningococcus C 
conjugate vaccine. It was assumed that these 
children might not have assured protection 
against hepatitis B during adolescence and 
adulthood. This theory notwithstanding, 
no increase in hepatitis B infection has been 
recorded in those countries where Hexavac® 
was widely used. In a subsequent study, 
Zanetti et  al. showed that even though 60% 
of the 5- to 6-year-old children studied did 
not have seroprotective levels against HepB 
before the booster dose, a protective antibody 
response was induced in 92.1% of the partici-
pants after booster dose administration. The 

authors concluded that Hexavac®-vaccinated 
children maintained T-cell memory and were 
able to trigger anti-HB production by B cells 
when exposed to the viral antigen.

At the same time, it has been shown that 
vaccine dosage and the length of the gap 
between the last and preceding doses in the 
primary series are the main determinants of 
immune persistence in HepB vaccination. The 
new generation of hexavalent vaccines con-
tain increased amounts of hepB to avoid this 
issue.

20.6.6  Shortage Acellular Pertussis 
Component

Starting in 2015, there was a shortage in the 
pertussis acellular component of the combi-
nation vaccines in Europe, owing to reduced 
production capacities. This situation affects 
not only acellular pertussis vaccines, but also 
all the combination vaccines containing this 
component.

Europe has issued some recommendations 
to modify the immunization calendars of 
those countries enduring the shortage. Priority 
should be given in the following order:

 5 The infant primary immunization series 
(first year of life).

 5 The first toddler booster (second year of 
life) dose.

 5 If  applicable, the first toddler booster dose 
should be prioritized over the school-entry 
booster.

 5 Eventually, the use of  a low-antigen- 
content pertussis vaccine as a preschool 
booster, instead of  a regular-dose vac-
cine, while vaccinating these cohorts at a 
later age.

In countries where vaccination during preg-
nancy is recommended and Tdap vaccine is in 
short supply, it is suggested that doses should 
be preserved for maternal immunization, 
instead of adolescent or preschool booster 
doses, since maternal immunization directly 
benefits newborns.

As an example, Spain has had to adjust 
its immunization schedule as a result of the 
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shortage. Following the rise in demand for 
Tdap vaccines resulting from the start of 
the vaccination program in pregnant women 
against pertussis, it has been decided to tem-
porarily withdraw the booster dose indicated 
for 6-year-old children to preserve these 
pertussis- containing vaccine doses for pri-
mary vaccination, booster dose. In addition, 
hexavalent vaccine is now administered in a 
2 + 1 schedule.

20.6.7  Pertussis Components 
and Immunity Waning

The main components of the aP pertussis 
vary between different vaccines and include 
PT, FHA, PRN, and Fimbriae type 2 and 3 
(FIM). Numerous formulations have been 
developed that differ in the number, type, and 
quantity of antigens, purification, and detoxi-
fication methods. Only the PT component is 
deemed essential for conferring protection 
against pertussis infection, as demonstrated 
for example in Denmark, where a monovalent 
pertussis vaccine containing only PT has been 
in use for more than 20  years, with no per-
tussis outbreak since 2002. Results with this 
monovalent vaccine are likely to be related to 
the more conservative detoxified method used 
(hydrogen peroxide), different to the agents 
used in the more commonly available combi-
nation vaccines. The inclusion of other anti-
gens is expected to induce a broader immune 
response compared to one-component vac-
cines that target only PT.  The clinical value 
of antibodies against different bacterial anti-
gens is under investigation and it is currently 
unclear which bacterial targets may offer 
the best clinical advantage. Recent studies 
have addressed the importance of FIM2 and 
FIM3  in protecting against pertussis infec-
tion. High levels of IgG anti-Fim2/3 ≥ 5 EU/
ml reduced short-term risk of pertussis in 
small children. These observations, along with 
the fact that B. pertussis seems to express both 
FIM2 and FIM3 during infection, suggest 
that including these two additional compo-
nents in the vaccine could yield better short- 
and long-term protection against pertussis. 

Regardless of the inclusion or exclusion of 
the different components, no inferiority in 
immune response, duration of immunity, effi-
cacy, or safety has been reported in any of the 
commercialized DTaP combination vaccines.
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21.1   Burden of Pneumococcal 
Disease

Streptococcus pneumoniae (Pnc) is a major 
cause of morbidity and mortality in children 
and the elderly worldwide. When classified 
by its polysaccharide capsule, Pnc has >95 
serotypes, each capable of causing disease. 
However, the invasiveness varies by serotypes. 
Diseases caused by pneumococcus include 
severe infections, such as meningitis and bac-
teremia (both regarded as invasive pneumo-
coccal disease; IPD), pneumonia, and other 
milder mucosal diseases, such as middle ear 
infection (otitis media) and sinusitis.

21.2   IPD: Bacteremia, Bacteremic 
Pneumonia, Meningitis, 
and Other IPDs

The highest IPD incidence occurs in children 
<2 years old. National pneumococcal surveil-
lance programs are conducted in a number of 
countries in Europe, mainly in western coun-
tries, but also in Central and Eastern Europe 
(such as Croatia, Czech Republic, Hungary, 
Poland, Romania, and Slovakia) and in 
Israel. It was stated that in Europe, before 
widespread pneumococcal conjugate vaccine 
(PCV) immunization, the overall mean annual 
incidence of IPD in children aged <2  years 
was 44.4/100,000, and the mean case fatality 
rate for IPD was 3.5%. It is clear that figures 
vary between countries and populations and 
are largely dependent, beyond true differences, 
on epidemiological methods and reporting. 
Thus, for example, the rates reported for chil-
dren <2  years, were approximately 15 cases 
per 100,000 in Germany and the Netherlands, 
but >90 and 104 per 100,000  in Spain and 
in Belgium, respectively. Furthermore, con-
siderable differences in IPD rates were noted 
comparing different studies conducted even 
in the same country (. Table 21.1). Overall, 

       . Table 21.1 Annual incidence per 100,000 of 
invasive pneumococcal disease (IPD) in children 
<2 years old in Europe, pre-pneumococcal 
conjugate vaccine (PCV)

Country Age 
(years)

Mean IPD 
incidence

Year

Austria <2 14.5 2001–2003

Bel-
gium

<2 104.4 2002–2003

Den-
mark

<2 43 1995–1999

Den-
mark

<2 50.9 2000–2005

Finland <2 45.3 1985–1989

Ger-
many

<2 16 1997–1998

Ger-
many

<2 16.3 1997–2000

Hun-
gary

2 12.5 2002–2004

Israel <2 68.3 1993–1997

Israel <2 77.4 1998–2002

Israel <2 92.0 2003–2007

Italy <2 11.3 2001–2002

Norway <2 18.6 2001

Norway <2 50 2000–2005

Poland <2 19 2003–2004

Portu-
gal

1 11.5 1999–2001

Slove-
nia

0–1 56.9 1993–2001

Spain <1 110.2 1998–2001

Spain <2 32.4 1997–2001

Spain <2 48.4 1999–2001

UK <2 17.2 1995–1997

UK <2 37.8 1980–1999

Adapted from Isaacman et al. (2010)
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in Europe, age- specific IPD rates were high-
est in those aged 65 years and over (13.8 cases 
per 100,000 population), followed by infants 
under 1  year of age (11.3 cases per 100,000 
of the population). 7 http://ecdc. europa. eu/
en/healthtopics/pneumococcal_infection/
Pages/Annual- epidemiological- report- 2016. 
aspx#sthash. 53mozZJI. dpuf

Globally, in the pre-PCV era, pneumococcal 
infections cause ∼11% of all deaths in children 
aged <5 years, mainly from pneumonia, reach-
ing ~500,000 deaths annually. The pneumococ-
cal vaccine could have the potential to reduce 
deaths from pneumonia and the impact on mor-
tality could potentially be greater than that from 
the prevention of IPD in developed countries 
(. Fig.  21.1), where hospitalization for pneu-
monia and the use of medical services for otitis 
media (OM) in young children constitute a con-
siderable economic burden, particularly among 
the very young population (<5 years old).

Pneumococcal nasopharyngeal (NP) car-
riage precedes disease and is the source of 
pneumococcal spread in the community. 
Carriage rates are highest during early child-
hood, and thus not only pneumococcal disease 
rates peak in young children, but these chil-
dren are also the main source of Pnc spread.

Carriage rates vary considerably across 
Europe, and can be influenced by several 
factors, including the age of the population 
sampled, concomitant diseases, daycare cen-
ter attendance, number of siblings, antibi-
otic usage, and the introduction and uptake 
of vaccines. In general, studies conducted in 
European crowded populations or in daycare 
centers show higher carriage rates.

The likelihood of S. pneumoniae causing 
disease depends upon several factors, includ-
ing the invasiveness of the strains, the host 
susceptibility, and the existence of preceding 
or concurrent viral infection. Transmission of 
pneumococcus occurs mainly through direct 
and indirect contacts with respiratory secre-
tions from patients and healthy carriers. In 
most cases, the individual is transiently and 
asymptomatically colonized. However, occa-
sionally, pneumococci can spread from the 
nasopharynx to cause mucosal disease, such 
as otitis media (by aspiration to the middle ear 
fluid through the Eustachian tube), sinusitis, 
and pneumonia (by S. pneumoniae aspira-
tion to the lungs), or by direct invasion to the 
bloodstream, resulting in IPD, i.e., bacteremia 
(in some cases, sepsis), bacteremic pneumo-
nia, and meningitis (. Fig. 21.2).
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High-risk groups for the development of 
pneumococcal disease (both mucosal and 
IPD) include mostly either the very young 
or the elderly, children suffering from mal-
nutrition, and immunocompromised popu-
lations (HIV, asplenia, immunosuppressive 
therapy, etc.).

21.2.1  IPD: Rates in the PCV era

Following PCV implementation in most 
European countries (see below), overall 
IPD rates substantially declined through-
out Europe. Rates of IPD in the PCV era 
(for the years between 2014 and 2018) in 

European countries are shown in . Fig. 21.3. 
Importantly, reported rates may reflect differ-
ences in the level of surveillance rather than 
true IPD rates.

21.3   Streptococcus pneumoniae 
Epidemiology

21.3.1  Pneumonia

Estimating the burden of childhood pneumo-
nia is difficult, mainly because of the differ-
ences in case definitions and variations in trial 
end-points assessing this burden. The diag-

       . Fig. 21.3 Distribution of  confirmed IPD cases and rates per 100,000 population by country, 2018
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nosis of pneumonia usually derives from the 
clinical presentation: cough, fever, increased 
respiratory rate, crackles, and decreased 
 respiration sounds. In young children, some 
of these clinical signs and symptoms can be 
absent. Radiography remains the best avail-
able tool for diagnosing pneumonia, although 
interobserver variations are frequent. There is 
usually no confirmation of etiology in pneu-
monia cases (except in uncommon cases of 
bacteremic pneumonia, mechanically venti-
lated children with pneumonia, and pneumo-
nia with pleural effusion).

Pneumococcal vaccination itself  offers a 
method of estimation of the role of pneumo-
cocci in pneumonia. Reduction in all-cause 
pneumonia after vaccination is likely to reflect 
the etiological share of pneumococci.

Although alveolar infiltrates are consid-
ered mainly compatible with bacterial pneu-
monia, they are not pathognomonic and are 
also present in viral infections or viral–bacte-
rial co-infections (. Fig. 21.4). Furthermore, 
the WHO guidelines for the interpretation of 
chest radiographs resulted in a relatively high 
level of agreement between readers for the 
definition of “alveolar pneumonia” and “no 
pneumonia,” but poor agreement for non- 
alveolar pneumonia. This demonstrates the 
difficulties involved in reaching a consensus 
on the diagnosis of pneumonia.

Definitive measures such as positive blood 
cultures are only positive in 1–10% of all 
alveolar pneumonia cases. Sputum cultures, 
routinely used in adults, have a very low yield 
in children, as children cannot produce deep 
sputum, reflecting lower respiratory tract 
secretions.

21.3.2  Otitis Media

Otitis media (OM) is a major public health 
problem in early childhood worldwide; it is 
estimated that most children will suffer at least 
once from OM, and ~20% will suffer from 
recurrent or chronic OM (complex OM). The 
OM burden is huge in terms of the number 
of sick children, primary physician visits, and 
antibiotic prescriptions. The disease peaks 
between the ages of 6 and 24 months. Before 
PCV introduction, S. pneumoniae accounted 
for approximately 30–60% of cases, and sero-
types included in PCV7 and PCV13 consti-
tuted approximately 65% and 90% respectively 
of all pneumococcal cases. It is increasingly 
clear now that early OM is mainly caused by 
S. pneumoniae, especially by the more inva-
sive serotypes, a high proportion of which are 
vaccine serotypes. Such early acute infections 
may be often missed clinically, as they may 
be asymptomatic or only mildly symptomatic 
during viral infections. Recurrent, nonrespon-
sive, spontaneously draining, and chronic 
OM (termed together complex OM) are the 
sequelae of the first infections. In contrast 
to the first acute OM cases, in complex OM 
cases, the role of non-typeable Haemophilus 
influenzae (NTHi) is increasingly important, 
because, as with other chronic or recurrent 
respiratory tract infections, this organism rec-
ognizes damage and starts a process of pro-
longed infections, often involving multiple 
organisms and biofilm formation.

21.3.3  Mastoiditis

Acute mastoiditis is the inflammation of the 
mastoid process of the temporal bone that 
follows as a suppurative, relatively rare, com-       . Fig. 21.4 Alveolar pneumonia on a chest X-ray
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plication of acute otitis media. Streptococcus 
pneumoniae is regarded as one of the major 
bacterial pathogens causing mastoiditis.

21.4   Pneumococcal Vaccines

Two types of pneumococcal vaccines are 
currently available: the nonconjugated, poly-
saccharide vaccine (PPV23) and the 10- and 
13-valent pneumococcal conjugated vaccines 
(PCV10 and PCV13). The conjugated vac-
cines (PCVs) offer several advantages over 
PPV23. First, PCVs are licensed for use in 
infants 6  weeks of age and older, whereas 
PPV23 is only licensed for children >2  year 
old. This is because PCVs already offer pro-
tection from early infancy. Second, PCVs elicit 
T-dependent immune response and thus also 
memory, which are not elicited by PPV23.

PPV23 was introduced in 1983, and is 
available in Europe for immunization against 
pneumococcal diseases caused by the 23 sero-
types contained in the vaccine (1, 2, 3, 4, 5, 
6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 
17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F) in 
adults and children aged ≥2 years.

In 2000, PCV7 (serotypes 4, 6B, 9V, 14, 
18C, 19F, 23F conjugate to CRM197) was 

first licensed, and has increasingly been used 
globally. Currently, two more extended-sero-
type PCVs are licensed (whereas PCV7 is no 
longer manufactured): PCV10 (PCV7 sero-
types  +  serotypes 1, 5, and 7F) and PCV13 
(PCV10 serotypes  +  serotypes 3, 6A, and 
19A). In PCV10, eight serotypes are conju-
gated to NTHi protein-D, serotype 19F to 
diphtheria toxoid, and serotype 18C to teta-
nus toxoid. In PCV13, all serotypes are conju-
gated to CRM197.

Description of  PNEUMOVAX®23™ Accord-
ing to SPC
7 http://www. merck. com/product/usa/pi_
circulars/p/pneumovax_23/pneumovax_
pi. pdf

PNEUMOVAX 23 is approved for use 
in persons 50  years of  age or older and 
persons aged ≥2  years who are at an 
increased risk for pneumococcal disease. 
PPV23 is not approved for use in children 
younger than 2 years of  age because chil-
dren in this age group do not develop an 
effective immune response to capsular 
types contained in the polysaccharide 
 vaccine.

Description of Prevnar 13® According to SPC
7 http://www. ema. europa. eu/docs/en_GB/doc-
ument_library/EPAR_- _Product_Information/
human/001104/WC500057247. pdf

 Therapeutic indications
Active immunization for the prevention of invasive 
disease, pneumonia, and acute otitis media caused 
by Streptococcus pneumoniae in infants, children, 
and adolescents from 6 weeks to 17 years of age.

Active immunization for the prevention of 
invasive disease and pneumonia caused by 
Streptococcus pneumoniae in adults ≥18 years 
of  age and the elderly.

 Three-dose primary series
The recommended immunization series con-
sists of  four doses, each of  0.5  ml. The pri-

mary infant series consists of  three doses, 
with the first dose usually given at 2 months 
of  age and with an interval of  at least 
1 month between doses. The first dose may be 
given as early as 6 weeks of  age. The fourth 
(booster) dose is recommended between 11 
and 15 months of  age.

 Two-dose primary series
Alternatively, when Prevnar 13 is given as part 
of  a routine infant immunization program, a 
series consisting of  three doses, each of 
0.5  ml, may be given. The first dose may be 
administered from the age of  2 months, with a 
second dose 2  months later. The third 
(booster) dose is recommended between 11 
and 15 months of  age.

 R. Dagan and S. Ben-Shimol
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21.5   Pneumococcal Polysaccharide 
Vaccine PNEUMOVAX®23™

Pneumococcal polysaccharide vaccine 
(PPV23) is not included in pediatric National 
Immunization Programs (NIPs), as it is not 
approved for use in children younger than 
2 years of age. It is recommended for usage in 
high-risk individuals ≥2 years of age, includ-
ing (but not limited to) the following: asplenia 
(anatomical, functional), chronic renal insuf-
ficiency, cochlear implant, complement and 
properdin deficiency, CSF leak, hematopoi-
etic organ disorder, HIV, hypogammaglobu-
linemia, immunodeficiency (congenital or 
acquired), malignancy, nephrotic syndrome, 
sickle-cell anemia, and transplantation 
(organ, subsequent to stem-cell transplanta-
tion). However, there is a considerable vari-
ability in vaccine recommendations among 
different European countries.

A second dose of PPSV23 is recom-
mended 5 years after the first dose of PPSV23 
for children who have anatomical or func-
tional asplenia, including sickle-cell diseases, 
HIV infection, or other immunocompromis-
ing conditions.

Whenever PPV23 is recommended in 
children, it should be administered at least 

8 weeks after the last PCV dose. If  PPV23 was 
administered before PCV, administration of 
the latter should be delayed for at least a year.

Pneumococcal polysaccharide vaccine 
23 is also recommended for adults at a high 
risk and all adults aged 65  years and older. 
The vaccine has been shown to be moderately 
effective in preventing invasive pneumococcal 
disease among the general elderly population. 
However, its effectiveness against IPD in the 
high-risk elderly may be lower. The vaccine 
has not been clearly demonstrated to prevent 
pneumonia in any age group, and it does not 
prevent nasopharyngeal carriage at any age.

21.6   Introduction of Pneumococcal 
Conjugate Vaccines 
and Vaccine Uptake: PCV7

Pneumococcal conjugate vaccine 7 was added 
to the US infant immunization schedule in 
2000. In Europe, however, PCV7 introduction 
varied considerably among countries, with 
Spain, Ireland, and Luxembourg introduc-
ing PCV7, at least partially, in the years 2001 
through 2003; Austria, Belgium, Italy, and 
Slovenia in 2004 and 2005; Greece, Slovakia, 
France, Netherlands, Germany, Norway, the 

Description of PHiD-CV10 (Synflorix®) According to SPC

7  http://www. ema. europa. eu/docs/en_GB/doc-
ument_library/EPAR_- _Product_Information/
human/000973/WC500054346. pdf

 Therapeutic indications
Active immunization against invasive disease, 
pneumonia, and acute otitis media caused by 
Streptococcus pneumoniae in infants and chil-
dren from 6 weeks up to 5 years of  age.

 Three-dose primary series
The recommended immunization series to 
ensure optimal protection consists of  four 
doses, each of 0.5 ml. The primary infant series 
consists of  three doses with the first dose usu-
ally given at 2 months of  age and with an inter-

val of  at least 1 month between doses. The first 
dose may be given as early as 6 weeks of  age. A 
booster (fourth) dose is recommended at least 
6 months after the last priming dose and pref-
erably between 12 and 15 months of  age.

 Two-dose primary series
Alternatively, when Synflorix is given as part 
of  a routine infant immunization program, a 
series consisting of  three doses, each of  0.5 ml 
may be given. The first dose may be adminis-
tered from the age of  2 months, with a second 
dose 2 months later. A booster (third) dose is 
recommended at least 6 months after the last 
primary dose.

Pneumococcal Vaccines
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UK, Iceland, Malta, and Denmark in 2006 and 
2007; and Poland, Cyprus, Hungary, Finland, 
Sweden, Czech Republic, Latvia, Bulgaria, 
Portugal, and Israel only during 2008 through 
2010. Furthermore, vaccine uptake and recom-
mendations regarding immunization sched-
ule also varied considerably among countries 
(. Table 21.2).

21.6.1  Introduction of PCV10 
and PCV13

Pneumococcal conjugate vaccines 10 and 13 
were introduced to most EU countries NIP 
(. Table  21.3), with considerable variations 
in schedule and vaccine uptake (. Table 21.4) 
among countries.

       . Table 21.2 Characteristics of  national pneumococcal vaccination programs in EU countries in 2010

Country Date PCV7 
introduction

Scope of PCV7 vaccina-
tion program

Immunization schedule 
(dose)

Vaccine 
coveragee

Austria July 2004 Universal 3 + 1 –

Belgium January 2005 Universal 2 + 1 97

Bulgaria April 2010 Universal 3 + 1/2 + 1 –

Cyprus August 2008 Universal 3 + 1 –

Czech 
Republic

January 2010 Risk based 3 + 1 86.3

Denmark October 2007 Universal 2 + 1 85

Estonia – – Not decided –

Finland January 2009 Risk based 2 + 1 –

France June 2006 Universal 2 + 1 81

Germany July 2006 Universal 3 + 1 52.9

Greece January 2006 Universal 3 + 1 –

Hungary October 2008 Universal 2 + 1 81.1

Iceland December 2006 Risk based 2 + 1 –

Ireland October 2002 Universal 2 + 1 89

Israela July 2009 Universal 2 + 1 90

Italy May 2005 Universal/risk based 2 + 1 55

Latvia January 2010 Universal 3 + 1 51

Lithuania – – 3 + 1 –

Luxembourg February 2003 Universal 3 + 1 86

Malta January 2007 Risk based 3 + 1 –

Netherlands June 2006 Universal 3 + 1 94

Norway July 2006 Universal 2 + 1 90

Poland May 2008 Risk based 3 + 1/2 + 1 1.7

Portugal June 2010 Risk based 2 + 1 52
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       . Table 21.2 (continued)

Country Date PCV7 
introduction

Scope of PCV7 vaccina-
tion program

Immunization schedule 
(dose)

Vaccine 
coveragee

Romaniab 3 + 1

Slovakiac January 2006 Risk based 2 + 1 99.2

Slovenia September 2005 Risk based 3 + 1 –

Spaind June 2001 Risk based 3 + 1 –

Sweden January 2009 Universal 2 + 1 –

United 
Kingdom

September 2006 Universal 2 + 1 90

Navarro Torné et al. (2014)
aData not included in the original table
bPCV7 was registered in September 2007 for voluntary use on a private basis
cUniversal as of  April 2008
dUniversal introduction in the autonomous region of  Madrid in November 2006
eSources: VENICE II and WHO estimates of  PCV7 coverage

       . Table 21.3 Characteristics of  national pneumococcal vaccination programs for PCV10 and PCV13 in 
EU countries

Country Current 
vaccine 
introduction 
status

Universal 
introduction 
actual date

Current 
immunization 
program type

Current or 
planned 
formulation

Immuniza-
tion 
schedule 
(dose)

Albania Introduced 
into NIP

March 12, 
2011

Universal Prevnar 
(PCV13)

3 + 0

Andorra Introduced 
into NIP

January 1, 
2007

Universal Prevnar 
(PCV13)

2 + 1

Austria Introduced 
into NIP

January 1, 
2012

Universal Synflorix 
(PCV10) & 
Prevnar 
(PCV13)

2 + 1

Belarus Introduced 
into NIP

N/A Risk Synflorix 
(PCV10)

3 + 1

Belgium Introduced 
into NIP

January 1, 
2006

Universal Synflorix 
(PCV10)

2 + 1

Bosnia and 
Herzegovina

No decision N/A None N/A N/A

Bulgaria Introduced 
into NIP

June 1, 2010 Universal Prevnar 
(PCV13)

3 + 1

Croatia No decision N/A None N/A N/A

Cyprus Introduced 
into NIP

January 1, 
2007

Universal Synflorix 
(PCV10)

2 + 1

(continued)
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       . Table 21.3 (continued)

Country Current 
vaccine 
introduction 
status

Universal 
introduction 
actual date

Current 
immunization 
program type

Current or 
planned 
formulation

Immuniza-
tion 
schedule 
(dose)

Czechia Introduced 
into NIP

January 1, 
2010

Universal Prevnar 
(PCV13)

3 + 1

Denmark Introduced 
into NIP

October 1, 
2007

Universal Prevnar 
(PCV13)

2 + 1

Estonia Introduced 
into NIP

N/A Risk Synflorix 
(PCV10) & 
Prevnar 
(PCV13)

3 + 1

Finland Introduced 
into NIP

September 1, 
2010

Universal Synflorix 
(PCV10)

2 + 1

France Introduced 
into NIP

May 1, 2006 Universal Prevnar 
(PCV13)

2 + 1

Georgia Introduced 
into NIP

November 24, 
2014

Universal Synflorix 
(PCV10)

2 + 1

Germany Introduced 
into NIP

July 1, 2006 Universal Synflorix 
(PCV10) & 
Prevnar 
(PCV13)

2 + 1

Greece Introduced 
into NIP

January 1, 
2006

Universal Prevnar 
(PCV13)

3 + 1

Hungary Introduced 
into NIP

April 1, 2009 Universal Prevnar 
(PCV13)

2 + 1

Iceland Introduced 
into NIP

April 1, 2011 Universal Synflorix 
(PCV10)

2 + 1

Ireland Introduced 
into NIP

September 1, 
2008

Universal Prevnar 
(PCV13)

2 + 1

Italy Introduced 
into NIP

May 1, 2005 Universal Prevnar 
(PCV13)

2 + 1

Latvia Introduced 
into NIP

January 1, 
2010

Universal Synflorix 
(PCV10)

2 + 1

Lithuania Introduced 
into NIP

October 1, 
2014

Universal Synflorix 
(PCV10)

2 + 1

Luxembourg Introduced 
into NIP

January 1, 
2005

Universal Prevnar 
(PCV13)

2 + 1

Malta Non-Gavi 
planning 
introduction

N/A None N/A N/A

Moldova, Republic 
of

Introduced 
into NIP

October 1, 
2013

Universal Prevnar 
(PCV13)

2 + 1

Monaco Introduced 
into NIP

January 1, 
2006

Universal Prevnar 
(PCV13)

2 + 1

Montenegro No decision N/A None N/A N/A
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In contrast to the late introduction of 
PCV7  in Europe, PCV13 and PCV10 were 
introduced into European countries (mostly in 
Western Europe) shortly after their licensure 
(2010 and 2011 respectively). Several coun-
tries replaced PCV7 with PCV13, including 

Belgium (but there was a return to PCV10 in 
2015), Denmark, France, Ireland, Norway, 
Spain (Madrid), Switzerland, UK, Italy, and 
Israel.

In the Netherlands and Austria, PCV10 
replaced PCV7 in 2011 and 2012, respectively, 

       . Table 21.3 (continued)

Country Current 
vaccine 
introduction 
status

Universal 
introduction 
actual date

Current 
immunization 
program type

Current or 
planned 
formulation

Immuniza-
tion 
schedule 
(dose)

Netherlands Introduced 
into NIP

June 1, 2006 Universal Synflorix 
(PCV10)

2 + 1

North Macedonia No decision N/A None N/A N/A

Norway Introduced 
into NIP

July 1, 2006 Universal Prevnar 
(PCV13)

2 + 1

Poland Introduced 
into NIP

January 1, 
2017

Universal Prevnar 
(PCV13)

2 + 1

Portugal Introduced 
into NIP

July 1, 2015 Universal Prevnar 
(PCV13)

2 + 1

Romania No decision N/A None N/A N/A

Russian Federation Introduced 
into NIP

March 1, 2014 Universal Prevnar 
(PCV13)

2 + 1

San Marino No decision N/A None N/A N/A

Serbia No decision N/A None N/A N/A

Slovakia Introduced 
into NIP

January 1, 
2009

Universal Synflorix 
(PCV10) & 
Prevnar 
(PCV13)

2 + 1

Slovenia Introduced 
into NIP

January 1, 
2015

Universal Prevnar 
(PCV13)

2 + 1

Spain Introduced 
into NIP

N/A Regional Prevnar 
(PCV13)

2 + 1

Sweden Introduced 
into NIP

January 1, 
2009

Universal Synflorix 
(PCV10)

2 + 1

Switzerland Introduced 
into NIP

January 1, 
2006

Universal Prevnar 
(PCV13)

2 + 1

Turkey Introduced 
into NIP

November 1, 
2008

Universal Prevnar 
(PCV13)

3 + 1

Ukraine No decision N/A None N/A N/A

United Kingdom of 
Great Britain and 
Northern Ireland

Introduced 
into NIP

September 1, 
2006

Universal Prevnar 
(PCV13)

1 + 1

7 https://view- hub. org/data
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whereas in Finland and Iceland PCV10 was 
introduced as the first PCV in the National 
Vaccination Program in September 2010 and 
April 2011, respectively.

Other countries, including Spain (Catalonia, 
Navarra), Portugal, Slovakia, the Czech Republic, 
and Sweden used both PCV13 and PCV10. In 
Germany, PCV7 was introduced to the NIP in 
July 2006, and was replaced by PCV10 in April 
2009 and PCV13 December 2009, with PCV13 
predominantly used (>90% market share). The 
number of European countries introducing 
PCV10 and PCV13 to their NIPs has been con-
stantly increasing (. Fig. 21.5).

       . Table 21.4 PCV10 and PCV13 vaccine 
uptake

Country Year Official country 
reported 
coverage

Albania 2019 96

Andorra 2019 96

Armenia 2019 92

Austria 2019

Azerbaijan 2019 95

Belarus 2019 99

Belgium 2019 94

Bosnia and Herze-
govina

2019

Bulgaria 2018 89

Croatia 2019

Cyprus 2017 81

Czechia 2019

Denmark 2019 97

Estonia 2019

Finland 2019 89

France 2018 92

Georgia 2019 84

Germany 2018 84

Greece 2019 96

Hungary 2019 99

Iceland 2018 90

Ireland 2019 86

Italy 2018 92

Latvia 2019 84

Lithuania 2019 79

Luxembourg 2017 95

Malta 2019

Moldova, Republic of 2019 90

Monaco 2019

Montenegro 2019

       . Table 21.4 (continued)

Country Year Official country 
reported 
coverage

Netherlands 2019 93

North Macedonia 2019

Norway 2019 95

Poland 2018 60

Portugal 2019 98

Romania 2019 52

Russian Federation 2019 85

San Marino 2019 76

Serbia 2019 93

Slovakia 2019 97

Slovenia 2016 96

Spain 2019 95

Sweden 2019 97

Switzerland 2019 84

Turkey 2019 97

Ukraine 2016 92

United Kingdom of 
Great Britain and 
Northern Ireland

2019 91

7 https://view- hub. org/data
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21.7   Different Vaccine Schedules

Most schedules in European countries include 
two primary PCV doses in the first year of life, 
with a booster dose in the second year of life 
(2 + 1 schedule). However, several European 
countries have a 3 + 1 schedule, with the first 
three doses given in the first year of life and 
a booster dose at the age of 1 year or older 
(. Fig.  21.6). Some differences also exist in 
the time intervals between doses and the tim-
ing of the booster.

21.8   General Comments on PCV 
Impact and Impact Studies

When considering the effects of a vaccine, 
one must understand the difference among 
efficacy, effectiveness, and impact. Efficacy is 
measuring the potential of a vaccine to pro-
tect against a specific end-point, compared 
with placebo or a control vaccine, in random-
ized control trials.

Effectiveness measures a similar effect but 
in real life, and is therefore affected by other 
factors beyond those of efficacy (i.e., refrig-
erator conditions, vaccination errors). Hence, 
effectiveness is usually assessed retrospec-
tively and is measured by using the case–con-
trol methodology.

In contrast to efficacy and effectiveness, 
when measuring impact, the overall reduc-
tion (or increase) and the dynamics of rates 
following vaccine implementation are mea-
sured. When assessing impact, it may be more 
difficult to appreciate the true vaccine effect, 
differentiating it from potential other factors. 
However, these are the only studies that show 
the actual vaccine effect following vaccine 
introduction.

Several components influence the impact 
observed after PCV introduction. The impact 
of PCV on the pneumococcal carriage of vac-
cine serotypes (VTs) is of utmost importance. 
This effect is the key point in the prevention of 
both pneumococcal diseases among the vaccine 
recipients on the one hand, and the prevention 

       . Fig. 21.5 European pneumococcal conjugate vac-
cine (PCV) NIPs. *Both PCVs are available/reimbursed 
in the NIP or the NIP consists of  difference PCVs by 
region PCV13 is a pneumococcal polysaccharide conju-
gate vaccine (13-valent, adsorbed). Czech Republic and 
Slovakia: Both PCVs are available and reimbursed, phy-
sicians choose which to administer to patients. Italy: 
PCV13 NIP in 19 out of  20 regions. Please refer to the 

Summary of  Product Characteristics and official recom-
mendations. 1. International Vaccine Access Center 
(IVAC), Johns Hopkins Bloomberg School of  Public 
Health. VIEW-hub. 7 www. view- hub. org. Accessed: 
9/17/2020 2. European Centre for Disease Prevention 
and Control  – Vaccine Scheduler. 7 https://vaccine- 
schedule. ecdc. europa. eu/. Accessed: 9/17/2020 3. Data 
on file, Pfizer

Pneumococcal Vaccines
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Pneumococcal Disease: Recommended vaccinations
Months
2 3 4 5 6 10 11 12 13 14 15 18 23

Austria PCV PCV PCV PCV (1 )
Belgium  PCV PCV PCV
Bulgaria PCV PCV PCV (5 )
Croatia PCV (6 ) PCV (6 ) PCV (6 )
Cyprus PCV PCV PCV (7 )
Czech Republic PCV (10 ) PCV (10 ) PCV (10 )
Denmark PCV13 PCV13 PCV13
Estonia
Finland PCV10 PCV10 PCV10
France PCV PCV PCV
Germany PCV PCV PCV PCV (15 )
Greece PCV13 PCV13 PCV13 PCV13
Hungary PCV13 PCV13 PCV13
Iceland PCV10 PCV10 PCV10
Ireland PCV PCV PCV
Italy PCV PCV PCV
Latvia PCV PCV PCV
Liechtenstein PCV13 PCV13 PCV13
Lithuania PCV PCV PCV (21 )
Luxembourg PCV PCV PCV
Malta PCV10 PCV10 PCV10
Netherlands PCV PCV PCV
Norway PCV13 PCV13 PCV13
Poland PCV PCV PCV
Portugal PCV13 PCV13 PCV13

Romania PCV (25 ) PCV (25 )
PCV 
(25 )

Slovakia PCV PCV PCV
Slovenia PCV PCV PCV

Spain PCV (28 ) PCV (28 )
PCV 
(28 )

Sweden PCV PCV PCV
United Kingdom PCV13 (31 ) PCV13

       . Fig. 21.6 Recommended immunizations for pneu-
mococcal disease in European children aged <2  years. 
7  http://vaccine- schedule. ecdc. europa. eu/Pages/
Scheduler. aspx
Footnotes:
(1) Minimum interval of 6 months after second dose.
(2) If  no previous vaccination, one dose of PPSV23 after 
1 year. If  previous vaccination with PPSV23, one dose of 
PCV13 2 years later. If  previous dose of PCV13, one dose 
of PPSV23 2 years later.
(3) Pneumococcal vaccination is recommended in healthy 
adults from 65 to 85 years, in adults with comorbid-
ity from 50 to 85 years, and in adults with an increased 
risk of invasive pneumococcal infection from 19 to 85 
years. These target patients (comorbidity and adults 
with an increased risk of IPD) are specifically identi-
fied in the corresponding recommendations (7 https://
www. health. belgium. be/fr/avis- 9210- vaccination- 
antipneumococcique- adultes- fiche). Vaccine schedule 
for complete primo-vaccination: a single dose of PCV13, 
followed by PPSV23 after at least 8 weeks. If  vaccination 
in the past with PPSV23, a single dose of PCV13 at least 
1 year after the last PPSV23 vaccine. Booster vaccination 
with PPSV23 every 5 years is recommended for adults 
with an increased risk of IPD.  Indication for a booster 
vaccination for the other adult risk groups should be 
evaluated based on the latest evidence-based data and 
epidemiology.
(4) Adults over 85 years: : indication for pneumococcal 
vaccination should be decided on an individual basis, tak-
ing into account the individual risk of pneumococcal 

infection and the expected/estimated immune response to 
the vaccine. The vaccine schedule is the same as that rec-
ommended for the other adult target groups (7 https://
www. health. belgium. be/fr/avis- 9210- vaccination- 
antipneumococcique- adultes- fiche).
(5) Not earlier than 6 months after the previous dose.
(6) Introduced in 2019.
(7) Catch-up possible until 6 years if  previous recom-
mended doses were missed.
(8) Vaccines only given on specific indications.
(9) No revaccination recommended.
(10) Recommendation only, the vaccination is covered by 
the health insurance.
(11) PCV for people hospitalized at long-term- illness 
wards and houses for seniors. Also, for at-risk groups of 
people based in houses for people with health disability 
and houses with special regime.
(12) PCV for persons from 65 years of age. Recom-
mended only. The vaccination is covered by the health 
insurance.
(13) PCV 13 also recommended. For recommendations 
from Statens Serum Institut for vaccination of people 
within at-risk groups refer to 7 http://www. ssi. dk/Eng-
lish/News/EPI- NEWS/2014/No%2040%20- %202014. 
aspx. There are no official recommendations from the 
Danish Health and Medicines Authority for use of 
PPV23 or PCV 13, but there is, however, reimbursement 
for defined at- risk groups.
(14) Recommended but not free of charge for those over 
65 years. For more information on pneumococcal vacci-
nation policy please refer to 7 http://www. thl. fi/fi_FI/
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of spread and early exposure to vaccine-type 
strains in unvaccinated individuals on the other 
hand, resulting in indirect (herd) protection. 
Other important components determining 
PCV impact include vaccine uptake (affect-
ing both direct and indirect impact), serotype 
coverage of the vaccine (PCV7, -10, -13), time 
elapsed since vaccine introduction (affecting 
the indirect impact), vaccine efficacy against 
different disease end points (i.e., IPD vs. muco-
sal), and local epidemiological characteristics, 
including serotype distribution before PCV 
introduction and immunodeficient population 
(i.e., HIV prevalence).

Impact studies are also important in 
advancing our understanding of the role of 
vaccine-type pneumococcal serotype in the 
etiology of mucosal syndromes, such as pneu-
monia and OM. In the case of OM, the intro-
duction of PCV7 resulted in a moderate effect 
of up to ~25% reduction in OM rates. Further 

studies conducted following PCV13 intro-
duction observed substantial (up to ~70%) 
reduction of overall OM, with the near elimi-
nation of vaccine-type OM, mainly complex 
OM. These findings hint at a new paradigm, 
suggesting that early OM episodes might 
mainly be caused by PCV13 serotypes, and 
that preventing these episodes might result 
in preventing acute OM sequelae, including 
complex OM.  Similarly, the introduction of 
PCV13 resulted in a substantial reduction 
of pneumonia episodes, to the magnitude of 
50%, suggesting the major role of vaccine 
serotypes in the etiology of pneumonia. Thus, 
impact figures, depending on multiple factors 
and endpoints acting in concert, are much 
greater than those calculated for efficacy. The 
observations with regard to PCV impact on 
disease, elucidating the role of vaccine-type 
strains in disease etiology are termed “vaccine 
probe” studies.

web/rokottajankasikirja- fi/pneumokokkikonjugaattiro-
kotukset.
(15) Number of doses necessary varies according to age.
(16) One dose recommended, booster doses every 6 years 
if  indicated.
(17) PPSV is recommended in addition to PCV13 at least 
2 months after the last dose of PCV13  in subjects > 2 
years with an increased risk of disease from pneumococ-
cal infections. A booster dose of PPSV23 is recommended 
5 years after the first dose.
(18) One dose is recommended for all adults over age 60. For 
risk groups one dose of conjugated vaccine and one dose of 
PPS vaccine is recommended after 2 years of age. For more 
information see: 7 https://www. landlaeknir. is/servlet/file/
store93/item23265/Lei%C3%B0beiningar%20um%20
notkun_b%C3%B3luefna_gegn_pneum%C3%B3kokkum- 
final. pdf.
(19) The vaccine is free of charge, but administration fees 
may be charged to patient (based on income and eligibil-
ity for free healthcare).
(20) One dose of PCV13 at 65 years and one dose PPSV 
after at least 8 weeks.
(21) Can be administered concomitantly with MMR.
(22) It is recommended that populations at risk and elderly 
65 years of age and over receive a dose of 13-valent pneu-
mococcal conjugate vaccine (PCV13), followed 8 weeks 
later by a dose of 23-valent pneumococcal polysaccharide 
vaccine (PCV23). In the present state of knowledge, the 
CSMI recommends a PPV23 recall only in people at risk, 
who are recalled every 5 years. Children at risk of invasive 
pneumococcal infection are also affected by this recom-

mendation: In the absence of previous vaccination with 
PCV13, catch-up is indicated. For more information: 
7  http://www. sante. public. lu/fr/espace- professionnel/
recommandations/conseil- maladies- infectieuses/
infection- pneumocoques/index. html.
(23) Implementation starting from fall 2020. Vaccination rec-
ommended for healthy adults aged 60 to 75 years. First dose 
at 60 years, followed by booster doses every 5 years with a 
last dose at 75 years. More information available at: 7 https://
www. rivm. nl/pneumokokken/pneumokokkenvaccinatie- 
voor- ouderen.
(24) One dose if  not vaccinated in the previous 10 years. 
Reimbursed for some at-risk groups.
(25) Pneumococcal conjugate vaccine will be included in 
the national vaccination calendar depending on available 
funds.
(26) Recommended to all. Mandatory to persons residing 
in social care facilities.
(27) PCV and PPSV23 recommended, self-paid.
(28) For recommendations in children and adults with high 
risk-conditions. Please refer to 7 https://www. mscbs. gob. es/
profesionales/saludPublica/prevPromocion/vacunaciones/
VacGruposRiesgo/docs/VacGruposRiesgo_todas_las_
edades. pdf.
(29) For recommendations in children and adults with high 
risk conditions, refer to: 7 https://www. mscbs. gob. es/pro-
fesionales/saludPublica/prevPromocion/vacunaciones/
VacGruposRiesgo/docs/VacGruposRiesgo_todas_las_
edades. pdf.
(30) Funding varies by region.
(31) Recommended at 12 weeks.
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21.9   Implementation of PCV 
and Post-PCV Impact

True appreciation of the impact of a vaccine 
depends on a reliable, long-standing, pre- 
vaccine surveillance system. In this regard, 
there is a real gap of knowledge, as for the 
pre-PCV pneumococcal disease rates, espe-
cially beyond IPD.  Although IPD rates are 
relatively easy to estimate, this is not the case 
with pneumonia and OM, as disease rates 
are highly variable because of differences 
in case definitions and the lack of national 
 surveillance systems in most countries.

In general, all PCVs lead to a rapid and 
profound reduction in pneumococcal dis-
ease rates in vaccinated infants and children 
if  widely introduced, and most studies also 
showed an indirect effect (herd protection) in 
older individuals who were not vaccinated.

The first seven-valent pneumococcal con-
jugated vaccine (PCV7) was developed based 
on data demonstrating that within the USA 
and several other developed countries, the 
PCV7 serotypes were responsible for >80% 
of IPD in young children. Subsequent stud-
ies showed the important global role of addi-
tional serotypes, especially 1, 3, 5, 7F, 6A, and 
19A.  For one vaccine (PCV10, also termed 
PHiD-CV), efforts were made to add sero-
types 1, 3, 5, and 7F to form an 11-valent 
vaccine, but following the failure to demon-
strate protection against serotype 3 in an oti-
tis media efficacy study, the final product has 
added only three additional serotypes (1, 5, 
and 7F) to the initial seven.

For the formulation of both PCV7 and 
PCV10, it was assumed that serotypes 6B and 
19F present in these vaccines could protect 
against the prevalent and important (includ-
ing often antibiotic-resistant) serotypes 6A 
and 19A, respectively. For serotype 6A, cross- 
protection by serotype 6B was seen, at least 
for IPD, in fully vaccinated children. For 19A, 
no cross-protection was shown using PCV7. 
Limited cross-protection was observed for 
19A in fully vaccinated infants with PCV10. 
However, probably because of the short 
duration of protection against IPD and the 
absence of efficacy against carriage, the over-

all picture post-implementation in the com-
munity regarding serotype19A resembled that 
of PCV7, with an overall increase in disease in 
all ages in most countries using PCV10, which 
have been conducting appropriate epidemio-
logical surveys. The prolonged use of PCV7 in 
some countries resulted in reduced disease 
caused by serotype 6A in all ages. Similarly, 
in countries using PCV10, a reduction in sero-
type 6A IPD in children aged <5 is usually 
observed. However, beyond this age group, 
the effect is dependent upon indirect protec-
tion derived from the impact on carriage, 
and thus has been more variable. In most 
countries using PCV10, rates of serotype 6A 
IPD in adults either did not decrease or even 
increase, meaning that the impact of PCV10 
on 6A carriage in vaccine recipients was often 
insufficient.

Pneumococcal conjugate vaccine 13 was 
licensed in 2010. Implementation of this vac-
cine in several countries with well-conducted 
epidemiological studies and high vaccination 
coverage has shown a rapid reduction of the 
additional serotypes in all ages and for all end-
points. The one exception is serotype 3, where 
contradictory data were generated regarding 
its impact after the first 5–6 years post-PCV13 
implementation. The final verdict concerning 
its impact on serotype 3 disease has not yet 
been reached.

In contrast to PCV7 and PCV10, the 
introduction of PCV13 resulted in a rapid and 
profound decrease in all endpoints of disease 
and carriage by serotypes 6A and 19A in all 
ages. Furthermore, the presence of serotype 
6A antigen in PCV13 resulted in its impact 
on disease from the carriage of cross-reac-
tive serotype 6C, one of the most important 
replacing serotypes after the implementation 
of PCV7 or PCV10.

21.10   PCV Schedules

Post-implementation, the impact of the two 
different schedules were not directly com-
pared, except in a double-blind, randomized 
controlled Finnish trial designed to document 
the effectiveness of the PCV10 vaccine against 
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invasive pneumococcal disease, where vaccine 
effectiveness estimates of both 3 + 1 and 2 + 1 
schedules were similar. However, the differ-
ences between the two regimens could not 
be fully assessed for all outcomes because of 
the paucity of outcome cases. Furthermore, 
whether data for comparison by one vac-
cine (PCV10) can directly be extrapolated to 
another vaccine (PCV13) is not clear.

Some data exist, though, to compare the 
impact of the various regimens on carriage. 
In VT carriage, antibody concentrations 
post- PCV administration may be related to 
efficacy. Thus, efficacy against carriage after 
two infant doses may be reduced compared 
with after three doses. PCV10 studies in 
Finland suggested that for PCV10, even after 
a booster, the 2 + 1 regimen is inferior to the 
3 + 1  regimen.

In any case, even in countries with a 2 + 1 
regimen, it is recommended that immuno-
deficient individuals (including those born 
prematurely) receive an additional PCV dose 
(i.e., a 3 + 1 schedule).

In the UK, a 1 + 1 regimen is used since 
2018, replacing a 2 + 1 regimen.

Joint Committee on Vaccination and 
Immunisation. Minutes of the meeting on 06 
June 2018. Available at: 7 app. box. com/s/iddfb-
4ppwkmtjusir2tc/file/305779572165 7 www.
gov.uk/government/groups/joint-committee-
on-vaccination-and-immunisation#minutes

21.11   Impact of PCV on IPD 
in Young Children

Although IPD constitutes only a small pro-
portion of all pneumococcal diseases, it is 
extremely important, as some of the IPD 
manifestations (i.e., sepsis, meningitis) are the 
most severe pneumococcal disease manifesta-
tions and result in the highest mortality rates.

The introduction of PCV7, PCV10, and 
PCV13 was associated with a rapid and pro-
found reaction in IPD caused by the respec-
tive vaccine serotypes in children <5  years 
old. In countries introducing first PCV7, its 
replacement by PCV10 or PCV13 further 
reduced IPD caused by the additional sero-

types, showing a two-step reduction pattern 
(. Fig.  21.7). As discussed above, for the 
cross- reacting serotype 6A, all three PCVs 
showed a similar impact in young children. 
However, no apparent impact on serotype 19A 
was observed in countries using PCV10 and 
in several countries (i.e., Finland, Chile, and 
New Zealand), IPD caused by serotype 19A 
even increased in young children. IPD caused 
by some non-VTs increased in young children 
after the introduction of PCV, the most com-
monly observed serotypes in countries using 
PCV10 or PCV13 being 8, 12F, 15A, 15B/C, 
22F, 24F, and 33F. In addition, following the 
introduction of PCV10, disease caused by 
serotype 3 also frequently increased.

As most of the non-PCV serotypes are less 
invasive than most PCV serotypes, it is not 
surprising that post-PCV implementation, 
the proportions of compromised patients 
increased within cases of IPD.

In France, as well as in other countries, 
PCV13 implementation led to a major reduc-
tion in the incidence of IPD.  However, a 
rebound in cases among children and adults 
since 2015, driven by several emerging non- 
PCV13 serotypes, jeopardizes the long-term 
PCV benefits.

In general, the overall impact of PCV7/
PCV13 in children was less prominent in men-
ingitis than in non-meningitis IPD, probably 
attributable to the younger age of children 
with meningitis and some underlying condi-
tions resulting in differences in causative sero-
types between the two groups, as the decline 
of VT meningitis and non-meningitis IPD 
was similar.

21.12   Impact of PCV on Pneumonia

Estimating the impact of PCV on pneumonia 
rates is difficult, for two main reasons: (1) the 
definition of pneumonia is not clear, as will 
be discussed later; and (2) the microbiologi-
cal diagnosis of pneumonia is complex and 
unclear. As expected, the highest reductions 
were observed in studies evaluating bacte-
remic pneumococcal pneumonia (accounts 
for ~25–35% of all IPD cases), where disease 
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rates declined in a similar manner to those of 
other non-pneumonia IPD.

Microbiological studies in cases of empy-
ema or pleural effusion (pleuropneumonia) 
suggest that the most common serotypes, 
accounting for >50% of cases, might be 
serotype 14 (a PCV7 serotype) and the addi-
tional PCV10/PCV13 serotypes 1, 3, 5, 7F, 
and 19A. Thus, it is not surprising that post 
PCV7 implementation, pleural pneumonia 
did not decrease and even increased. However, 
post- PCV10 and PCV13 implementation, 
the incidence declined. As pleuropneumonia 
and bacteremic pneumonia constitute only a 
minority of pneumonia cases, in most other 
pneumonia cases, only partial information on 
the causative serotype exists.

When alveolar pneumonia (also termed 
lobar or segmental pneumonia) was exam-
ined, post-implementation reduction of up to 
50% or more was seen, especially after PCV10 
and PCV13 implementation (emphasizing 
the importance of serotype 1, 5, 7F, and 19A 
in pneumonia). This type of pneumonia is 
usually considered to be of bacterial origin, 
mainly pneumococcal.

These observations are consistent with the 
finding that the highest efficacy against pneu-
monia in randomized clinical studies with 
PCV7 and PCV10 was observed for alveolar 
pneumonia. However, much more common, 
but less obviously of pneumococcal origin, 
were all-cause pneumonia cases (a term that 
includes all end-points of pneumonia, such 
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as non-alveolar, chest radiology-negative 
pneumonia, or even clinical-only pneumo-
nia). For these more inclusive but less-spe-
cifically defined cases, overall reduction, as 
expected, was more variable, ranging from 
<20% to ~70%. In any case, the repeated find-
ings of reduced rates of all-cause pneumonia 
emphasize not only the pneumococcal role in 
pneumonia, but probably the important role 
of vaccine serotypes as causative agents in 
all- cause pneumonia. These “vaccine probe” 
studies, in fact, showed clearly that the impact 
on pneumonia was much greater than initially 
expected, with the number of prevented cases 
higher by orders of magnitude than the IPD 
figures.

21.13   PCV Impact on Otitis Media

Pre-licensure efficacy studies showed an 
efficacy of 57–67% against PCV7 serotype 
OM.  PCV7 also showed a similar reduction 
for the cross-reacting serotype 6A.  In con-
trast, rates of OM caused by non-PCV7 sero-
type did not decrease in these efficacy studies 
and in some cases even increased, along with 
nonpneumococcal cases. This resulted in an 
only modest efficacy against all-cause OM 
that did not reach statistical significance in 
most studies. However, measuring the overall 
OM incidence does not appropriately reflect 
the real OM burden, which is better reflected 
by measuring the impact of OM sequelae, 
such as recurrent, nonresponsive, and chronic 
OM (collectively termed complex OM). 
Although S. pneumoniae is not the only major 
pathogen in OM, it is found mostly in early 
OM, and becomes less prominent later, when 
the frequency of complex otitis increases. 
In complex OM, a high frequency of NTHi 
is observed, sometimes with Moraxella cat-
arhallis and other organisms, and frequent 
findings of biofilm formation. Thus, it is plau-
sible that preventing early, acute pneumococ-
cal OM might reduce the burden imposed 
by its sequelae. Indeed, pre-PCV7 licensure 
randomized controlled studies and post- 
introduction impact studies showed a signifi-

cant reduction in OM-associated burden due 
to complex OM, with a reduction of recurrent 
otitis or ventilation tube insertions, despite 
the paucity of the presence of VT pneumo-
cocci at these end points. Despite the increas-
ing evidence for such an impact, the lack of 
post-PCV microbiological data raised some 
skepticism regarding the actual extent of OM 
burden reduction by PCVs. This was mainly 
because measuring pathogen-specific impact 
is particularly problematic, as it depends on 
obtaining middle-ear fluid cultures, usually 
performed selectively.

In Israel, the impact of PCV13 on OM 
cases necessitating middle-ear fluid cultures 
(mainly complex OM cases) was documented 
in a population-based, active surveillance 
system in children <3  years old. Following 
the sequential introduction of PCV7/PCV13, 
a decline of 95% in the incidence for the 
PCV7  +  6A serotypes was observed with a 
decline of 89% in the incidence of the addi-
tional PCV13 serotypes (1, 3, 5, 7F, and 19A) 
disease. Overall, complex OM-enriched pneu-
mococcal OM incidence declined by 78%. 
Furthermore, non-pneumococcal OM epi-
sodes were also reduced, as expected. In this 
regard, it is important to remember that it has 
been long recognized that early OM cases in 
young infants are most likely to be associated 
with complex OM cases in large studies.

The prevention of early OM post-PCV 
implementation is an excellent example of 
dual protection provided by PCV.  On the 
one hand, it reduces VT carriage (see in later 
paragraphs) to an extent where very young 
infants rarely encounter any VT in the com-
munity, and on the other hand, once the 
infants encounter one of the VTs, the vaccine 
provides additional direct protection against 
disease. Thus, the prevention of early encoun-
ters with vaccine-type S. pneumoniae results 
in a marked reduction of early acute OM epi-
sodes, and therefore, the subsequent sequelae.

With regard to PCV10, one hoped to see 
a direct effect of the vaccine on NTHi OM, 
as most serotypes in PCV10 (or its precur-
sor PCV11) are conjugated to NTHi-derived 
protein- D.  However, even though protein-
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D was immunogenic, PCV10 did not show 
direct protection against any NTHi outcome. 
One study suggested an exception. The POET 
study was conducted in the Czech Republic 
and Slovakia using PCV11 (the precursor of 
PCV10) against OM. This placebo-controlled 
study showed a significant reduction against 
NTHi-OM.  However, in this study, the trig-
ger to enroll children was for children visit-
ing an otolaryngologist office, thus enriching 
the population with complex cases. Thus, the 
reduction of NTHi OM by protein-D con-
jugated PCV, documented only in the POET 
study, could be explained again by the preven-
tion of early pneumococcal OM with a sec-
ondary prevention of NTHi otitis as part of 
the sequelae.

Another study on the efficacy of PCV10 
against OM (the COMPAS study), conducted 
in Latin America, failed to show any effect of 
PCV10 on NTHi OM.

Post-PCV10 impact data on OM are 
scarce, but recent data from Iceland and Brazil 
suggest trends toward reductions of OM and 
recurrent OM.  However, whether the extent 
of the impact will be similar for the PCV10 
and PCV13 remains to be clarified.

21.14   PCV Impact on Carriage 
and the Resulting Indirect 
(Herd) Protection

The widespread introduction of PCV7 
resulted in a rapid and substantial indirect 
(herd) protection. Herd protection is achieved 
through a reduction in the carriage of vac-
cine serotype pneumococci in vaccinated chil-
dren, and thus a reduction of their spread in 
the community. On the other hand, the near 
elimination of the NP carriage of VT follow-
ing PCV introduction led to replacement of 
the carriage by non-VTs, often less invasive. 
Because non-VT strains were less invasive-
ness overall, partial or no replacement dis-
ease was observed in most studies. Therefore, 
the disease replacement phenomenon was 
limited and was mainly observed in compro-
mised patients. As elderly people can often 
be considered immunocompromised, it is 

not surprising that this population was most 
affected by the increase in non-VT strains in 
the community, following PCV introduction. 
However, a longer follow-up is needed to 
ascertain the continuous net-positive effect of 
PCVs regarding replacement disease.

As all PCVs reduce the nasopharyngeal 
carriage of VT pneumococci, widespread 
vaccination resulted in reduced circulation 
of these serotypes in the community, hence 
the reduced encounters of both vaccinated 
and unvaccinated individuals with vaccine 
serotypes. As discussed above, the reduc-
tion in nasopharyngeal carriage is the most 
important factor determining impact, along 
with vaccination coverage. The reduced car-
riage protects both vaccinated and unvac-
cinated individuals. As an example, if  PCVs 
have ~60% efficacy against VT OM, and if  
at the same time there is a 60% reduction in 
VT carriage, the vaccinated infants encoun-
ter only 40% of what he or she would have 
encountered in the pre-PCV era. In this given 
example, the dual protection results in ~85% 
protection against VT pneumococcal OM.

Three main groups that have herd protec-
tion:
 1. Those who are too young to be vaccinated 

(i.e., infants aged <4 months who usually 
by this age have only ≤1 doses); this early 
protection against VT disease may be the 
most important means of preventing com-
plex OM, as very early OM (before reach-
ing the age of full vaccination) is the most 
important risk factor for complex OM 
(beyond genetics).

 2. The vaccinated individual (as specified 
above), as efficacy never reaches 100%.

 3. Individuals too old to be vaccinated (prac-
tically all individuals >5 years of age).

We do not know how long the immunity 
afforded by PCVs lasts, especially in terms of 
mucosal immunity, but the indirect protection 
also ensures that those immunized in the past 
can be protected, even if  they had already lost 
the vaccine-acquired immunity.

As discussed previously in this chapter, 
not all PCVs are equally efficacious against 
carriage in general, and some possess unique 
serotypes that others do not have. However, 
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in general, in all countries where PCVs were 
introduced, an impressive reduction of IPD 
caused by vaccine-serotype pneumococci 
was recorded at all ages, because of the com-
bined direct and herd protection. However, in 
compromised patients (including the elderly), 
replacement diseases caused by non-VTs is 
common. Current epidemiology data strongly 
suggest that PCV13 might provide a more 
rapid and profound herd protection, espe-
cially because of the reduction of the carriage 
of serotypes 6A, 19A, and the cross-reacting 
serotype 6C, compared with PCV10. A longer 
period of follow-up is needed to confirm these 
findings.

21.15   PCV Impact on Antibiotic 
Resistance

In the field of pneumococci, the general term 
for antibiotic nonsusceptibility is often pre-
ferred over the term “resistance,” as at times, 
especially for β-lactams antibiotics, the mini-
mal inhibitory concentration (MIC) increases, 
meaning that the organism is less susceptible 
to the drug, but no full resistance has yet been 
reached. It is well established that antibiotic 
nonsusceptibility among pneumococci (like 
most bacteria) can rarely occur by muta-
tion, but rather widespread antibiotic use 
is the main contributor to the promotion of 
carriage and the circulation of antibiotic- 
nonsusceptible S. pneumoniae (ANSP) . The 
main antibiotics responsible for ANSP pro-
motion and spread are the long-acting mac-
rolides (in particular, azithromycin) and oral 
cephalosporins, whereas the least powerful 
promoter is high-dose amoxicillin (with or 
without clavulanate). However, any antibiotic 
drug can promote ANSP, and thus indiscrimi-
nate use of antibiotics, which has often been 
practiced since the 1980s in many societies, is 
responsible for increasing ANSP prevalence. 
Since ANSP resides in the nasopharynx, anti-
biotic drugs given for any reason, will select 
these strains over susceptible ones, resulting in 
their promotion and spread in the community.

Among pneumococci, the most successful 
colonizers in young children are serotypes 6A, 

6B, 9V, 14, 19A, 19F and 23F. These serotypes 
are also the main strains that express multi-
drug resistance and high-level resistance. They 
are also responsible for most disease (both 
IPD and mucosal diseases) in children and 
adults. Therefore, it is not surprising that the 
most important ANSP serotypes are included 
in the vaccines. Of these, serotypes 6B, 9V, 14, 
19F, and 23F are included in PCV7, which 
also confers some cross-protection against 
serotype 6A (although as reviewed above, not 
complete in the case of carriage). PCV10, 
which adds the important serotypes 1, 5, 
and 7F beyond PCV7, does not significantly 
improve the impact on ANSP prevalence, as 
these three additional serotypes are rarely car-
ried and rarely nonsusceptible. However, the 
addition of serotypes 6A and 19A in PCV13 
made an important contribution, as these two 
serotypes are often multidrug-resistant with a 
high level of resistance. This is the basis for 
the potential reduction of ANSP disease and 
circulation by PCVs.

All PCVs were shown to reduce antibiotic 
nonsusceptibility by three main mechanisms. 
First, they reduce VT disease (efficacy against 
pneumococcal diseases), including disease 
caused by the VT ANSP; second, they reduce 
the carriage and thus the spread of ANSP; 
third, the reduction of disease incidence 
results in a reduction of antibiotic use and 
thus a reduction in the antibiotic pressure on 
strains carried in the nasopharynx or other 
sites of the flora microbiota. These positive 
forces by the vaccine, are necessarily accom-
panied by a marked (although many times not 
complete) replacement in the carriage by non-
 VT.  Nonsusceptibility, especially high-level 
and multidrug resistance, was remarkably less 
common among non-VTs before the introduc-
tion of PCVs. However, post-vaccination, by 
occupying the nasopharynx more frequently 
and for longer periods because of replace-
ment, the non-VTs are now under increased 
antibiotic pressure. Indeed, ANSP and even 
multidrug resistance among non-VTs are 
increasing at an alarming rate. However, 
because in general the overall invasiveness 
among non-VTs is lower compared with VTs 
(with a few exceptions, i.e., serotypes 12F, 24F, 
8, and 22F), the net effect is usually reduced 
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disease caused by ANSP. It is not surprising 
that in adults, ANSP disease is influenced 
by childhood widespread PCV vaccination, 
through the major change in nasopharyngeal 
carriage. Thus, in many respects, ANSP IPD 
in adults follows that of childhood.

As discussed before, several serotypes 
(i.e., serotypes 8, 10A, 11A, 12F, 15A, 15B/C, 
22F, 33F, and 35B) are generally the most 
important replacing serotypes, meaning that 
most of these are successful colonizers in the 
absence of competition with VTs. Therefore, 
it is only natural that increasing resistance 
and multidrug resistance are found in some 
of these serotypes. This scheme is especially 
worrisome in compromised patients, in whom 
replacement disease is most frequent.

21.16   Future Vaccines

All currently licensed pneumococcal vaccines 
have limitations due to their capsular serotype 
specificity.

Potential approaches to addressing current 
PCV limitations include higher valency PCVs. 
Efforts to develop extended spectrum (higher 
valency) PCVs have led to the development 
of 15- and 20-valent PCVs (PCV15, PCV20), 
both currently in advance stages of clinical 
studies. The experimental PCV20 includes, 
beyond the 13 serotypes of PCV13, the addi-
tional pneumococcal serotypes 8, 10A, 11A, 
12F, 15B/C, 22F, and 33F, two of which (sero-
types 22F and 33F) are also contained in 
PCV15. These additional PCV20 serotypes 
(VT20-13) have been increasingly observed in 
recent years as being common IPD serotypes.

One alternative possibility is to have 
additional PCVs with some of the common 
replacement serotypes to be administered 
sequentially after PCV10/PCV13, or to adults 
only. Another alternative is to use pure protein 
of S. pneumoniae or polypeptide derivatives to 
develop protein-based vaccines. Protein vac-
cine candidates are ideally highly conserved 
by all pneumococcal strains, and exhibit high 
immunogenicity. However, so far, all attempts 
to develop such vaccines were not successful. 

Thus, it seems that in the next 5–10 years, no 
protein vaccine will emerge and be licensed for 
general use. A further possible approach is the 
use of whole killed cell vaccines, currently in 
human trials.
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22.1  Introduction

Meningococcal disease was first described in 
Europe as a characteristic outbreak in Geneva 
in 1805. Neisseria meningitidis (the meningo-
coccus) is a Gram-negative diplococcus, 
divided into capsular groups determined by 
the polysaccharide capsule. Six of the twelve 
groups (A, B, C, W, X and Y) are responsible 
for almost all invasive disease worldwide. 
While asymptomatic nasopharyngeal infec-
tion (colonisation or carriage) occurs in 
approximately 10% of the population, bacte-
ria occasionally enter the bloodstream to 
cause devastating invasive diseases such as 
meningitis and septicaemia. In Europe, it is 
typically a rare endemic disease, but hyperen-
demic and epidemic disease patterns also 
occur. Disease onset may be rapid and has a 
high case fatality rate, especially in those with 
septic shock. Many survivors suffer long-term 
neurological and non-neurological sequelae. 
Prevention of disease through vaccination is 
the only realistic prospect for disease control.

22.2  The Clinical Spectrum 
of Meningococcal Disease

Meningococcal infection ranges from asymp-
tomatic nasopharyngeal carriage to fulminant 
septic shock, which can cause death within a 
few hours. Septicaemia and acute meningitis 
are the commonest manifestations of invasive 
disease. Meningococcal sepsis is classically 
described as a syndrome of fever and wide-
spread purpura, with or without shock. Occult 
bacteraemia and chronic meningococcaemia 
can also occur. Occasionally the disease mani-
fests as a focal infection such as pneumonia, 
septic arthritis, osteomyelitis, myocarditis, 
pericarditis, peritonitis, conjunctivitis, endo-
phthalmitis, sinusitis or otitis media.

Invasive disease often rapidly progresses 
from a non-specific febrile illness, indistin-
guishable from minor viral infections, to ful-
minant septicaemia and/or severe meningitis. 
In children who ultimately develop septicae-
mia, fever, nausea and vomiting, and lethargy 
are the most frequent early symptoms. A 

blanching, salmon-coloured, maculopapular 
rash, similar to viral exanthems, may also be 
present. As disease progresses, signs of shock 
become more apparent. A rash occurs in 
70–80% of meningococcal bacteraemia cases 
at hospital presentation and is usually non- 
blanching (i.e. petechial or purpuric). Most 
affected patients have only non-specific symp-
toms in the first 4–6 h of symptom onset, with 
the petechial/haemorrhagic rash, meningism 
and impaired consciousness developing later 
at a median of 13–22 h. Meningitis has more 
non-specific clinical features in infants and 
young children, when disease incidence is 
highest, compared with older children. Initial 
symptoms usually include fever, nausea and 
vomiting, photophobia and severe headache. 
Seizures can occur early or later in disease. 
Irritability, delirium and altered level of con-
sciousness develop as central nervous system 
(CNS) inflammation progresses. The most 
specific signs are neck stiffness, associated 
with Kernig and Brudziński signs, but these 
are often absent in children. Focal neurologi-
cal abnormalities and signs of raised intracra-
nial pressure may also occur. Where 
septicaemia and meningitis coexist, neurologi-
cal features are due to cerebral ischaemia and/
or meningeal inflammation.

Despite medical advances, the case fatality 
rate in industrialised countries has remained 
around 5–15% since the 1950s, although some 
specialist centres have reported a case fatality 
rate of 5% with early aggressive circulatory 
support. Early neurological complications 
include seizures, syndrome of inappropriate 
antidiuretic hormone (SIADH), subdural 
effusions and empyema, hydrocephalus, 
raised intracranial pressure, focal neurological 
abnormalities, venous sinus thrombosis and 
cerebral infarction. Sequelae secondary to 
severe shock occur due to tissue hypoperfu-
sion and include skin necrosis and subsequent 
scarring (which may need skin grafting) and 
gangrene of parts or entire limbs, requiring 
amputation. Growth plate damage may 
require multiple surgical procedures until 
growth is complete. There are very high rates 
of significant sequelae in survivors (up to 
20–30% in most studies), leading to long-term 
disability. These include sensorineural hearing 
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loss, epilepsy, learning difficulties, and motor/
cognitive impairment. Arthritis can lead to 
permanent joint damage. Studies of longer- 
term outcomes, up to 15 years, after disease 
have described sequelae in up to 50–60%, 
including physical and neuropsychiatric prob-
lems. Significant emotional problems in close 
family members have also been found, high-
lighting the societal impact.

22.3  Epidemiology 
of Meningococcal Disease 
in Europe

Invasive meningococcal disease is rare in 
Europe, with annual overall rates of 0.5–0.7 
cases per 100,000 population and variation 
between 0.1 and 3.0 cases per 100,000 popula-
tion, depending on the country, between 2013 
and 2017. Highest rates occur in Lithuania, 
Ireland, the Netherlands, Croatia and the 
United Kingdom. Infants (under 1  year of 
age) have the highest disease incidence rates 
(8.2 per 100,000 per year), followed by 
1–4-year-olds and adolescents/young adults 
aged 15–24  years. Most cases in 2017 were 
caused by group B organisms (51%), followed 
by group W (17%), C (16%) and Y (12%). 
Between 2013 and 2017, disease caused by 
group B organisms decreased, partly due to 
introduction of a recombinant protein vaccine 
including outer membrane vesicles targeting 
group B organisms in several countries, com-
prising the UK (in 2015), followed by Austria, 
Greece, Ireland, Italy, Lithuania and Malta 
(. Fig. 22.1a, b). In contrast, there has been a 
steady increase in group W cases across 
Europe, due to clonal expansion following 
introduction of a clonal complex group W 
strain in the UK in 2009–10. This strain is dis-
tinct from the 2000 Hajj-associated outbreak 
of meningococcal capsular group W (MenW), 
which spread worldwide and lasted for several 
years. In 2017, MenW was responsible for 17% 
of all cases of invasive disease, compared with 
historical levels of 1–2%. Overall there has 
been an approximately threefold increase of 
group W between 2013 and 2017, from 0.03 to 
0.10 cases per 100,000 per year (. Fig. 22.1a, 

b). This increase has been most pronounced 
among young children and adults above 
50  years of age. This increase prompted the 
change in the UK adolescent booster from the 
monovalent meningococcal capsular group C 
(MenC) vaccine to quadrivalent meningococ-
cal A, C, W and Y (MenACWY) vaccine in 
September 2015. In Austria, Ireland, Italy, 
Spain and the United Kingdom, an adolescent 
booster of the quadrivalent MenACWY con-
jugate vaccine following the conjugate MenC 
vaccine in younger children is used, and in the 
Czech Republic, Greece, Malta, the 
Netherlands and Switzerland the quadrivalent 
vaccine is used for all doses (. Fig. 22.2).

22.4  Polysaccharide Vaccines

The first meningococcal vaccines in regular 
use were plain polysaccharide vaccines devel-
oped in the 1960s. These vaccines are based on 
the capsule which surrounds the organism 
and is used for grouping and were produced to 
target disease caused by groups A, C, W and 
Y with bivalent MenAC and quadrivalent 
MenACWY vaccines produced. In clinical tri-
als, the capsular groups A and C components 
of these vaccines had over 90% effectiveness 
in the short term against disease caused by 
these organisms, but protection waned over 
time, especially among children. An interven-
tion study in Quebec, Canada, showed that 
effectiveness of the group C component was 
95% in children ≥6  years during the first 
2 years post-vaccination, but was not effective 
in younger children. The group A component 
is immunogenic from a few months of age, 
therefore making it unlike other polysaccha-
ride vaccines which do not induce protective 
immunity before 2 years of age. There are no 
protection data currently available for capsu-
lar group W or Y polysaccharides.

While these polysaccharide vaccines are 
effective in protecting older children and 
adults against disease, they are inadequate for 
young children with the highest disease inci-
dence.

The immune response does not involve 
recruitment of helper T cells, so immunologi-
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cal memory does not occur; the vaccines 
induce short-term protection only, are associ-
ated with immunological hyporesponsiveness 
(reduced responses after administration of 
booster doses), and do not elicit a response in 
children under 2 years of age. The lack of a 
response in young children is thought to be 

due to immaturity of the marginal zone B 
cells. Antibody responses to these vaccines are 
thought to be induced by cross-linking of the 
B-cell receptor by the repeating polysaccha-
ride moieties, which results in differentiation 
of antigen-specific B cells into antibody- 
secreting cells without germinal centre forma-

b

a

       . Fig. 22.1 a Notification rate of  confirmed cases of 
invasive meningococcal disease by capsular group and 
year, EU/EEA, 2013–2017. b Notification rate of  con-
firmed cases of  invasive meningococcal disease caused 
by capsular group W by age group and year, EU/EEA, 

2013–2017. From Invasive Meningococcal Disease Sur-
veillance Report; European Centre for Disease Prevention 
and Control 2019 (7 https://www. ecdc. europa. eu/sites/
default/files/documents/AER_for_2017- invasive- 
meningococcal- disease. pdf)
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tion in the draining lymph node. These 
vaccines have now almost entirely been 
replaced by protein-polysaccharide conjugate 
vaccines.

22.5  MenC Conjugate Vaccines

In the 1990s, conjugate vaccines, which are 
able to overcome the problems of plain poly-
saccharide vaccines, were successfully devel-
oped. In these products the polysaccharides 
are conjugated to protein carriers CRM197 (a 
non-toxic genetic variant of diphtheria toxin) 
(Meningitec, Nuron Biotech and Menjugate, 
GSK) or tetanus toxoid (NeisVac-C, Pfizer). 
The first monovalent MenC conjugate vac-
cines were licensed in the United Kingdom in 
1999 and subsequently in the rest of Europe. 
The MenC conjugate vaccine was introduced 
into the UK routine immunisation pro-

gramme from November 1999, and between 
1999 and 2001 there was a reduction in MenC 
cases of 87% among the vaccinated groups 
(. Fig.  22.3). The MenC conjugate vaccine 
induces high levels of bactericidal antibodies 
in all age groups, and vaccine effectiveness 
correlates with the induction of these func-
tional antibodies with a titre ≥1:8 in the popu-
lation.

In contrast to the polysaccharide vaccines, 
the MenC conjugate vaccines also induce 
immunological memory (eliciting an aug-
mented response to subsequent doses of vac-
cine and/or the presence of MenC-specific 
memory B cells in the peripheral blood), 
which allow rapid (about 4  days) and high- 
magnitude responses to occur when a vacci-
nated individual is exposed to serogroup C 
meningococci. In unimmunised infants the 
response takes about 10 days and is of lower 
magnitude following their first dose of MenC 

       . Fig. 22.2 Use of  meningococcal vaccines in routine 
immunisation schedules across Europe as of  January 
2021. Green MenC vaccine only, orange MenACWY 
only, dark blue MenB only, brown MenC and Men-
ACWY vaccines only, purple MenB and MenACWY 
vaccines only, yellow MenB, MenC and MenACWY 
vaccines, grey no meningococcal vaccine. This image 

only depicts vaccines in routine use; additional vaccines 
may be recommended in some countries in high-risk 
groups and/or travellers (Data from 7 http://vaccine- 
schedule. ecdc. europa. eu/Pages/Scheduler. aspx and 
7  http://apps. who. int/immunization_monitoring/glo-
balsummary/schedules (Accessed 26 January 2021)
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vaccine. With the rapid onset of disease, how-
ever, this memory response within 4  days 
would not be sufficient to protect an individ-
ual, and maintenance of high levels of serum 
bactericidal antibody is likely to be necessary 
to preserve vaccine effectiveness.

22.6  Herd Immunity Induced by 
Conjugate Vaccines

The reduction in nasopharyngeal meningo-
coccal carriage by conjugate vaccines has been 
a vital contribution to their remarkable suc-
cess. The MenC conjugate vaccine in the 
United Kingdom reduced transmission of 
group C N. meningitidis, thereby providing 
herd protection – indirectly protecting unvac-
cinated individuals. After the vaccine was 
introduced, the number of cases among 
unvaccinated age groups fell by 67%, corre-
sponding to a reduction in MenC carriage 
rates in vaccinated young adults. The highest 
rates of meningococcal carriage occur in ado-
lescents and young adults, so many countries 
include an adolescent booster dose of MenC 
or MenACWY conjugate vaccine to maintain 
herd protection in the population, which will 
remain highly effective at maintaining protec-
tion of the population if  high vaccine uptake 

rates can be maintained. A recent UK study 
reported a significant drop in carriage of N. 
meningitidis in adolescents aged 15–19 years – 
with overall carriage prevalence in 2014–2015 
of 7%, compared with 17% to 19% in 1999–
2001 – this was found in all capsular groups, 
except group Y and is likely due to a combina-
tion of vaccination programmes and chang-
ing social behaviours.

22.7  MenACWY Conjugate Vaccines

Three meningococcal ACWY (MenACWY) 
conjugate vaccines have been developed to 
provide broader protection against meningo-
coccal disease (MenACWY polysaccharides 
conjugated to diphtheria toxoid, Menactra; 
tetanus toxoid, Nimenrix; or CRM197, 
Menveo), though only two are currently 
licensed in Europe (tetanus and CRM197 
conjugate). Licensure trials undertaken with 
each of these products found them to be non-
inferior in induction of bactericidal antibody 
when compared with either the previously 
licensed MenACWY conjugate vaccines, 
polysaccharide vaccines or the first-licensed 
MenACWY diphtheria conjugate vaccine. 
These vaccines, like the MenC conjugate vac-
cines, induce immunological memory, and the 

       . Fig. 22.3 Invasive meningococcal infections labora-
tory reports in England by capsular group and year, July 
1998 to June 2020 (Source: Public Health England; 

7  https://www. gov. uk/government/publications/
meningococcal- disease- laboratory- confirmed- cases- in- 
england- in- 2019- to- 2020)
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responses to the vaccines can be boosted. 
Currently only the tetanus conjugate vaccine 
is licensed for use in infants in Europe (from 
6  weeks of age); the CRM197 conjugate is 
licensed from 2 years of age.

Potential scheduling of MenACWY vac-
cines could include a toddler dose as a replace-
ment for the toddler MenC dose use in a 
number of countries and/or an adolescent 
dose, to act as a booster for earlier MenC 
doses (see . Table 22.1) and to reduce naso-
pharyngeal carriage of meningococci among 
adolescents and disease caused by A, C, W 
and Y meningococci in these individuals and 
more widely though herd immunity. 
Serological evidence of protection has been 
shown to persist in most adolescents for at 
least 3–5  years after immunisation, but lon-
ger-term follow-up data are still needed. 
Antibody is not so well maintained after 
immunisation of younger children.

No prelicensure vaccine efficacy studies 
were undertaken, but one study estimated 
vaccine effectiveness over 6 years of use of the 
MenACWY–diphtheria -conjugate in the 
United States to be 69% (95% CI, 50–81%). 
There was an indication that the vaccine effec-
tiveness declined from a high of 82% (54–
923%) after the first year from immunisation, 
in keeping with observations of a decline in 
bactericidal antibody, leading the US policy 
to use a two-dose schedule of the vaccine. The 
MenACWY-CRM-197 conjugate vaccine was 
assessed in a study evaluating effectiveness of 
meningococcal vaccines against nasopharyn-
geal carriage in almost 3000 university stu-

dents, and the vaccine was found to reduce 
carriage of C, W and Y strains by 36.2% 
(15.6–51.7), suggesting the potential for the 
vaccine to induce herd immunity.

Prelicensure trials showed the MenACWY 
conjugate vaccines to have a similar local and 
systemic reaction safety profile to that 
described for other conjugate vaccines and the 
licensed polysaccharide vaccines. Early 
reports of an association of the MenACWY–
diphtheria conjugate vaccine with Guillain–
Barre syndrome have not been confirmed in 
subsequent observations.

As a result of spread of a hyperinvasive 
clone of capsular group W meningococcus in 
the United Kingdom, immunisation of ado-
lescents with MenACWY conjugate vaccine 
from age 13/14 to 18 years of age commenced 
in 2015, and during the first 12 months of the 
programme, there were 69% fewer group W 
meningococcal cases than predicted and no 
cases in vaccinated teenagers. 4CMenB, 
described below, has also been reported to 
provide protection against group W strains, 
based on data from England.

22.8  Capsular Group B 
Meningococcal Vaccines

The poor immunogenicity of the group B 
polysaccharide made the development of vac-
cines against MenB disease particularly chal-
lenging; however, the use of subcapsular 
proteins as alternative vaccine targets has 
enabled the recent development of two vac-

       . Table 22.1 Licensed schedules of  MenACYW in Europe

Population Age Dose 
series

Interval Comments

Children in 
high-risk 
groups

0–12 months 2 ≥1 month Only MenACWY-TT licensed at this age, but 
others used off  label in some countries where 
recommended

Unvaccinated 
children and 
high-risk 
groups

12 months to 
adulthood

1 N/A MenACWY-TT licensed from 6 weeks of age 
and MenACWY-CRM from 24 months. Used 
for immunisation of toddlers and/or adoles-
cents/adults in some countries. No data over 
65 years of age
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cines that offer the potential to overcome this 
gap in meningococcal disease prevention.

One of these, 4CMenB (Bexsero, GSK), 
has been included in the routine infant 
immunisation schedule in several countries 
and post-implementation data has confirmed 
that this vaccine is able to provide broad pro-
tection against capsular group B meningococ-
cal disease in infants. The other, rLP2086 
(Trumenba, Pfizer), is licensed for use in ado-
lescents (age 10  years and older) in Europe 
and the United States.

22.9  4CMenB

This vaccine was licensed in Europe in 2013 
and has subsequently been licensed in more 
than 35 countries. In Europe, 4CMenB is 
licensed from 2 months of age, with schedules 
differing according to age (. Table 22.2).

4CMenB contains four key immunogenic 
components:

 5 Detoxified outer membrane vesicles 
(OMVs) from strain 44/76, within which 
the immunodominant antigen is porin A 
(PorA)

 5 Factor H–binding protein (fHbp)
 5 Neisserial adhesin A (NadA)
 5 Neisserial heparin–binding antigen 

(NHBA)

This multicomponent approach was taken 
to broaden the immunity against MenB pro-
vided by vaccines based on OMVs alone, 
which had been given in phase 3 effectiveness 
studies in Norway or in population-based 
interventions in Latin America, Normandy 
and New Zealand. These vaccines were effec-
tive against disease due to the strain from 
which the OMV was derived, but not against 
strains bearing variants of the immunodomi-
nant PorA protein (especially in infants). 
Their use was therefore confined to epidemics 
of MenB disease due to restricted lineages, 
rather than endemic disease. The use of the 
OMV in 4CMenB not only allowed inclusion 
of the PorA antigen, but may also non- 
specifically enhance the immune response to 
the additional vaccine antigens.

Of the ‘additional’ proteins, fHbp and 
NHBA are nearly universal on pathogenic N. 
meningitidis, while genes for NadA were pres-
ent in 23% of a European strain panel. 
Clinical trials in which 6427 participants 
from 2  months to adulthood received 
4CMenB have shown these proteins induce 
bactericidal antibodies against MenB strains 
expressing closely matched antigens. 
However, pathogenic meningococci differ in 
the surface expression of  these proteins, and 
like PorA, there is phenotypic variability that 
potentially restricts the breadth of  cross-pro-

       . Table 22.2 Licensed schedules of  4CMenB in Europe

Population Age Dose 
series

Interval Booster recommended

Infants 2–5 months 3 ≥1 month One dose at 12–23 months

Unvaccinated 
infants

6–11 months 2 ≥2 months One dose at 12–23 months; ≥2 months 
from primary series

Unvaccinated 
children

12–23 months 2 ≥2 months One dose 12–23 months after the primary 
series

Unvaccinated 
children

2–10 years 2 ≥2 months

Adolescents and 
adults

11 years and 
older

2 1–2 months

 A. J. Pollard et al.



257 22

tection afforded by the antibodies induced by 
each individual vaccine component. 
Determining the likely breadth of  direct pro-
tection afforded by immunisation with 
4CMenB in any given population has to take 
into account all these factors, even before 
considering the potential for synergistic (or 
antagonistic) interactions between different 
vaccine-induced antibodies acting on the tar-
get bacteria at the same time.

Given these challenges, various methods 
have been used to predict the proportion of 
MenB disease potentially preventable by 
immunisation with 4CMenB.  One of these, 
‘MATS’, predicts that the potential coverage 
of 4CMenB in Europe varies by country 
between 73% and 85%. In England coverage 
by MATS was predicted to be 67.2% in 
2014/2015, a fall from 73% in 2007/2008, 
whereas 88% of common disease-causing 
strains appeared susceptible to pooled post- 
immunisation sera. While still awaiting formal 
validation by comparison with the emerging 
‘real-life’ effectiveness data, these estimates 
have provided a starting point for consider-
ation of the potential benefits and cost- 
effectiveness of the vaccine’s introduction.

22.9.1  Experience of Use

Use of 4CMenB was initially restricted to 
outbreaks of MenB disease in the Saguenay–
Lac-Saint-Jean region of Quebec, Canada, in 
educational institutions in the United States 
and Canada until it was introduced into the 
routine immunisation schedules in the United 
Kingdom and subsequently several countries 
across Europe. Many additional countries 
have also recommended the use of 4CMenB 
for children with complement deficiencies and 
splenic dysfunction/asplenia. In the United 
Kingdom, routine immunisation at 2, 4 and 
12  months commenced in September 2015 
(for infants born after 1 May 2015). Ten 
months into this immunisation campaign, 
95.5% and 88.6% of eligible infants had 
received their first and second dose (respec-
tively) by 6  months of age. Lower 4CMenB 
immunisation rates in infants experiencing 
disease compared with their age-matched 

population cohort suggested a vaccine effec-
tiveness of 82.9% (95% C.I. 24.1–95.2), and 
the number of MenB disease cases in the 
vaccine- eligible age group was 50% lower in 
the period following vaccine introduction 
than the average of the previous 4 years. After 
3 years of the UK programme, there has been 
a 75% reduction in all MenB disease in age 
groups that were fully eligible for vaccination.

22.9.2  Reactogenicity/Safety

The most significant adverse events after 
immunisation of infants are fever and irrita-
bility, which are observed in approximately 
60% and 75% of 2-month-old infants when 
4CMenB is given with routine infant vaccines 
(DTaP–IPV–HepB and 7-valent pneumococ-
cal vaccine). These relatively high rates of 
fever may be due to the inclusion of OMVs in 
this vaccine. Rates of fever were reduced by 
the use of prophylactic paracetamol at the 
time of immunisation (from 71% to 52% in 
2-month-olds) without impacting on the vac-
cine’s immunogenicity. Other reported reac-
tions include tenderness at the injection site, 
which is reported as severe in 12–16% of 
infants (crying when moving leg) and 17% of 
adolescents (unable to perform unusual 
duties).

Concerns regarding the rates of post- 
immunisation fever in infants led to the rec-
ommendation in the United Kingdom that 
prophylactic paracetamol be administered at 
the time of 4CMenB administration for 2- 
and 4-month-olds, with two further doses 
given in the next 24 h. Despite this there was 
an increase in emergency department atten-
dances for post-immunisation reactions.

22.9.3  Areas of Uncertainty

Two key determinants of the impact of 
4CMenB immunisation campaigns that are as 
yet unknown are the duration of vaccine- 
induced immunity and whether such cam-
paigns can induce herd immunity by reducing 
rates of nasopharyngeal carriage of poten-
tially invasive MenB strains.

Meningococcal Vaccines



258

22

Following immunisation in infancy with 
three priming doses and boosting at 12 months 
of age, over 97% of children have bactericidal 
antibodies above the accepted correlate of 
protection for three key MenB strains, and it 
is from this presumed peak concentration that 
estimates of vaccine coverage have been made. 
By 4 years of age, these proportions had fallen 
to 9%, 12% and 93%, depending on which 
strain was tested. Although a good response 
to a booster dose was observed, an additional 
booster dose is not included in the licensed 
4CMenB schedule. Whether this waning of 
antibodies against some vaccine antigens will 
be of clinical relevance as children proceed 
through their school years and into adoles-
cence will only be apparent from ongoing dis-
ease surveillance in an immunised population.

A recent large cluster randomised trial in 
Australia found no effect of 4CMenB on car-
riage of disease-causing meningococci, high-
lighting that the benefit of this vaccine is likely 
to be via direct protection.

22.10  Bivalent rLP2086

This vaccine is licensed for use in adolescents in 
the United States in a three-dose (0, 1–2, 
6 months) or two-dose (0, 6 months) schedule, the 
former being more appropriate in outbreak set-
tings. As with 4CMenB, this vaccine has a ‘cate-
gory B’ recommendation for use in 16- to 
23-year-olds in that country (i.e. may be adminis-
tered to provide short-term protection against 
most strains of serogroup B meningococcal dis-
ease). An application for licensure in the European 
Union in those 10 years and was approved.

This vaccine is based on two variants of 
the fHbp protein that have had a lipid tail 
attached. As with 4CMenB, immunogenicity 
against a broad range of MenB strains has 
been demonstrated, and the vaccine has been 
licensed on this basis rather than on direct evi-
dence of effectiveness.

Bivalent rLP2086 has been used in the 
context of college outbreaks in the United 
States; however, formal effectiveness studies 
have not been possible during these cam-
paigns due to the low number of cases and 
brief  duration of the outbreaks. No impact of 

vaccination on nasopharyngeal carriage was 
observed during an outbreak at Providence 
College, Rhode Island in 2015, however the 
relatively small sample size did not allow a 
definitive assessment of this vaccine’s poten-
tial to induce herd immunity.

Observed side effects following bivalent- 
rLP2086 administration to adolescents include 
injection site pain (severe in 8.2%), headache 
(56.9%, severe in 1.4%) and pyrexia (8.3%). 
Serious adverse events in clinical trials were no 
more common following this MenB vaccine 
than comparator, licensed, vaccines. The ‘Be on 
the TEAM’ (Teenagers Against Meningitis) 
Study is a pragmatic, partially randomised con-
trolled trial of 24,000 students aged 16–19 years 
in their penultimate year of secondary school 
across the UK with regional allocation to a 
0 + 6-month schedule of 4CMenB or MenB-
fHbp or to a control group – to provide data on 
the impact of these vaccines on carriage.

22.11  Conclusion

The availability of vaccines against MenC, 
MenACWY and MenB disease represents an 
important advance in the prevention of 
meningococcal disease. The dramatic changes 
in meningococcal epidemiology observed over 
the last two decades in Europe emphasise the 
need to have vaccines available to deal with 
existing and emerging threats in a timely man-
ner to save lives. Further developments such 
as the recent emergence of serogroup X in 
sub-Saharan Africa, for which there is cur-
rently no licensed vaccine, demonstrate that 
vaccine prevention of meningococcal disease 
is an ongoing and evolving challenge.
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23.1   Routine Childhood 
Vaccination for Travel

Prior to international travel, the routine child-
hood immunisation schedule must be up to 
date, and vaccines may be brought forward 
if  necessary, so that essential vaccines and 
boosters are not missed during travel. This is 
particularly important for MMR and DTP 
since the risk of contracting these infec-
tions is much higher in the tropics than in 
many parts of Europe. Some vaccines can be 
brought forward as early as 6  weeks of age. 
See . Table 23.1.

MMR can be given as early as 6 months 
(with the routine dose at 12  months still to 
be given in such circumstances). A minimum 
vaccine interval of 4  weeks must be main-
tained for all accelerated vaccines.

Influenza is also an important vaccine for 
travel, as seasonal influenza is the commonest 
vaccine preventable disease in travellers, but 
this is covered elsewhere.

23.2   Travel-Specific Vaccination: 
An Introduction

A wide range of travel vaccines exist, but it 
is important to consider the need for vaccina-
tion, and balance the risk of disease against 
the risk associated with the vaccine, and to 
consider how long it takes to become effective.

Hepatitis A virus is a good illustration of 
this. It causes an estimated 1.4 million infec-
tions per year. It is transmitted by ingestion 
of food and water contaminated with faeces, 
and occasionally by close contact between chil-
dren. As such the distribution of Hepatitis A 
is closely mapped to poor economic and sani-
tary conditions, with the highest incidence in 
the Indian subcontinent. In some places the 
presence of Hepatitis A antibody from natural 
infection is close to 100%. Children who have 
already had Hepatitis A disease, or are likely 
to suffer only mild illness (those ≤5  years of 
age), may not need this vaccine. In well chil-
dren under 5 years the main concern is of pass-
ing the virus on to older children and adults 
on return from the travel, since shedding may 
continue for up to 6 weeks. Ideally, vaccination 
against Hepatitis A should be given 14  days 
prior to travel to become fully effective (see 
Chap. 12 for more details on Hepatitis A).

An individualised risk assessment is thus 
essential for every paediatric traveller. This 
should involve the time available ahead of their 
journey, and all aspects of the child’s health 
including any pre-existing health issues, which 
may influence vaccination response and efficacy.

23.3   Travel Vaccinations in Children

23.3.1  Yellow Fever

The Yellow Fever (YF) virus is an arthropod- 
borne flavivirus, which circulates between 
monkeys and humans, and between humans, 
via Aedes species of mosquitoes.

The risk of YF is present in parts of South 
America (plus Trinidad) and sub-Saharan 
Africa (see . Image 23.1a, b).

Yellow Fever (YF) ranges from a moder-
ate viral illness with nausea and vomiting to 
a severe, multisystem haemorrhagic disease, 
with jaundice (hence the name) and circula-
tory shock. Approximately one-quarter of 
patients die within 7–10 days of onset. Those 
patients who survive will have acquired life-
long immunity.

Global numbers estimate approximately 
200,000 cases with between 30,000 and 180,000 

       . Table 23.1 Accelerated schedules for routine 
vaccinations in paediatric travel

Vaccination Earliest age of vaccination

DTP 6 weeks

MMR 6 months (up to 11 months. Should 
be followed by routine MMR at 
12 months of age)

Hib 6 weeks

IPV 6 weeks

PCV13 6 weeks

Hep B From birth
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       . Image 23.1 a Yellow fever distribution in Central and 
South America. Jentes ES, Poumerol G Fau – Gershman 
MD, Gershman Md Fau  – Hill DR, Hill Dr. Fau  – 
Lemarchand J, Lemarchand J Fau – Lewis RF, Lewis Rf 
Fau – Staples JE, et al. The revised global yellow fever risk 
map and recommendations for vaccination, 2010: consen-
sus of the Informal WHO Working Group on Geographic 
Risk for Yellow Fever. (1474–4457)
7 http://www. who. int/ith/en/
7 http://gamapserver. who. int/mapLibrary/Files/Maps/
ITH_YF_vaccination_americas. png?ua=1
Yellow fever vaccine recommendations in the Americas 2013

WHO map of  YF in the Americas and Africa
7 http://apps. who. int/ithmap/
b Yellow fever distribution in Africa. (Jentes ES, Poumerol 
G Fau – Gershman MD, Gershman Md Fau – Hill DR, 
Hill Dr. Fau – Lemarchand J, Lemarchand J Fau – Lewis 
RF, Lewis Rf Fau – Staples JE, et al. The revised global 
yellow fever risk map and recommendations for vaccina-
tion, 2010: consensus of the Informal WHO Working 
Group on Geographic Risk for Yellow Fever. (1474–4457))
7 http://gamapserver. who. int/mapLibrary/Files/Maps/
ITH_YF_vaccination_africa. png?ua=1
Yellow fever vaccination recommendations in Africa, 2015
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fatalities per  annum. The number of cases 
reported to World Health Organization (WHO) 
are clearly not indicative of the risk faced by 
travellers however, as very few travellers are 
infected with yellow fever. There are only 21 
reported travel-acquired cases since 1970. More 
than half (11) of these were in travellers to an 
outbreak in Brazil, highlighting the importance 
of counselling against unvaccinated travel to 
outbreak situations and of attending a travel 
medicine clinic with up-to-date information on 
disease outbreak surveillance.

 z Vaccine Requirements for Paediatric 
Travellers

The requirement for YF vaccine by destina-
tion is outlined in the WHO’s International 
Health Regulations (IHRs), and children and 
infants aged over >9  months should receive 
the vaccine based on this indication, after a 
risk–benefit analysis which takes into account 
their journey and likely exposure.

The IHRs are designed to prevent the spread 
of the virus from endemic to non- endemic 
regions through travel. An international cer-
tificate of vaccination (see . Image 23.2: yel-
low card) may, therefore, be required both by 

       . Image 23.2 ‘Yellow Card’ Certificate. (Full example 
at 7 https://www. who. int/ihr)
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endemic and non-endemic countries under 
these regulations. Thus, the requirement for a 
YF vaccine certificate may not reflect the risk 
of exposure in that country.

There are three scenarios where travellers, 
including children, may need to receive the 
YF vaccine:

 5 Travelling to countries with YF transmis-
sion.

 5 Travelling to countries requiring YF vac-
cination for those arriving from countries 
with risk of YF transmission.

 5 Travelling to countries requiring manda-
tory YF vaccination for travellers from all 
countries.

This is an important factor to consider where 
relative contraindications to the vaccination 
apply. The list of each countries requirements 
for the YF vaccination certificate (or exemp-
tion certificate) can be found online on the 
WHO website. The vaccine must be given 
more than 10  days prior to entry to comply 
with the International Health Regulations 
(IHRs), as the neutralising antibody response 
will have been achieved in this timescale.

23.3.2  Paediatric Yellow Fever 
Vaccination

Two vaccines of different strains, 17DD, and 
17D-204, were developed simultaneously in the 
1930s and are thought to have similar immu-
nogenicity and safety profiles. Currently the 
only licenced YF vaccine used in Europe is 
Stamaril®, made by Sanofi Pasteur. It is a live 
attenuated 17D-204 strain of yellow fever virus, 
grown in embryonated chick eggs. Every 0.5 ml 
dose contains at least 1000  IU, which should 
cause a subclinical infection in healthy individ-
uals. The dose is 0.5 ml regardless of age.

The vaccine is administered as an intra-
muscular (IM) or deep subcutaneous injec-
tion.

This vaccine is highly effective. At 10 days 
after vaccination, 90% of adults have sero-
converted; at 1  month, nearly 100% are 
protected. Paediatric studies show less sero-
conversion, with a minimum seroconversion 

rate of 86% after single-dose vaccination, and 
the lowest seroconversion rates are in children 
9–36 months of age.

A neutralising antibody titre of 1:10 is 
considered protective against YF, yet neu-
tralising antibody testing may underestimate 
protection because T-cell memory response is 
important to long-term protection.

Vaccine recipients maintain detectable 
levels of neutralising antibody for more than 
10 years post vaccination. In 2016, the World 
Health Organization (WHO) amended the 
10-year booster rule dictating that a single 
dose of vaccine in adults should now be 
considered to confer lifelong protection and 
no further boosters are required, unless the 
recipient was immunocompromised or below 
2 years at the time of vaccination.

Once a child over age 2 has been vacci-
nated, his or her immunity is considered to be 
lifelong, and the Yellow Card is valid as a life-
long certification according to IHRs. Children 
vaccinated while aged between 6 months and 
2 years will require a booster before travel to 
an endemic country if  that travel takes place 
more than 10 years after the initial vaccine.

There is evidence in adults and chil-
dren over 2  years that a fractional dose of 
the vaccine administered as 0.1  ml IM pro-
duces equivalent neutralising antibody titres. 
Persistence of long-term antibodies has not 
been demonstrated in an RCT setting and so 
while this method can be used where there is 
a shortage of vaccine in outbreak situations, 
currently WHO does not allow certification 
when fractional dosing is used.

YF vaccine should not be given to infants 
aged less than 6  months due to the risk of 
vaccine-associated encephalitis. YF vaccine 
can be considered between for infants aged 
6–9  months where there is a high risk, for 
example in outbreak settings.

The vaccine should similarly only be given 
to pregnant or breastfeeding mothers under 
such high-exposure circumstances as visiting 
a region with an outbreak. There are several 
reports of serious vaccine associated side 
effects in infants of mothers who had received 
YF vaccination during breastfeeding. The 
risks and benefits of maternal breastfeeding 
need to be discussed when planning to admin-
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ister YF vaccine. There is currently insuffi-
cient evidence to recommend expressing and 
discarding breast milk post vaccination.

23.3.3  Yellow Fever Vaccine 
Side-Effect Profile

Only registered centres are authorised to give 
YF vaccine in most countries.

A range of temporary adverse events have 
been reported following the administration 
of YF vaccine. The most frequent reactions 
include headache, myalgia and injection site 
swelling, which occur in 10–15% of recipients. 
In infants and young children, the most fre-
quently reported reactions are irritability, cry-
ing and appetite loss, and these are reported in 
approximately one-third of children in the first 
few days. Pyrexia can develop up to 14  days 
afterwards. Reports of generalised allergic 
reactions indicate an incidence of 1 in 131,000.

However, YF can also rarely cause Severe 
Adverse Events (SAEs): There are two distinct 
clinical presentations of YF Severe Adverse 
Events. They have predominantly been associ-
ated with recipients of the primary dose of the 
vaccine. They are Yellow Fever vaccine–asso-
ciated viscerotropic disease (YEL-AVD) and 
Yellow Fever vaccine–associated neurologic 
disease (YEL-AND).

YEL-AVD usually occurs within 10  days 
of vaccination. Features resemble fulminant 
infection by wild-type virus and thus may 
include fever, fatigue, myalgia, headache and 
jaundice. This may progress to hypotension, 
metabolic acidosis, muscle and liver cytolysis, 
cytopenia, and renal and respiratory failure. 
In these cases, YF vaccine can be detected in 
serum and tissue PCR. The mortality rate has 
been around 60%. The risk of YEL-AVD in 
travellers is estimated to be 1 per 250,000 pri-
mary vaccinees, with the highest risk in those 
over the age of 60  years where it occurs in 
approximately 1:50,000. Cases of YEL- AVD 
in children appear to be extremely rare.

YEL-AND usually occurs within a month 
of vaccination, and is the more likely SAE 
presentation in children. Features include high 
fever and headache, which may progress to 

one or more of confusion, encephalitis, men-
ingitis, focal neurological deficit, or Guillain-
Barré syndrome. Approximately one-third of 
cases have been fatal, but in survivors the neu-
rological sequelae may be longstanding and 
disabling. Encephalitis is a particular risk in 
those under 9  months of age, with multiple 
cases of YEL-AND described in infants less 
than 7 months old, prior to the establishment 
of a minimum age for vaccination. The inci-
dence among infants aged below 6 months is 
the highest and has been estimated as more 
than 0.5 cases per 1000. Cases of YEL-AND 
have also occurred following transmission 
from nursing mothers to infants.

 z Contraindications to YF Vaccine
YF vaccine can only be administered by des-
ignated clinics licensed by the health admin-
istration for the territory, and designated YF 
centre status is contingent on meeting the 
safety standards necessary to give this vac-
cine, one of which is staff  training.

. Table  23.2 denotes absolute and relative 
contraindications to the vaccine for your 
information. Children with any of the con-
traindications listed are at risk of vaccine- 
associated disease and should be provided a 
letter of exemption for authorities, and the 
parents advised to use stringent bite preven-
tion methods when in a YF endemic zone.

YF vaccine is grown in chicken embryos 
and contains approximately 16 mcg of oval-
bumin per dose. Children with anaphylactic 
allergy to egg, requiring previous intensive 
care, should not receive this vaccine as the risk 
of anaphylaxis outweighs the benefit of vacci-
nation. Children with moderate and mild egg 
allergy can receive this vaccine if  necessary, in 
a clinical setting where expertise and equip-
ment for resuscitation is available.

 z Summary of Recommendations
Children should be given this vaccine for travel 
to areas where YF certification is required for 
entry, unless they have a contraindication or 
precaution. Where these exist, an exemption 
certificate should be issued to meet certifica-
tion requirements.
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23.4   Rabies

Rabies is widespread across Asia, Africa, 
America, Europe, and the Middle East, with 
the highest incidence of human infections 
reported from India.

Rabies is caused by a Lyssavirus, which is 
transmitted to humans through the bites or 
scratches of infected mammals including, but 
not exclusively, dogs, cats and bats. Dog saliva 
is the most frequent source of rabies infection, 
accounting for 99% of rabies deaths in the last 
decade. The highest burden of exposures is 
among children, with 40% of post-exposure 
attendances being for children who have been 
bitten.

The incubation period from infected bite 
to disease varies from weeks to years. The 
first symptoms are fever, pain and paraes-
thesia around the wound. As the rabies virus 
spreads through the nervous system it results 
in encephalitis, often with an associated 
 neuropathy or paralysis, then death. Other 
infamous symptoms of rabies encephalitis 

are aggression, aerophobia and hydrophobia. 
Children become symptomatic earlier, as, on 
account of their stature, they are more likely 
to be bitten on the face or head, and thus 
closer to the brain. Once symptoms develop 
rabies is invariably fatal.

23.4.1  Epidemiology of Rabies 
in Travellers

Rabies causes an estimated 59,000 deaths 
per  annum globally but cases in travellers 
are rare. Some estimates in travellers suggest 
0.4% of adult travellers experience a poten-
tial rabies exposure per 1-month stay in an 
endemic country.

 z Vaccine Indications for Paediatric 
Travellers

A course of pre-exposure rabies vaccine 
should be considered for children who take 
multiple visits to, or have prolonged stays in, 
countries where rabies is endemic. A ‘pro-

       . Table 23.2 Absolute and relative contraindications to YF vaccination

Contraindications in children Precautions in children

Age < 6 months.
Symptomatic HIV infection or CD4 < 200 (or < 15% of 
the total in children <6 years).
Anaphylaxis to vaccine components (e.g. egg or 
gelatine).
Thymus disorders (including thymoma/thymectomy/
absent thymus/DiGeorge syndrome).
Primary immunodeficiency.
Malignancy.
Post organ transplantation or post HSCT.
Immunosuppressive therapy including high-dose steroids 
for more than 2 weeks within past montha

Age 6–9 months.
Asymptomatic HIV infection and (or CD4 15–24% 
of total in children <6 years).
Allergy to vaccine components.
Current febrile illness.
Low dose steroids more than 2 weeks within past 
monthb,c

aYellow fever vaccine should not be given to individuals on high-dose systemic steroids. They should have 
discontinued therapy at least 1 month before the vaccine
bIn patients taking low-dose steroids, yellow fever can be used with caution. Low-dose steroid therapy is 
usually defined as up to 20 mg prednisolone (or equivalent) per day in an adult or 1 mg/kg/day in children 
under 20 kg for more than 14 days. Those on low doses in combination with oral non-biological immune 
modulating drugs (e.g. methotrexate) may be able to receive this vaccine, but specialist advice should be 
sought
cPhysiological replacement therapy and steroid in the form of  topical, standard inhaled, ophthalmic and 
intra-articular/tendon injections do not constitute a risk
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longed visit’ is often considered to be a stay of 
over 1 month. WHO affirms however that the 
risk assessment for this vaccine should not be 
based solely on length of stay. Activities such 
as running and cycling also place individuals 
at higher risk. Children are at particularly high 
risk when petting or stroking feral animals. It 
is not usual to recommend vaccination for not 
ambulant infants, as they are unlikely to come 
into contact with animals.

Parents should be encouraged to decide 
on whether to vaccinate their children by bal-
ancing the cost of  a course of  rabies vaccine 
(~$200–$500) with the cost of  disruption of 
their trip following a potential exposure to 
seek a course of  a post-exposure prophylaxis 
(PEP), often only available in major cities.

Availability and cost make Human Rabies 
Immunoglobulin (HRIG) difficult to obtain 
in many low-income countries. When a PEP 
course including human rabies immunoglobu-
lin (HRIG) is required after a bite, the lack 
of availability can result in premature return 
home to obtain treatment. Rabies vaccine 
may thus be viewed as insurance, as accessing 
RIG during travel can prove very costly and 
time-consuming.

23.4.2  Paediatric Rabies 
Vaccination

There are two licenced rabies vaccines avail-
able in Europe:

 5 Human diploid cell vaccine.
 5 Purified chick embryo cell vaccine.

The human cell culture vaccine is a Wistar 
rabies virus strain (PM/WI 38–1503-3  M) 
grown in human diploid cells, ultra-filtrated 
and inactivated. The chick embryo vaccine is 
prepared from a Flury LEP strain grown in 
chicken embryoblasts, centrifuged and inacti-
vated. This version contains <16 mcg of oval-
bumin per dose.

The pre-exposure rabies vaccine schedule 
(the primary course) consists of three doses 
of vaccine at day 0, 7 and 28, intramuscularly. 
The third dose can be given early at day 21 if  
there is insufficient time before travel, and this 
appears to have no significant effect on immu-

nogenicity. An accelerated rapid schedule on 
days 0, 3 and 7 (with a booster at 1 year) is 
licensed for both formulations of vaccine. 
Restarting an interrupted vaccine course is 
unnecessary.

The protective antibody level for rabies is 
estimated to be >0.5 IU/ml; however, there is 
no rational for serological testing a traveller 
post vaccination, unless to confirm serocon-
version in an immunosuppressed individual.

The 28-day course in adults provides a 95% 
seroconversion rate and anti-rabies antibodies 
are long-lived. There is, however, a paucity of 
data in the paediatric population.

Intradermal vaccination is also effective 
in producing seroconversion and is cheaper 
(0.1 ml dose, compared to 1.0 ml) to admin-
ister. This intradermal use of vaccine is 
approved by WHO but remains ‘off-licence’ 
in much of Europe. There are inherent techni-
cal difficulties with giving vaccines effectively 
into the dermis. This should only be given by 
skilled practiced technicians.

 z Post-exposure Prophylaxis (PEP)
Individuals who have received a full pre- 
exposure course of rabies will still require fur-
ther rabies vaccine doses following a potential 
infection. However the pre-exposure course 
eliminates the need for administering HRIG, 
which is in short global supply.

The use of both PEP and RIG depends on the 
nature of the exposure (. Table  23.3). The 
number of PEP vaccine doses required post- 
exposure is dependent on the pre-exposure 
vaccine status. Travellers who have had a full 
21- or 28-day course of pre-exposure vaccine 
will require just two booster doses of vaccine. 
Travellers who have not had any pre-exposure 
vaccination will require up to six doses of vac-
cine (depending on the PEP regimen).

Children with category III exposures 
who have not received a full course of  pre-
exposure rabies will require passive immuni-
sation with Human Rabies Immunoglobulin 
(HRIG) in addition to the post-exposure vac-
cine course.

Rabies immunoglobulin is an IgG prepa-
ration extracted from the plasma of hyper-
immunised individuals. Aside from the risks 
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associated with blood-borne products, RIG is 
difficult to access and costly in endemic coun-
tries, and the shortage of RIG is an important 
part of the risk analysis.

In Southeast Asia, where there was a 
regional strategy to eliminate rabies deaths by 
2020, an equine immunoglobulin is sometimes 
available. However, this formulation is associ-
ated with a significant risk of serum sickness 
and hypersensitivity reactions.

The decision to give vaccine and PEP after 
an exposure in vaccine allergic individuals 
should be weighed carefully, and the vaccine 
given with preparation for anaphylaxis being 
made.

23.5   Japanese Encephalitis

Japanese encephalitis (JE) is a mosquito- borne 
infection caused by the eponymous Flavivirus. 
It is transmitted in an enzootic cycle between 
mosquitoes and vertebrate hosts, usually pigs 
and birds. This transmission is by Culex sp. 
mosquitoes, which are evening and night-time 
biting mosquitoes. The main Culex vector 
for JE is Culex tritaeniorhynchus, which com-

monly breed in flooded rice fields and ground 
pools, and so the greatest transmission is in 
rural agricultural areas of Asia where there 
are rice paddy fields and pig farms. Some 
urban transmission does occur.

The incubation period is around 15 days. 
Most infections are asymptomatic, but 
symptoms include fever, flu-like symptoms 
and headache. Signs of encephalitis, such as 
altered level of consciousness and convul-
sions, occur in approximately 1  in 300 infec-
tions and are more common in the paediatric 
population. Approximately 20–30% of symp-
tomatic patients die, and of those that recover, 
20–30% (21) are left with residual neurological 
problems including profound neurodisabil-
ity, tremor, poor memory and psychological 
problems.

23.5.1  Epidemiology of JE 
in Travellers

JE was first described in Japan in the late 
1800s, but it is now recognised throughout 
most of East and Southeast Asia, where it is 
a leading cause of viral encephalitis. China 
(excluding Taiwan) accounts for approxi-
mately 50% of cases. JE is also present in the 
Pacific Rim (see . Image 23.3).

Recent estimates are that around 68,000 
cases occur annually in endemic countries (an 
annual incidence of approximately 1.8 per 
100,000 population). Seventy-five percent of 
cases occur in children (annual incidence of 
approximately 5.4 per 100,000 population) 
with a higher frequency in those over 3 years.

Peak transmission of the virus occurs 
between May and September for the temper-
ate regions of Asia such as Korea and Japan; 
between March and October for the more 
tropical countries of Southeast Asia such as 
Thailand, Cambodia and Vietnam; September 
to December for Nepal and northern India; 
and year round in countries with year-round 
rainfall such as Malaysia, Indonesia and the 
Philippines.

The risk to most travellers to both Asia 
and the Pacific is very low with an estimated 
incidence of less than one case per million 
travellers. The risk is presumed to be highest 

       . Table 23.3 Classifying rabies risk for the use 
of  PEP

WHO 
category of 
exposure

Category I Licks to intact skin whilst 
feeding/touching (i.e. no 
exposure):
No PEP required

Category II Nibbling of skin, minor 
scratches or abrasions without 
bleeding:
Immediate PEP required

Category III Transdermal bites or scratches, 
licks on broken skin, 
contamination of mucous 
membranes with saliva from licks, 
exposure to bats:
Immediate PEP required
PLUS administration of Rabies 
Immunoglobulin (RIG) is required 
for unvaccinated children
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for travellers staying in endemic areas for more 
than a few months, particularly during trans-
mission seasons. The mainstay of prevention 
remains bite avoidance. There is no real indi-
cation to vaccinate the majority of travellers 
to East and Southeast Asia. Children travel-
ling to endemic areas for long periods during 
the transmission season may be vaccinated.

23.5.2  JE Vaccination

The mouse brain–derived Beijing-1 and 
Nakayama strain vaccines (Green Cross 
Vaccine and JE-VAX®) are still used in some 
endemic countries but most are moving towards 
either the live attenuated recombinant vaccine 
(ChimeriVax-JE (IMOJEV®)) or the Vero cell–
derived vaccine that is used in Europe.

Children from Australia or Southeast Asia 
may have received ChimeriVax-JE, which 
contains a live attenuated YFV-17D with the 
prM/E genes replaced with the correspond-
ing JE virus SA14–142 strain genes. Whilst 
it is worth being aware that a child may have 
received a different formulation of vaccine 
overseas, IXIARO® by Valneva is the only JE 
vaccine licensed for paediatric administration 
in Europe.

IXIARO® contains the SA14–14-2 strain 
of  JE virus, produced in Vero cells and 
inactivated. It is licenced from 2  months of 
age. The IXIARO® course consists of  two 
doses given 1  month apart. The primary 
course should be completed at least 7  days 
before exposure. Children aged 2 months to 
3  years receive 0.25  ml doses, and children 
aged above 3 years receive the adult doses of 
0.5 ml. The manufacturer reports seroconver-
sion in 85–100% of paediatric recipients at 
6 months. No long-term seroprotection data 
has been generated for children, but adults 
demonstrate continued protection for up to 
3  years. As such, a booster dose is recom-
mended within the second year if  continued 
protection is required.

There is no data on interrupted schedules 
in children, but Japanese encephalitis vaccine 
is highly immunogenic, and evidence from 
adults suggests that it is unnecessary to repeat 
the first dose after a schedule delay.

There was a relatively high risk of  ana-
phylaxis with the mouse brain–derived 
JE vaccine and several contraindications, 
including that it was not to be used in chil-
dren with neurological conditions. The Vero 
cell–derived, inactivated vaccine is usually 
well tolerated.

JE transmission

       . Image 23.3 The global distribution of  JE. (Source: CDC 7 https://www. cdc. gov/japaneseencephalitis/maps/
index. html, 7 http://apps. who. int/ithmap/)
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23.6   Cholera

Cholera is a bacterial disease caused by infec-
tion with toxigenic Vibrio cholerae. Cholera is 
acquired by consuming cholera- contaminated 
food or water, typically present in countries 
with poor sanitation and food hygiene, world-
wide. Cholera outbreaks still occur in many 
low-income countries and particularly during 
humanitarian crises. Children in the 2–4-year 
age group are particularly affected.

The main features of cholera are the result 
of the release of cholera toxin, which binds 
to the intestinal cells and causes the efflux 
of ions and water into the bowel lumen that 
leads to watery diarrhoea. Only cholera sero-
groups 01 or 0139 produce toxin and thus 
cause epidemic disease. There are two bio-
types of serogroup 01 – Classical and El Tor 
(which is further divided into Inaba, Ogawa 
and Hikojima).

Cholera is characterised by the sudden 
onset of profuse, watery stools with occa-
sional vomiting. The incubation period is usu-
ally between 2 and 5 days but may be only a 
few hours. In severe cases, dehydration, meta-
bolic acidosis and circulatory collapse may 
follow rapidly. Untreated, more than 50% of 
severe cases die within a few hours of onset. 
However, with prompt, correct treatment, 
mortality is less than 1%.

23.6.1  Cholera Vaccination

The mainstay of cholera prevention is food 
and water hygiene. Vaccination is rarely nec-
essary for travellers. Children travelling to 
remote areas with epidemic cholera and lim-
ited access to basic medical care can be con-
sidered for vaccine.

Cholera is similar in structure to some 
strains of E. coli. The cholera vaccine also has 
limited protective effect against heat-labile 
enterotoxin-producing E. coli, one of the 
many causes of travellers’ diarrhoea. The WC/
rCBt oral vaccine is therefore licenced in some 
countries for preventing ETEC diarrhoea, but 
it should generally not be used for this pur-

pose in travellers. The duration of its protec-
tion against ETEC is <3 months.

The licenced cholera vaccine in Europe is 
an inactivated oral vaccine named Dukoral® 
(Valneva).

The Dukoral® vaccine is licenced in 
Europe for children aged over 2 years.

The vaccine is supplied as granules, and a 
separate bicarbonate buffer suspension, which 
protects the vaccine from destruction by gas-
tric acid. The primary course is two or three 
doses (depending on age) that must be drunk 
between 1 and 6  weeks apart. If  more than 
6 weeks elapse between the first two doses, the 
primary course should be restarted. All doses 
should be completed at least 1week before the 
exposure.

The vaccine contains recombinant cholera 
toxin B subunits plus the following strains of 
inactivated bacteria:

 5 Vibrio cholerae Inaba 01 classical biotype.
 5 Vibrio cholerae 01 Inaba El Tor biotype.
 5 Vibrio cholerae 01 Ogawa classical biotype.

As such it confers protection against sero-
group 01 only. It does not protect against sero-
group 0139 or any other vibrio species.

Since immunity is mediated by intestinal 
mucosal IgA, serological tests may not fully 
reflect immunity, but the reported protec-
tive efficacy against serogroup 01 cholera is 
around 68%, and it begins to wane quickly, 
after around 6 months (28). The wane is faster 
in infants. For continuous protection, there-
fore, a single booster dose is recommended 
2  years after completing the primary course 
for children over 6 years of age, and 6 months 
after completing the primary course for chil-
dren aged 2–6 years.

There are a number of other vaccines 
developed for immunisation against cholera, 
and most are oral. The least costly vaccine, 
used in endemic regions, is the bivalent 01 
and 0139 whole-cell oral vaccine by Shanchol. 
This vaccine does not contain the cholera 
toxin B subunit and has an overall efficacy of 
about 52% during the first year and 62% in 
the second year, associated with minimal side 
effects.
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23.6.2  Cholera Vaccine  
Side-Effect Profile 
and Contraindications

Mild gastrointestinal symptoms (abdominal 
pain, cramping, diarrhoea and nausea) are 
commonly reported adverse effects associated 
with oral cholera vaccine. Vaccine administra-
tion should be delayed in the event of an acute 
gastrointestinal or febrile illness.

The vaccine contains approximately 1.1 g 
of sodium per dose, and this can make it 
unsuitable for children with nephrotic syn-
drome or those who take a low-sodium diet 
for other medical reasons.

23.7   Typhoid

Salmonella typhi and paratyphi A/B/C are 
serotypes of the gram-negative bacteria 
Salmonella enterica. Travellers are infected by 
ingestion of contaminated food and water or 
by direct faeco-oral transmission in areas of 
poor sanitation.

The signs of enteric fever range from 
headache, myalgia, nausea and abdominal 
pain with constipation or diarrhoea to fever 
and sepsis with intestinal perforation and GI 
haemorrhage. Children may experience severe 
disease including meningitis and encephalop-
athy, presenting as seizures. Generally, severe 
disease (typhoid fever) is associated with S. 
typhi infection.

The majority of cases occur in Asia. In high-
risk areas attack rates are up to 478/100,000 
per  annum in  local school-age children and 
358/100,000 annually in local 2–4-year-olds. 
The areas of highest incidence for travellers 
are India, Bangladesh and Pakistan. The dis-
ease is also endemic throughout Africa and 
South America but is rarely diagnosed in trav-
ellers from these two continents.

In travellers to the high typhoid-burden 
countries such as India, Bangladesh and 
Pakistan, the estimated infection rates are 
up to 10 per 100,000 travellers. Seventy-eight 
percent of those infections are in those who 

return to their birth countries to visit friends 
and relatives (VFRs). This highlights the 
importance of targeting children of VFR 
travellers in particular.

There is increasing antibiotic resistance in 
enteric fever cases in the endemic regions.

23.7.1  Typhoid Vaccination

Typhoid vaccination is often recommended 
for travellers to areas of South Asia. For low- 
and moderate-risk areas such as sub-Saharan 
Africa and South America, vaccination is not 
recommended.

The current licenced vaccines do not offer 
significant protection against S. paratyphi, 
and none of the licenced vaccines are suitable 
for infants and children under 2 years of age. 
All travellers should be advised on personal 
and food hygiene to help reduce infection risk.

23.7.2  Typhoid Vaccines

The inactivated whole-cell typhoid vaccine 
provided around 65–70% protection but 
caused strong adverse reactions, and its use 
has long been discontinued in Europe.

There is now a live oral vaccine, and two 
Vi capsular polysaccharide vaccines licenced 
for Salmonella typhi. They offer some pro-
tection but they have multiple shortcomings 
(. Table 23.4).

The oral vaccines contain a live attenuated 
lyophilised TY21a strain that may be more 
immunogenic, particularly enhancing muco-
sal immunity. The oral vaccine administered 
with bicarbonate buffer in three doses over 
several days has an efficacy of up to 50% in 
the first 2 years after vaccination. Since oral 
TY21a is a live vaccine, it is avoided in immu-
nocompromised children, and the use of any 
concomitant antibiotics will affect its efficacy.

Vi is the virulence factor and protective 
antigen in Salmonella typhi. The polysaccha-
ride intramuscular vaccines are made of puri-
fied Vi polysaccharide from the Ty2 Salmonella 
typhi strain. They are single-dose vaccines. 
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Neither elicits protective responses in children 
under 2, as expected for a polysaccharide vac-
cine in this age group. In older children it pro-
vides protection of approximately 60%. It is 
recommended for three yearly boosting, but 
anti-Vi IgG titres have been shown to decline 
well before that time period.

Vi conjugate vaccines are in development. 
One; Typbar-TCV a conjugate vaccine, cou-
pled to tetanus toxoid, has been used in India. 
It was found to have a protective efficacy of 
89% against the typhoid triad (fever ≥38.0 °C, 
headache and abdominal pain). Other con-
jugate vaccines, Vi-CRM 197 and Vi-rEPA 
have demonstrated significant immunogenic-
ity, good safety profiles and protective effi-
cacies of around 89%. This new generation 
of typhoid conjugate vaccines may provide 
practitioners with a vaccine that is suitable for 
travellers, particularly for the high-risk group 
of preschool children but are yet to be regis-
tered in Europe and North America.

23.8   Vaccines with No Current 
Indications for Travellers

23.8.1  Dengue

Dengue is one of the worlds’ most common 
infectious diseases, endemic to more than 110 
countries (see . Image 23.4). The dengue 

virus, which belongs to the Flaviviridae family, 
is the etiologic agent responsible for the broad 
spectrum of dengue symptoms and signs that 
range from mild fever (DF) to dengue haem-
orrhagic fever and dengue shock syndrome.

There are four dengue serotypes, DEN-1, 
DEN-2, DEN-3 and DEN-4, and any useful 
vaccine would need to provide protection to 
all four serotypes. Previous concerns regard-
ing antibody-dependent enhancement effects 
and activity of cross-reactive T cells dur-
ing repeat dengue infection have somewhat 
slowed the development of a safe and effective 
dengue vaccine.

Each dengue virus is a single-stranded 
RNA virus that encodes three structural pro-
teins (capsid protein C, pre-membrane protein 
(prM) and envelope protein E), plus seven 
non-structural proteins (NS1, NS2a, NS2b, 
NS3, NS4a, NS4b and NS5). The envelope 
protein (protein E) has the main epitopes for 
the production of neutralising antibody and 
was therefore considered the best target for 
vaccine development.

23.8.2  Epidemiology of Dengue 
in Travellers

Dengue is the commonest disease contracted 
by travellers to SE Asia aside from Travellers’ 
diarrhoea.

       . Table 23.4 Typhoid vaccines currently in use

Vaccine type Immunogenic 
constituents

Minimum age Vaccine trade names Number of 
doses in 
primary 
course

Duration 
of 
protection

Live 
attenuated 
oral vaccine

Live TY21a 6 years Vivotif® (Crucell) 3 3 years 
(after 3 
doses)Zerotyph (Boryung) 3

Parenteral 
vaccine

Vi 
polysaccharide

2 years
(unlicenced use 
between 
1–2 years if  
benefit outweighs 
risk)

Typhim vi® (Sanofi 
Pasteur)

1 3 years

Typherix® 
(GlaxoSmithKline)

1
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23.8.3  Dengue Vaccines

Dengvaxia®, a live, attenuated, tetravalent 
vaccine developed by Sanofi Pasteur, is the 
first licenced vaccine for dengue prevention. 
Dengvaxia is based on a genetically engi-
neered live attenuated YF virus, whereby the 
prM and E genes from each of the four dengue 
serotypes are substituted into the backbone of 
the yellow fever virus, 17D vaccine strain. It 
is available in several endemic countries where 
dengue is a leading cause of child mortality.

Two large phase III efficacy trials con-
ducted in endemic areas of Latin America 
and Asia showed the efficacy of the vaccine 
to vary from 77.7% for serotype 4, 74.0% for 
serotypes 2 and 3 to 42.3% for serotype 1. In 
the Pacific region, the overall efficacy is just 
56.5%, with the greatest impact being in the 
prevention of severe dengue and hospitalisa-
tion. In previously unexposed children, the 
vaccine efficacy is only 38%. It has been pro-
posed that this is due to the lack of non-struc-
tural (NS1–5) dengue virus proteins in the 
vaccine. Sadly, a long-term follow-up study 

of children between 2 and 16 years of age in 
the Asia-Pacific and Latin American regions 
demonstrated increased morbidity and hospi-
talisations for severe dengue (antibody-depen-
dent enhanced disease) among children under 
9 years, and fuelled anti-vaccine campaigns.

Dengvaxia® is now licenced in 19 coun-
tries only for children who have laboratory 
evidence of previous dengue exposure, for 
example Dengue IgG ELISA.  It is a three-
dose schedule with doses 6 months apart.

Five other dengue vaccine candidates 
are in clinical trials, and multiple strategies 
have been exploited for vaccine development. 
Tetravalent inactivated vaccines appear to be 
safer. Two of  these entered phase III clinical 
trials in 2019. A phase III double-blind RCT 
of a tetravalent dengue vaccine by Japanese 
company TAKEDA published promising 
data in 2020. This study randomised over 
20,000 healthy children from endemic regions 
across Latin America and Asia to two doses 
of  TAK3 vaccine or placebo 3 months apart 
and found overall vaccine efficacy of  80% at 
11 months using RT PCR tests. The efficacy 

Countries or areas where
dengue has been reported The contour lines of the January and July isotherms indicate areas at risk, defined by the geographical limits of the northern and

southern hemispheres for year-round survival of Aedes aegypti, the principal mosquito vector of dengue viruses 

The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities,
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines
for which there may not yet be full agreement

Data Source: World Health Organization
Map Production: Health Statistics and
Information Systems (HSI)
World Health Organization

January isotherm

July isotherm

Dengue, countries or areas at risk, 2013

10.C

10.C

       . Image 23.4 Global distribution of  dengue. (Source: WHO 7 http://apps. who. int/ithmap/)
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varied by subtype but prevented hospitali-
sation in up to 90%. Importantly serostatus 
prior to vaccination was assessed on entry 
to the study so as to monitor for antibody-
dependent enhancement and more severe 
clinical outcomes in the longer term of vac-
cine recipients.

The NS1 surface protein is another poten-
tial vaccine candidate. Passive immunisation 
with anti-NS1 antibodies prevented lethal 
dengue disease in a mouse model. As such, 
several strategies for NS1- based vaccines are 
under investigation.

23.8.4  Zika

Zika virus (ZIKV) is a flavivirus spread 
by Aedes aegypti. First described in Zika, 
Uganda, it has an Asian and African lineage 
but one serotype. It is now widespread across 
Oceania, Africa, South Asia, North, Central 
and South America. More than two-thirds of 
travel-associated cases in Europe are associ-
ated with travel to the Caribbean.

Zika is particularly familiar to paediatri-
cians due to its association with cerebral atro-
phy and neonatal microcephaly, for which it 
was declared a Public Health Emergency of 
International Concern (PHEIC) in 2016. Zika 
in pregnant women can lead to these con-
genital effects, now named Congenital Zika 
Syndrome. Zika in children causes similar 
symptoms to those of adults; fever, myalgia, 
headache, arthralgia and maculopapular 
rash. The rash is highly pruritic and may be 
associated with oedema of hands and feet. In 
more severe cases joint swelling and neuro-
logical sequelae such as Guillain-Barre, acute 
myelitis, posterior uveitis and hearing loss 
may occur.

Zika is high priority for vaccine develop-
ment, and a vaccine roadmap has been devel-
oped by WHO. There are currently a number 
of phase I preclinical vaccine trials both for 
DNA and inactivated whole-cell vaccines. The 
most advanced to date is a phase II trial vac-
cine which uses plasmid-based DNA encod-
ing for the E and prM proteins (animal studies 
found these to be highly immunogenic). This 

study enrolled 2338 participants and com-
pleted in late 2019 but has yet to be published 
by the US NIAID.

23.8.5  Malaria

Malaria is present in Africa, South East Asia 
and the Mediterranean. Over 90% of cases are 
in sub-Saharan Africa, where it causes over 
450,000 deaths per annum. Plasmodium falci-
parum accounts for more than 90% of these 
deaths.

Severe malaria, and its associated mortal-
ity, peaks in the under-fives, particularly the 
under-twos. Infants and children in Africa typ-
ically suffer multiple episodes of severe clinical 
malaria before developing a degree of immu-
nity. It is unclear whether immunity ever occurs 
in adults, as opposed to immune tolerance.

Studies support that liver-resident CD8+ T 
cells are likely the primary mediators of any 
long-term immunity. Non-recirculating liver 
resident CD8+ T cells play a critical role in 
protection but clearly cannot be assessed in 
human trials. Antibodies and CD4+ T cells 
are also elicited after immunisation and are 
used to define immunity in human studies. 
Antibodies to antigens present on malaria 
sporozoites such as the circumsporozoite 
protein (CSP) have been shown to prevent 
sporozoites migrating to liver cells, and thus 
a vaccine targeted to CSP could theoretically 
stop a pre-erythrocytic infection from devel-
oping in the liver. Alternatively merozoite sur-
face antigens or gametocyte surface antigens 
could be targeted to reduce multiplication in 
the blood stage. Combination vaccines acting 
on more than one stage of the parasites life 
cycle could induce broader immune responses.

A vaccine is needed primarily for the use in 
children living in endemic countries, although 
a vaccine would clearly be useful for paediat-
ric travellers to those countries.

23.8.6  Malaria Vaccines

There are currently more than 30 malaria vac-
cines in preclinical or clinical trials and we 
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discuss two vaccines, one of which is licenced 
and the other shows a mechanism for com-
plete protection.

 z RTS,S/ASO1 Vaccine
RTS,S/AS01 (Mosquirix®) is the WHO- 
approved malaria vaccine. It has been devel-
oped by GSK and collaborators, within a 
public–private partnership, to produce a vac-
cine for African children.

RTS,S acts on the pre-erythrocytic stage of 
malaria. It is a recombinant hybrid where por-
tions of the CSP protein are fused to hepatitis 
B surface antigen and co-expressed in yeast. 
RTS,S virus-like particles are formed when the 
fusion protein is expressed within yeast cells. 
ASO1 is the adjuvant, made of immune-mod-
ulatory molecules and liposomes. The vaccine 
is given by IM injection and has been evalu-
ated in trials using a 0-, 1-, 2-month sched-
ule, with a booster 18 months after the third  
dose.

Clinical trials have demonstrated safety 
and immunogenicity. They also importantly 
demonstrated non-inferiority of hepatitis B 
immunity compared to Engerix-B vaccination 
and no deleterious effect on other co-adminis-
tered vaccines responses. A double- blind, ran-
domised controlled trial, conducted in seven 
African countries (Burkina Faso, Gabon, 
Ghana, Kenya, Malawi, Mozambique and 
Tanzania) from 2009 to 2011, showed that the 
three-dose primary schedule of RTS,S reduced 
clinical malaria cases by 28% in children and 
18% in infants, over at least 3 years after vac-
cination. A booster dose of RTS,S adminis-
tered 18  months after the primary schedule 
further reduced the number of cases of clini-
cal malaria in children (aged 5–17 months at 
first vaccination) by 36% and in infants (aged 
6–12 weeks at first vaccination) by 26% to the 
end of the study, with average follow-up of 48 
and 38 months, respectively.

Although very promising, it is important 
to note that this was tested in a population of 
whom 80% used insecticide-treated bed nets, 
and that protection decreased over time in 
both age groups. There was also an increased 
risk of severe malaria and malaria mortality 
and a significant disproportionate increase 

in overall mortality in children who did not 
receive the booster dose. This led to concern 
that the RTS,S/AS01 vaccination may prevent 
the normal development of malaria immu-
nity, and malaria interventions in young chil-
dren might lead to rebound morbidity and 
mortality in older age groups.

The European Medicines Agency gave 
a positive scientific opinion for RTS,S, and 
vaccine immunisation programmes started in 
2019 in 3 sub-Saharan African countries, but 
the vaccine is not being studied in travellers 
at present. The question of whether children 
who received a malaria vaccine would be at 
higher risk after a period of non-exposure, 
or without boosters, than malaria-naïve chil-
dren is still unanswered. It is unlikely ever to 
be used in travellers, as the efficacy would be 
suboptimal.

 z Whole Sporozoite Vaccine (WSV)
Vaccines against the whole malaria sporozoite 
have produced immunity from 35% to 100%, 
depending on prior exposure. They are more 
immunogenic in malaria-naïve individuals. 
Whole sporozoite vaccines (WSV) in develop-
ment include radiation attenuated or geneti-
cally attenuated sporozoites, and sporozoites 
administered under drug cover, the so-called 
‘Infection treatment vaccination’.

The infecting dose required is small (~6 sporo-
zoites), yet the sporozoite is a complex organ-
ism that develops in the mosquito, and the 
in vitro production of the sporozoite for the 
use as antigen has yet to be achieved. There-
fore, these vaccines require sporozoites to be 
dissected out of mosquitoes which is a tech-
nically difficult and time-consuming process. 
This is a significant hurdle to the manufactur-
ing process.

A randomised controlled trial of a chemo- 
attenuated plasmodium falciparum sporozo-
ite (PfSPZ) vaccine was published in 2017. It 
was tested on nine malaria-naïve adult par-
ticipants. These participants received three 
doses of 5.12 × 104 PfSPZ by IV injection at 
4-weekly intervals whilst taking chloroquine 
antimalarial prophylaxis. At this dose it pre-
vented 100% of infections when these nine 
participants underwent controlled malaria 
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infection 10 weeks later. The vaccine appears 
safe yet is impractical for large-scale cost- 
effective vaccination.

Immunisation studies involving differ-
ent routes of vaccine administration find the 
greatest protection comes from IV vaccination 
rather than IM or intradermal and all current 
methods in trial involve delivery by mosquito 
bite or by IV injection.

We propose that while the costs may be 
prohibitory for short-stay travellers, it could 
be available for long-term expatriate, malaria- 
naïve travellers in future if  larger studies repli-
cate these excellent results.

23.8.7  SARS-CoV-2 Vaccines  
(See . Chap. 26)

The development of vaccines against 
COVID- 19 disease is the main focus of sci-
entists across the globe at this time. In the 
context of travelling populations, includ-
ing paediatric populations, these will have a 
critical role. It is likely that all travellers in the 
future will need to provide, on entering travel 
destinations, evidence of immunity or vac-
cination against COVID-19. It is important 
therefore that in any future vaccination cam-
paign, children are fully immunised so as to 
facilitate family travel. It will be necessary for 
this and other purposes, that COVID-19 vac-
cines be evaluated in paediatric populations to 
confirm safety and efficacy.
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24.1   Group B Streptococcus 
Vaccines

24.1.1  Burden of Disease

Group B streptococcus (GBS) is well recog-
nized as a cause of early neonatal infection 
in high-income countries (HICs), with long- 
term adverse neurodevelopmental outcomes 
in up to 50% of survivors of GBS meningi-
tis. A global meta-analysis in 2015 estimated 
205,000 infants with early-onset disease and 
114,000 with late-onset disease per  annum, 
with 90,000 deaths in infants <3 months age, 
and at least 10,000 children with disability 
each year. Up to 3.5  million preterm births 
may be attributable to GBS. Africa accounted 
for 54% of estimated cases and 65% of all 
fetal/infant deaths.

Many HICs have introduced intrapartum 
antibiotic prophylaxis (IAP) strategies in 
order to reduce the burden of neonatal early- 
onset GBS disease (EOD, disease within the 
first 7 days of life). Since the introduction of 
IAP policies in the USA, rates of EOD have 
declined from 1.7 per 1000 live births in the 
1990s to 0.34–0.37 per 1000 live births in 
2014. However, late-onset GBS disease (LOD, 
disease between 7 and 90 days of life) is not 
affected by IAP and has not declined; in the 
USA, the rate of GBS LOD has now over-
taken that of EOD.

24.1.2  Epidemiology

GBS can colonize the vagina and gastro-
intestinal tract of pregnant women and be 
transmitted vertically to their babies during 
delivery. Up to 30% of women carry GBS 
in the vagina or rectum without it causing 
symptoms. Vertical transmission occurs in 
15–50% of infants born to colonized mothers. 
Although the majority of such babies will not 
go on to develop invasive disease, maternal 
colonization is a prerequisite for EOD and a 
significant risk factor for LOD. Overall, EOD 
accounts for approximately 60–70% of all 
neonatal GBS disease, depending on the use 
of IAP in the population. LOD also results 

from vertical transmission from a colonized 
mother, but nosocomial transmission, breast 
milk, and community sources are also recog-
nized.

24.1.3  GBS Vaccines

Given the very early onset of neonatal GBS 
disease and the shortcomings of IAP-based 
prevention strategies, there is considerable 
interest in developing an effective antenatal 
vaccine. The majority of work in this field over 
the last 30 years has focused on the develop-
ment of a vaccine based on capsular polysac-
charide (CPS), in part reflecting the success 
of this approach for other encapsulated bac-
teria such as Streptococcus pneumoniae, but 
also by the demonstration, initially by Baker 
et al. in 1976, of the association between GBS 
serotype- specific capsular antibody concentra-
tions and invasive GBS disease in newborns. 
In the USA and Europe, GBS serotypes caus-
ing invasive disease are predominantly Ia, Ib, 
II, III, IV, and V.

CPS–protein conjugate vaccines against 
all relevant serotypes have been assessed in 
healthy, nonpregnant women and demon-
strated satisfactory immunogenicity and 
safety. More recently, conjugate vaccines have 
been developed based on tetanus toxoid and 
CRM197 as the carrier proteins. Studies in 
pregnant women have also established the 
immunogenicity and safety of these candi-
dates. A study of a trivalent CRM-conjugate 
vaccine involving 470 pregnant women dem-
onstrated a satisfactory reactogenicity profile, 
immunogenicity, and antibody transfer to the 
infant. A hexavalent conjugate vaccine (GBS6) 
has now been tested in healthy nonpregnant 
women and found to be safe and immunogenic. 
Vaccine trials in pregnant women are currently 
underway in South Africa (7 ClinicalTrials. 
gov Identifier: NCT03765073). Two manufac-
turers, BioVac in South Africa and Inventprice 
in the USA, are also in the preclinical develop-
ment stage for multivalent vaccines.

The use of CPS conjugate vaccines is 
not without its drawbacks, including cost, 
limited strain coverage, and, potentially, 
serotype replacement. One way of overcom-
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ing these limitations is to develop a vaccine 
based on highly conserved surface proteins. 
A phase I trial of a protein vaccine incorpo-
rating Rib and Alpha C surface proteins has 
recently completed and results are awaited 
(7 Clinicaltrials. gov: NCT02459262). The 
use of “reverse vaccinology” has also identi-
fied four proteins that could be the basis of a 
“universal” vaccine: the pilus proteins and the 
Sip protein.

Several obstacles exist in moving the most 
advanced vaccine into phase III clinical tri-
als. Given the relative rarity of GBS disease 
in Europe and the USA, large numbers of 
infants would need to be recruited to deter-
mine vaccine efficacy. Efficacy trials are likely 
to be needed because it is not currently known 
what concentration of antibody is required to 
protect infants. However, generation of robust 
data supporting serological correlates of pro-
tection could facilitate the licensure of a GBS 
vaccine without the need for large-scale preli-
censure efficacy trials in pregnant women.

24.2   Cytomegalovirus (CMV)

24.2.1  CMV Vaccines

Cytomegalovirus (CMV) is the most common 
cause of congenital infection globally and 
can be associated with significant sequelae in 
affected infants. Congenital CMV infection is 
the leading nongenetic cause of sensorineu-
ral hearing loss (SNHL), the only potentially 
treatable cause, and is associated with neuro-
developmental delay.

CMV infection is usually asymptomatic or 
associated with mild, transient symptoms in 
immunocompetent children and adults; how-
ever, in immunocompromised individuals, 
primary or reactivated virus can cause sub-
stantial morbidity.

Transmission of CMV to the fetus can 
occur following primary maternal infection, 
reactivation, or reinfection with a different 
strain. The rate of transmission to infants 
born to women with primary CMV infec-
tion is substantially higher, 32%, compared 
to those infants born to women with reacti-

vation, 1.4%. The global birth prevalence of 
congenital cytomegalovirus (cCMV) is 0.64%, 
with significant variation between countries. 
The total prevalence represents the sum of 
transmission following primary infection and 
reactivation during pregnancy.

Around 10–15% of congenitally infected 
infants (cCMV) will have symptoms at birth. 
Clinical features of cCMV seen in the major-
ity (>50%) of symptomatic infants include 
petechiae, jaundice, hepatosplenomegaly, 
microcephaly, intrauterine growth retarda-
tion, elevated ALT, and low platelets. Features 
observed less frequently include chorioreti-
nitis, optic atrophy, purpura, and seizures. 
The most common finding on neuroimag-
ing is intracranial calcification, with some 
infants also demonstrating ventricular dilata-
tion, cysts, and lenticulostriate vasculopathy. 
A high proportion of symptomatic infants 
(40–60%) will experience adverse neurodevel-
opmental outcomes, such as cerebral palsy, 
cognitive impairment, and SNHL.

About 10–15% of infants with cCMV who 
are not symptomatic at birth will still develop 
SNHL, which in some is progressive.

Prevention of congenital CMV (cCMV) 
infection is a major driver of CMV vaccine 
development.

24.2.2  Vaccines

CMV vaccine development has a relatively 
long history, starting in the 1970s with live- 
attenuated vaccines. The live-attenuated 
CMV vaccines were associated with only 
mild injection- site reactions and no systemic 
reactions and induced antibodies at similar 
concentrations to natural infection, and no 
excretion of virus was detected. The labora-
tory strains of CMV lost the ULb′ region of 
the genome during the multiple cell culture 
passages, therefore losing genes permitting 
entry into epithelial cells. Therefore, these 
vaccines did not elicit the high concentrations 
of antibody needed to prevent viral entry into 
cells, and a clinical trial of women with young 
children attending childcare facilities showed 
that vaccination did not prevent primary or 
secondary infection.
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In the 1980s and 1990s, recombinant 
subunit vaccines incorporating CMV sur-
face glycoprotein B (gB), adjuvanted with 
MF59, were first developed and tested. The 
vaccine- induced gB antibody is thought to be 
important for prevention of viral entry into 
fibroblasts. The vaccine was well tolerated 
and immunogenic, more so in infants than 
in adults, and induced antibody responses 
of higher magnitude than natural infection; 
however, immunity quickly waned. The pro-
tection afforded to adolescent girls was at best 
modest, up to 45%. Similar results were also 
observed in CMV seronegative women with 
vaccine efficacy of 50%.

Other candidates in the vaccine pipeline 
include CMV DNA vaccines that contain 
both gB and pp65, another surface protein. 
The pp65 protein is an abundant protein in 
CMV virions and is a major target of the 
T-cell responses to CMV.  One such vaccine, 
CyMVectin, was in late preclinical develop-
ment, but has since been withdrawn.

More recently, there has been interest in vac-
cines containing more immunogens. CMV has 
a pentameric gH/gL/UL128-UL130- UL131 
complex on its surface that is critical to viral 
entry and is an important target of the neu-
tralizing antibody response in seropositive 
individuals. An association between antibod-
ies to this pentamer and prevention of trans-
mission of primary CMV from mother to 
fetus has been demonstrated.

Whole-virus CMV vaccines are again being 
explored, based on the AD169 strain, however 
with the restoration of the expression of the 
pentamer and with an elegant inbuilt genetic 
mechanism that enables tight regulation of 
viral replication. Replication can only occur 
in the presence of a synthetic compound (not 
found in nature) called Shield-1. When this is 
provided viral stocks of the vaccine V160 can 
be grown, but it is unable to replicate in the 
host. Phase I studies have been completed and 
phase IIb will commence in the near future.

A messenger RNA (mRNA)-based vac-
cine encoding target antigens (pentamer 
complex and gB) presents a new approach 
to CMV vaccines. The mRNA is trans-
lated into proteins within the host cell and 

then the immune system is able to recog-
nize these antigens and produce an immune 
response. A phase I randomized placebo-
controlled dose- ranging study has recently 
been completed (7 clinicaltrials. gov identi-
fier: NCT03382405) evaluating the safety and 
immunogenicity of mRNA-1647 and mRNA-
1443. A subsequent phase II dose-confirming 
study of mRNA- 1647 using the final product 
in a lyophilized formulation (7 Clinicaltrials. 
gov identifier: NCT04232280) is ongoing. 
Large-scale phase III clinical trials are soon 
to commence in women of childbearing age 
to evaluate the efficacy of mRNA-1647  in 
preventing primary CMV infection. These 
studies represent a step-change in the devel-
opment of a vaccine against CMV. The first-
ever mRNA vaccines have recently received 
conditional approval for the prevention of 
SARS-CoV-2 and one of these is by the same 
vaccine manufacturer (Moderna) as the CMV 
mRNA vaccine; this provides confidence that 
this approach is safe and renewed hope for a 
CMV vaccine candidate that will have clinical 
efficacy.

24.2.3  Other Issues

The immune correlates of protection against 
cCMV have not fully been elucidated, includ-
ing the contribution of humoral and cellular 
immunity to maternal–fetal transmission. 
Determining relevant endpoints in clinical 
trials to support vaccine licensure is critical, 
given that immune correlates remain elusive 
and clinical endpoints are required, such 
as cCMV infection. Such trials necessitate 
very large sample sizes and long follow-up 
to achieve sufficient statistical power and are 
costly. Optimizing the protective efficacy of 
CMV vaccines in both seronegative and sero-
positive individuals is critical, since a signifi-
cant number of infants with cCMV are born 
to women with preexisting CMV antibody.

A further significant issue is the timing 
of vaccination. A vaccine should ideally be 
administered prior to pregnancy to ensure 
immunity before the first trimester; how-
ever, many pregnancies are not planned, and 
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women do not necessarily seek preconcep-
tion healthcare. Vaccinating adolescents is an 
alternative; however, persistence of  immunity 
into reproductive years may be challenging, 
and a vaccine would need to be effective in 
both seronegative and seropositive females. 
Another possibility is to vaccinate in early 
childhood. Vaccinating as part of  the routine 
infant immunization program would ensure 
high coverage; could prevent infection prior 
to first encounter, thereby overcoming the 
problems of immunity in seropositive indi-
viduals; and would interrupt viral circulation 
by preventing prolonged shedding of CMV 
in the urine and saliva of  infected toddlers. 
This age group is the most common source 
of  infection to pregnant women and there-
fore would afford protection to the mothers 
or caregivers of  young children. Modelling 
suggests that a combination strategy may be 
preferable.
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25.1   Noroviruses and the Disease

Noroviruses (NoVs) are, after rotaviruses 
(RV), the second most common causative 
agents of acute gastroenteritis (GE) in young 
children. Globally, NoV GE carries signifi-
cant mortality in children under 5  years of 
age; one estimate puts the annual death toll at 
50,000, which is about one-third of that asso-
ciated with rotavirus (see Chap. 11). In indus-
trialized countries, deaths in children are rare, 
but there is significant mortality from NoV 
GE in the elderly. The yearly financial burden 
of Nov is estimated at 60 billion US dollars. 
Therefore, NoV vaccine development is tar-
geted at both children and adults, often with 
greater emphasis on the latter. In industrial-
ized countries, the burden of NoV disease in 
children, as measured by severe cases seen in 
hospital, was about one-third to one-half  of 
that of RV disease before vaccinations.

Noroviruses were discovered in 1972 by 
A.  Z. Kapikian of National Institutes of 
Health (NIH) using electron microscopy on 
stool samples collected from a 1968 outbreak 
in Norwalk, Ohio. The new virus was called 
Norwalk virus, and later the name was given 
to all noroviruses. The Norwalk virus is a 

genogroup I NoV (GI.1). GI NoVs are com-
mon in foodborne and waterborne outbreaks 
of GE, which may occur in any age group. 
Conceivably such outbreaks are more difficult 
to target by vaccination, although some spe-
cial groups such as cruise ship passengers and 
military recruits could be targeted.

In contrast, the epidemic NoV GE in chil-
dren has a predictable seasonal pattern and 
occurs every winter. The age distribution is 
similar to that of RV GE (. Fig. 25.1), and a 
vaccination approach should be targeted at 
infants or toddlers at the latest. In epidemic 
NoV GE, the predominant viruses are of 
genogroup II, particularly genotype GII.4, 
which is also the prime candidate for NoV 
vaccine development. There are at least 22 
genotypes of NoVs within genogroup II and 9 
genotypes within genogroup I. Repeated NoV 
infections and episodes of GE occur in young 
children. The resulting immunity is serotype- 
specific and not long lasting. A NoV vaccine 
could not possibly contain all genotypes, and 
a changing composition (such as influenza 
vaccine) would also be difficult. Therefore, it 
is commonly held that a NoV vaccine should 
contain both genogroups, but induce cross- 
protective immunity within the genogroup.
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25.2   Norovirus Vaccine 
Development

Noroviruses do not grow in normal cell cul-
ture and only poorly in explants of gut tissue. 
Therefore, a live virus is not regarded as an 
option. Most probable candidate vaccines are 
NoV virus-like particles (VLPs), which can be 
produced in baculovirus insect cell system or 
in plants. VLPs are highly antigenic and may 
be administered either by injection or muco-
sally (e.g., intranasally). Only one NoV VLP 
vaccine has progressed to phase II/III clini-
cal trials. This vaccine is produced by Takeda 
(by acquiring LigoCyte). It is a bivalent NoV 
GI.1  +  GII.4 VLP vaccine combined with 
aluminum adjuvant. The GII.4 component is 
based on a “consensus” sequence and is not 
any variant that occurs in nature. The idea is 
that such a consensus VLP induces a cross- 
reacting immune response and elicits protec-
tion against other GII.4 variants and, possibly, 
more broadly, against other GII NoVs.

The results of a proof-of-concept challenge 
trial in adult volunteers are shown in 
. Table  25.1. In this study, the subjects 
received two doses of Takeda’s candidate NoV 
VLP vaccine and were challenged on day 42 
with a naturally occurring wild-type GII.4 
NoV Farmington strain. The results indicate 

that the vaccine induced partial protection 
against heterologous challenge. Specifically, 
there was high-level protection against severe 
NoV GE, less against mild NoV GE, and no 
protection against NoV infection.

The NoV challenge study experience 
resembles the performance of the RV vaccine 
in that a NoV VLP vaccine seems to prevent 
severe disease and not NoV infection. This 
should be seen as a realistic target for a future 
NoV vaccine in children. A parenteral vaccine 
given in two or three doses to infants or tod-
dlers would induce broadly reactive cross- 
protection against severe NoV, but would not 
fully prevent NoV infection with mild symp-
toms. Even so, a successful NoV vaccine 
would do better than nature.

Takeda’s bivalent NoV GI.1 + GII.4 VLP 
vaccine has also been tested for immunogenic-
ity and safety in children. The studies have 
established that the GI.1 component is much 
more immunogenic than GII.4 in the combi-
nation, and a future vaccine should certain a 
larger quantity of GII.4, than of GI.1.

Takeda now has completed an efficacy 
trial in adults of their vaccine candidate TAK- 
214 containing 15 μg of GI.1 and 50 μg of 
GII.4. The study was conducted in about 4700 
US Army recruits. Two doses of the vaccine 
gave 62% (2183) protection against moderate 
to severe NoV GE caused by any NoV geno-
type.

Another Japanese company, Denka, has 
produced a bivalent NoV VLP vaccine in 
Nicotiniana benthamiana tobacco plants. This 
vaccine is in phase I trials in adults.

A different candidate NoV vaccine has 
been produced using adenovirus Ad5 as a vec-
tor. The vector expresses NoV capsid proteins 
of NoV GI.1 and GII.4, and is administered 
orally. The same company, Vaxart, is using the 
same approach for oral coronavirus vaccine 
development.

A future option is the combination of 
NoV VLP vaccine with rotavirus VP6. In this 
combination, RV VP6 would not only protect 
against RV GE, but also enhance the immune 
response to NoV, like an adjuvant. Such a 
combination has the potential of becoming a 
universal vaccine against childhood GE.

       . Table 25.1 Results of  a norovirus GI/GII 
VLP vaccine (Takeda) challenge study

Outcome Protection 
(%)

p

Severe vomiting/diarrhea 100 0.054

Moderate to severe 
vomiting/diarrhea

68 0.068

Any vomiting/diarrhea 47 0.074

Infection 14 0.420

Adapted from Bernstein et al. (2015)
A total of  50 vaccinees and 48 control subjects. A 
NoV vaccine containing a consensus sequence of 
GII.4 was given intramuscularly in two doses to 
healthy adult volunteers followed by challenge on 
day 42 with GII.4 Farmington strain NoV
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26.1   Respiratory Syncytial Virus 
(RSV)

RSV is a medium-sized RNA virus and is 
classified as a paramyxovirus. Its genome 
encodes for 10 proteins; two of these are non- 
structural proteins and eight are structural 
proteins. There are three transmembrane 
surface glycoproteins, of which two, a fusion 
protein (F) and an attachment protein (G), 
are responsible for the initiation and propaga-
tion of infection. There are two subtypes of 
RSV: Types A and B. They differ primarily in 
the composition of the G protein, while the F 
protein is conserved between the two strains.

26.2   RSV Disease

Infection with RSV causes disease rang-
ing from mild upper respiratory tract infec-
tion (URTI) to severe lower respiratory tract 
infection (LRTI) (e.g. bronchiolitis in young 
infants) which can result in the need for 
intensive care and even death. There may be 
up to 120,000 deaths each year due to RSV 
infection in children under 5  years glob-
ally, approximately 99% of which occur in 
low- and middle-income countries (LMIC). 
In 2015, there were an estimated 33.1 mil-
lion cases of RSV-associated acute LRTI in 
infants under 5 years of age every year (22% 
of ALRI episodes), 3.2 million resulting in 
hospital admission, and RSV is estimated to 
account for 3–9% of all fatal LRTIs in infants.

RSV infection is seasonal in most coun-
tries; outbreaks occur most frequently in 
the cold season in areas with temperate and 
Mediterranean climates and in the wet season 
in tropical countries with seasonal rainfall. 
Young age is the major risk factor for RSV 
disease, with hospital admissions peaking at 
about 8–12 weeks of age and disease generally 
becoming less severe after 6 months of age. A 
number of genetic and environmental factors 
combine with the age of the infant to increase 
the risk of severe RSV disease. Infants with 
certain co-morbidities including prematu-
rity, bronchopulmonary dysplasia, congeni-

tal heart disease, immunodeficiency, cerebral 
palsy, and Down’s syndrome are known to be 
at high risk from more severe RSV infections. 
Nevertheless, the majority of acute hospital 
admissions occur in otherwise healthy infants 
born at term.

26.3   Monoclonal Antibodies

The humanized mouse monoclonal antibody 
(mAb) palivizumab, which binds to an anti-
genic site (site II) of the RSV fusion (F) pro-
tein, has been available for prophylaxis against 
RSV infection for high-risk infants since 
1998. It is up to 80% effective in preventing 
hospitalization due to RSV infection in some 
subgroups of high-risk infants. It is expensive 
and due to a relatively short half-life (approxi-
mately 20 days) requires 5 monthly intramus-
cular injections over the RSV season. Its use 
is therefore restricted to only the highest risk 
groups.

Since then, other mAbs have been in devel-
opment. Motavizumab, a similar product, has 
an in vitro affinity for the RSV F protein 100 
times that of palivizumab. However, clini-
cal trials did not show any increased efficacy 
compared with palivizumab and its develop-
ment was stopped. Suptavumab was another 
RSV mAb that showed promise in Phase 2 tri-
als but unfortunately in a phase 3 trial failed 
to achieve its primary end point of a reduc-
tion in medically attended RSV infection and 
its development was stopped. It was subse-
quently shown that Suptavumab offered little 
protection against infection with RSV-B.

Another anti-RSV mAb, RB1, is a fully 
human mAb (IgG1) with a binding epitope in 
the highly conserved antigenic site IV of the 
RSV F protein. The binding epitope of RB1 is 
conserved with 99.9% identity, and antigenic 
site IV is more conserved overall compared 
with sites Ø, II, and V.  MK-1654 is derived 
from RB1 and is being tested in clinical trials. 
In a phase 1 study, it was shown to be safe 
and tolerable and had a serum half-life of 73 
to 88 days, potentially allowing a single dose 
to protect infants for a whole RSV season. 
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Treatment- emergent antidrug antibodies were 
low (2.6%). Phase 2 and 3 clinical trials in term 
and preterm infants are currently underway.

Nirsevimab (MEDI8897) is a novel mono-
clonal antibody targeted at prefusion confor-
mation of F protein, that has recently entered 
Phase 3 trials in term and preterm infants. 
Results from a Phase 2 trial show it is safe to 
use in otherwise healthy preterm infants and 
it reduced medically attended RSV LRTI by 
70% and hospitalization for RSV-associated 
LRTI by 78% compared with placebo at 
150  days after dosing. Nirsevimab has the 
advantage of once a season dosing due to a 
long half-life (approximately 83–94  days). 
Because of the great medical need and prom-
ising Phase 2 trial results, nirsevimab has been 
granted a fast-track status by FDA and EMA 
for evaluation for licensure. It is expected that 
the price of nirsevimab will be considerably 
less than that of palivizumab.

26.4   Vaccines

Vaccine development for RSV started soon 
after RSV was identified in 1956 but stalled 
for several decades as a result of a trial in the 
1960s with a formalin-inactivated RSV vac-
cine. This resulted in enhanced, including 
fatal, cases of RSV disease in vaccine recipi-
ents. However, the field is now flourishing; 36 
candidates are currently (as of March 2020) 
under development, including 17 undergoing 
clinical trials.

Vaccine strategies being considered for 
protecting infants include infant vaccination, 
maternal vaccination, and vaccinating con-
tacts of infants in order to prevent transmis-
sion. Maternal immunization, which aims to 
provide protection to the infant by boosting 
the levels of transplacental antibody, is the 
leading strategy.

The most advanced candidates are subunit 
vaccines containing purified RSV F protein. 
Only one Phase 3 study in pregnant women 
has completed. It included 4636 pregnant 
women and was demonstrated to be immu-
nogenic, safe, and well tolerated by both the 

women and their infants. It demonstrated 
a vaccine efficacy (VE) of 39.4% (97.5% CI: 
−1.0 to 63.7%) in reducing medically sig-
nificant RSV infection by 90  days of life 
in infants of mothers who received the vac-
cine which unfortunately meant it narrowly 
failed to meet its primary endpoint. It did, 
however, meet its secondary endpoint of pre-
venting RSV hospitalization (VE 44.4% [95% 
CI: 19.6 to 61.5%]). Interestingly, the vaccine 
also showed some protection against all cause 
medically significant LRTIs and against hos-
pitalization and severe hypoxaemia due to all 
cause LRTIs (VE 23.2%, 27.7%, and 46.0%, 
respectively), with a suggestion that vaccina-
tion earlier in pregnancy was more effective. 
This study gives great promise that a safe 
and efficacious maternal RSV vaccine can be 
developed, indeed other F protein-based effi-
cacy trials are being planned.

Vaccines designed for infants need to over-
come the difficulties of generating a protec-
tive response at this age and the theoretical 
risks associated with generating an inappro-
priate response. Current candidates include 
gene- based vector vaccines (e.g. adenovirus), 
particle- based, subunit, and live-attenuated 
vaccines. Only three vaccines are currently 
being tested in Phase 2 clinical trials (none are 
in Phase 3). Two vaccines use a viral vector to 
express the RSV F protein (in the pre-fusion 
conformation) and are being tested in sero-
positive infants 12–24 months old. One vac-
cine uses a chimpanzee-derived adenovector 
(ChAd155-RSV) and the other an adenovirus 
serotype 26 vector. The third vaccine is a live- 
attenuated RSV vaccine which is being tested 
in seronegative infants 6–18 months old.

For infants in LMICs, where children up 
to 5 years of age continue to suffer severe RSV 
disease, boosting maternal antibody alone 
may not be a sufficient strategy to protect 
infants for the entire risk period. Paediatric 
vaccines will therefore become a necessary 
part of a complete prevention strategy. Such 
vaccines could be administered at a later time 
point in infancy when the effect of mater-
nal vaccination or neonatally administered 
monoclonal antibody wanes.
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27.1  SARS-CoV-2

Coronaviruses comprise a large family of 
enveloped single-stranded, zoonotic RNA 
viruses. Human coronaviruses (HCoV) infec-
tions range from the common cold to severe 
diseases including bronchitis, pneumonia, 
severe acute respiratory distress syndrome 
(ARDS), multi-organ failure and death. 
Coronaviruses commonly circulate in animals 
(including bats, livestock, and birds). They are 
able to rapidly mutate leading to novel coro-
naviruses, that can spread from animals to 
humans. This occurred in China in 2002 when 
the novel coronavirus severe acute respiratory 
syndrome coronavirus (SARS-CoV) emerged, 
in Saudi Arabia in 2012 when the Middle East 
Respiratory Syndrome coronavirus (MERS- 
CoV) was transmitted from dromedaries to 
humans, and most recently when severe acute 
respiratory syndrome coronavirus 2 (SARS- 
CoV- 2) was announced following a cluster 
of adults with pneumonia in Wuhan, Hubei 
Province, China on 31 December 2019. The 
term COVID-19 is used to describe the clini-
cal disease caused by SARS-CoV-2.

27.2  Epidemiology

Human-to-human transmission from symp-
tomatic and asymptomatic persons is the 
main driver of spread, with a median incuba-
tion period of 5–6 days.

The main basis for diagnosis of SARS-
CoV-2 is real-time polymerase chain reac-
tion (RT- PCR) on upper or lower respiratory 
secretions, usually nasopharyngeal swab. 
Rapid tests–based antigen detection have also 
been developed. Antibody tests can be used to 
detect past infection.

Subsequently, seroprevalence studies have 
shown lower seroprevalence in children than 
adults. Studies have confirmed that younger 
children in particular are less likely to have 
antibody to SARS-CoV-2, with one Swiss 
population-based study showing a seropreva-
lence of 0.8% in children 5–9 years and 9.6% 
in children 10–19 years, compared to a popu-
lation seroprevalence of 10.8%. Initial case 

series suggested that most cases in children 
resulted from household exposure; however, 
these findings must be interpreted with cau-
tion because of pandemic mitigations limit-
ing the exposure of children to close contacts 
outside of their households. Although some 
studies have shown transmission within fam-
ily groups and in schools, there remains lim-
ited evidence to quantify the extent to which 
children contribute to overall transmission.

27.3  Burden of Disease

The majority of children with SARS-CoV-2 
infections are asymptomatic or have mild dis-
ease. Worldwide, severe disease and deaths 
are mostly observed in children with associ-
ated co-morbidities; these included being 
‘medically complex’ (40%), immunosup-
pressed (23%), obese (15%), and diabetic 
(8%) in one North American Study. In US 
and European surveillance studies, age under 
1 year of age and underlying medical condi-
tions were associated with critical care admis-
sion. Interestingly, children with underlying 
cancer diagnoses, or those who are immuno-
suppressed, do not appear to have increased 
susceptibility to infection, however, as they 
are likely to have been actively ‘shielding’ 
from exposure during the pandemic, further 
data on the rate and severity of COVID-19 in 
these groups is needed.

A review of childhood mortality from 
COVID-19 from seven countries across 
three continents from March to May 2020 
reported that deaths in children with COVID-
19 accounted for only 0.3% of all COVID-19 
deaths.

In April 2020, reports of an inflamma-
tory condition with overlapping features of 
Kawasaki disease and Toxic Shock Syndrome 
emerged in Italy and the UK, and subsequently 
countries in Europe, the Americas, and Asia 
have reported cases of this rare syndrome, now 
called Paediatric Inflammatory Multisystem 
Syndrome (PIMS-TS) or Multisystem 
Inflammatory Syndrome in Children (MIS-
C), that is temporally associated with SARS-
CoV-2 infection. Case definitions use criteria 
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including clinical manifestations (fever, inflam-
mation, organ dysfunction), elevated biochem-
ical markers of inflammation, and evidence 
of contact or infection with SARS-CoV-2, 
with exclusion of another microbial cause. In 
the largest reported cohort, the median age 
of disease is around 8 years (range 2 weeks–
20  years); 55% are male, and 1.8% died. 
Although co- morbidities are generally uncom-
mon in this patient cohort, obesity has been 
identified as a risk factor in the USA. SARS-
CoV-2 PCR positivity is uncommon (median 
18%), but seropositivity is more common 
(range 50–95%). Cardiovascular complications 
were frequent (40%) in UK and USA cohorts, 
with 14–18% of cases developing coronary 
artery aneurysms. Long-term outcome data 
for this cohort is urgently required.

27.4  Vaccines

Given the burden of COVID-19, it was clear 
at an early stage that the rapid development, 
distribution, and administration of a vaccine 
to the global population would be the most 
effective approach to suppress the pandemic. 
However, it was also apparent that there were 
huge challenges in vaccine design, manufacture 
at scale, and global distribution to overcome.

Development of candidate COVID-19 
vaccines was made possible by the early avail-
ability of genomic and structural information 
of the virus itself. There was also considerable 
knowledge gained from the prior development 
of SARS/MERS vaccine candidates, although 
none were licensed and no immunological 
correlates of protection were established. The 
adoption of a continuous Phase I/II/III trial 
strategy has also been an important factor, a 
model that can now be applied to reduce the 
protracted development timelines that have 
often delayed the availability of vaccines 
against other important infectious diseases.

The first vaccine to be given to humans was 
the Moderna RNA vaccine (mRNA- 1273), 
which entered its Phase I trial on March 16, 
2020, an astonishing 63  days after sequence 
selection. This candidate represents a new vac-
cine platform technology and, although more 

traditional platforms are being employed, the 
use of new technologies, for which there are no 
previously licensed examples, is a particular 
feature of the COVID-19 vaccine field. As of 
February 1, 2021, there are an estimated 292 
vaccine candidates, of which 70 are in clini-
cal trials (7 https://vac- lshtm. shinyapps. io/
ncov_vaccine_landscape/, accessed 1/2/21). 
A common feature of nearly all vaccine can-
didates, however, is that they use the Spike 
(S) protein of the SARS-CoV-2 virus as an 
immunogen, in recognition of its significance 
in ACE2 receptor binding and subsequent 
disease pathogenesis. The largest single group 
of vaccine types are the protein subunit vac-
cines consisting of S-protein or nanopar-
ticles thereof. Several mRNA vaccines have 
either been licensed or are soon forthcoming, 
whereas no DNA vaccine appear to be near. 
Adenovirus vectored vaccines have also made 
a breakthrough. More conservative approach 
is inactivated whole virus. Such vaccines are 
made in China, with worldwide distribution, 
and also in India and Russia.

. Table  27.1 summarises data on 
COVID-19 vaccines with reported efficacy 
data as of 1/2/21.

       . Table 27.1 Groups of  COVID-19 vaccines 
and the key representatives of  each group with 
reported efficacy data

mRNA vaccines BioNTech/
Pfizer

95%

Moderna 94%

(Curevac) 70%

Ad-vector vaccines Oxford/
AstraZeneca

66%a

Janssen (J&J) 66%

Gamaleya 92%

Protein Vaccines Novavax 89%

Inactivated whole 
virus vaccines

Sinovac 50–
91%b

SinoPharm 79%

a1 dose only
bVarious country trials reported

COVID-19 in Children and COVID-19 Vaccines
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27.4.1  RNA Vaccines

The potential advantages of this technology, 
in which the RNA sequence of the antigen of 
interest is identified and then enclosed within 
a delivery system, is that it results in natural 
antigen expression. In principle, its simplic-
ity means that large-scale production of vac-
cine can be faster and more standardised than 
that of traditional vaccines. It also does not 
require special delivery devices (as with DNA 
vaccines) and there is no risk of its integration 
with host DNA.

Nevertheless, although human Phase I 
and II clinical trials have been conducted with 
RNA vaccines against a range of important 
infections, none had progressed to efficacy tri-
als and none had been licensed  – before the 
COVID-19 vaccines.

Although the Moderna RNA vaccine 
was first into clinical trials, it was in fact 
the BioNTech/Pfizer RNA vaccine that first 
reported efficacy against COVID-19. This vac-
cine (BNT162b2) encodes the SARS-CoV-2 
full- length spike, modified by 2 proline muta-
tions (P2 S) to lock it in the prefusion con-
formation. The chosen dose was 30 ug and a 
two- dose schedule (0/21 days) was assessed in 
a 43,548 participant Phase III trial, predomi-
nantly (77%) recruiting in the USA. Among 
participants who had no evidence of exist-
ing or prior SARS-CoV-2 infection, 8 cases 
of symptomatic COVID-19 were observed 
>7  days after the second vaccine dose as 
compared with 162 cases in the saline pla-
cebo group, an efficacy of 95% (95% CI 90.3 
to 97.6). Only 10 severe cases were reported 
after the first dose of study vaccine of which 9 
were in the placebo group. It was also shown 
that a similar range of efficacies (90–100%) 
existed across a number of important sub-
groups (older age, sex, race and ethnicity, 
BMI, coexisting conditions). Reactogenicity 
was defined in a subgroup and was common 
(e.g. fatigue 62.9%, headache 55.1%, chills 
31.9%, fever 14.2%) although there were 
no significant differences in SAEs between 
groups. Reactogenicity was more pronounced 
after the second dose and was less frequent 
overall in the elderly cohort. Of interest there 

were 4 cases of Bell’s palsy (vs 0 placebo) and 
64 of lymphadenopathy (vs 6) in the vacci-
nated group. The first regulatory approval for 
this vaccine was given by the UK Medicines 
and Healthcare Products Regulatory Agency 
(MHRA) on 2 December 2020 followed by the 
United States Food and Drug Administration 
(US FDA) on 11 December 2020.

The Moderna (mRNA) vaccine was the 
second COVID-19 vaccine to report effi-
cacy. This is a lipid nanoparticle (LNP)-
encapsulated mRNA-based vaccine that 
encodes for a full-length, prefusion spike (S) 
protein and stabilised in its prefusion confor-
mation by two consecutive proline substitu-
tions at amino acid positions 986 and 987, at 
the top of the central helix in the S2 subunit. 
The LNP capsule is composed of four lip-
ids and the vaccine is formulated in a fixed 
ratio of  mRNA and lipid. The Phase III trial 
recruited 30,420 volunteers, all in the USA. At 
the time of this analysis the median follow-
up of participants was 64 days. Symptomatic 
Covid-19 occurring >14 days after the second 
dose was reported in 185 placebo and 11 vac-
cine recipients: an efficacy of  94.1% (95% CI, 
89.3 to 96.8%). Severe Covid-19 was reported 
in 30 participants (including 1 death), all in 
the placebo group. Again, there were no sig-
nificant safety concerns and reactogenicity 
was higher after the second dose and less 
frequent in the elderly cohort. This vaccine 
received regulatory approval from the FDA 
on 18 December 2020.

The third mRNA vaccine expected for 
licensure is made by Curevac. The manufac-
turer has packed mRNA in ‘microfactories’, 
which they claim can be distributed for pro-
duction globally.

27.4.2  Adenovirus-Vectored 
Vaccines

Adenoviruses appear to be potent vectors 
for inducing and boosting cellular immunity 
to encode recombinant antigens because the 
immunogen is being expressed in the context 
of a heterologous viral infection. However, 
vaccines based on some human adenoviruses 
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may have limited potential due to pre-existing 
population immunity. An alternative therefore 
is the use of a non-human adenovirus and this 
is one of the reasons for the use of a replica-
tion-deficient Chimpanzee adenovirus by the 
University of Oxford/AstraZeneca candidate. 
The ChAdOx platform was previously used 
to develop vaccines against a range of other 
pathogens, although none have been licensed.

The ChAdOx COVID-19 vaccine was 
reported to be effective following an interim 
analysis of four RCTs in Brazil, South Africa 
and the UK. These trials include 23,848 par-
ticipants of which 11,636 (7548  in the UK) 
contributed to this interim primary analysis. 
At the time of this analysis, there were 131 
COVID-19 cases reported more than 14 days 
after a second dose, 30  in the vaccine group 
and 101 in the control or placebo groups: an 
efficacy of 70.4% (54.8–80.6%). From 21 days 
after the first dose, there were 10 cases hos-
pitalised for COVID-19, all in the control 
arm; two were classified as severe COVID-
19, including one death. There were no safety 
reports of concern. Preliminary analyses 
suggest better efficacy with longer intervals 
between doses (up to 12 weeks).

The second Ad-vector vaccine is made by 
Janssen (Johnson & Johnson) and is expected 
to be licensed in EU soon. The vaccine uses 
Ad26 as a vector. The manufacturer has pre-
vious experience of the same Ad-vector in the 
production of an Ebola vaccine.

Russian made Ad-vector COVID-19 vac-
cine is produced by Gamaleya Institute in 
Moscow. Also this laboratory had previous 
experience of Ad-vectors for the development 
of Ebola vaccine. The Russian vaccine, called 
Sputnik V, uses Ad26 vector for the first dose 
and Ad5 for the second dose, avoiding poten-
tial inhibiting effect on the uptake of second 
dose. A study in Russia and Belarus reported 
a 92% efficacy.

27.4.3  COVID-19 Vaccines 
in Children

As summarised earlier, less than 5% of 
COVID-19 cases are in children and in gen-

eral they have mild disease. The exception 
to this is the severe inflammatory syndrome 
(PIMS-TS/MIS-C); however, this is extremely 
rare. A further rationale for justifying inclu-
sion of children in a COVID-19 vaccination 
programme then (as with influenza), would 
be their role in population transmission. 
Nevertheless, it remains likely that if  there is 
ongoing circulation of SARS-CoV-2  in chil-
dren, it will ultimately be transmitted to any 
adults who remain susceptible.

For these reasons, a number of vaccine 
manufacturers have proposed or initiated 
studies in children and adolescents with the 
purpose of ultimately extending COVID-19 
vaccination to adolescents and children, pos-
sibly in this order.

At this time vaccines are not recommended 
for children under 16 years of age. In the UK, 
however, national guidance has proposed that 
children with severe neuro-disabilities, given 
their very high risk of exposure, may be con-
sidered for vaccination. In support of this, the 
Pfizer BioNTech COVID-19 vaccine studies 
did include a small number of children aged 
12 years and older. It is likely that other at- 
risk groups will become eligible as further 
data from adult trials become available.

27.4.4  COVID-19: Outstanding 
Questions

The pace at which vaccines have been devel-
oped, tested, and implemented against this 
new pathogen has been truly astonishing. 
Many lessons have been learned along the 
way, but more questions remain. These are 
summarised in this section.

How long will vaccine protection last? The 
length of follow-up in the published trials is 
relatively short (a median of 2–3 months), and 
thus it is not yet possible to define the duration 
of protection afforded by current vaccines. All 
of the trials continue, and this will become 
clear, including whether or not booster doses 
of vaccine will be required.

Are these vaccines really safe? The pub-
lished Phase 3 trials involve many thousands 
of participants (11–43,000) and there have 
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been no significant safety concerns identified. 
However, very rare but important adverse 
events may not be detected even in trials of 
this size and may only become apparent after 
many hundreds of thousands of people have 
been vaccinated. For example, following the 
implementation of the Pfizer and Moderna 
vaccines in the UK and USA, there have been 
multiple reports of anaphylaxis, in excess of 
what might be expected following routine vac-
cines. Enhanced surveillance for safety issues 
is a prerequisite for all vaccine programmes.

What level of immunity is needed for 
protection? It is generally accepted that high 
levels of neutralising antibody against the 
S-protein of SARS-CoV-2 is critical to pro-
tection, although cell-mediated immune 
responses may well be important also. The 
ability to define the precise levels of a protec-
tive immune response (i.e. the serocorrelate 
of protection (CoP)) will provide enormous 
advantages such as the ability to bridge results 
between different vaccines or populations. All 
current studies have the definition of a CoP as 
an objective.

Do vaccines protect against disease or 
infection or both? This question is particu-
larly important when considering the poten-
tial impact of vaccines on transmission (above 
and beyond their ability to directly protect the 
vaccinee against symptomatic disease). It is 
not yet clear from published studies whether 
these vaccines can prevent infection, and fur-
ther insight will be gained through enhanced 
surveillance post implementation. However, 
current trials are investigating whether there 
is protection against asymptomatic infection 
(in addition to symptomatic infection) and 
results are awaited.

Do vaccines work for all people, including 
in those at high risk of COVID-19? By defini-
tion, although all trials have included a range 
of participants based on age, ethnicity and co- 
morbidities, many of those in the populations 
at very high risk of COVID-19 may have been 
excluded from participation. Conclusions 
about the efficacy in such groups are therefore 
limited. It is likely that for such groups spe-
cific studies will need to be done to address 
whether they are able to produce equivalent 
immune responses and whether they are safe. 

A particular example of this is pregnant and 
breastfeeding women. Several of the vaccine 
companies are actively planning specific stud-
ies for this special group.

What are the implications of  new variants? 
At this time there are rapidly spreading vari-
ants of  SARS-CoV-2, especially in the UK, 
South Africa and Brazil. These variants have 
multiple mutations in the S protein and there 
is therefore concern that they may render the 
virus less susceptible to current vaccines. A 
range of  in  vitro studies are in progress to 
address this. Preliminary efficacy data from 
the UK, however, suggests that the Novavax 
vaccine remains effective, at least against the 
UK and South African variants, albeit with 
lower efficacy against the South African 
strain (. Table 27.1). A similar (preliminary) 
conclusion is drawn for the Janssen vaccine 
against the South African strain. Recently, an 
Indian variant, also called delta, has caused 
a surge of  COVID_19 not only in India but 
also the UK and several European countries. 
It is evident that one dose of  the current vac-
cine is not sufficient to limit the spread of 
delta variant but two doses will be required 
for clinical protection and for control of 
transmission. There also is the real prospect 
of  rapidly modifying vaccines to account for 
these strains, a tribute to the technologies and 
landscape that have evolved to deal with the 
COVID-19 pandemic.
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28.1   Standard Vaccine 
Development

Vaccine development is difficult, complex, 
highly risky, and costly, and includes clini-
cal development, process development, and 
assay development. The risk is high because 
most vaccine candidates fail in preclinical or 
early clinical development due to a variety 
of reasons such as not fully understanding 
the biology of protection, lack of good ani-
mal models to predict vaccine behaviour in 
humans, unpredictability of human immune 
system reactions to antigens as it relates to 
immunogenicity or safety, the unpredictabil-
ity of the impact of combining multiple com-
ponents in a vaccine.

Vaccines process development is generally 
a lengthy process and registrative studies are 
mostly done in sequential steps. It involves 
making preparations of the test vaccine that 
satisfy regulatory requirements for clinical 
testing including clinical lots, preclinical toxi-
cology testing, and analytical assessment, and 
finally scale-up methods that lead to a con-
sistent manufacturing process. Usually three 
consecutive lots are tested in the clinic for 
immunogenicity. Assay development involves 
the definition of specific methods to test the 
purity of raw materials, stability, and potency 
of the vaccine product, and immunologic and 
other criteria to predict vaccine efficacy. Go/
no-go decisions must be made at each stage of 
clinical and process development and must be 
data driven. Clinical, process, and assay devel-
opment tasks must be closely integrated.

Vaccines developers first make small batches 
and do small-scale studies to characterize and 
optimize the production process. They perform 
studies to determinate a suitable formulation 
that can keep vaccine components stable to the 
end of its shelf life. Then the developer decides 
whether to continue development and scale up 
production. To assure that the vaccine meets 
its intended quality profile and complies with 
regulatory standards, the company develops a 
suitable and effective quality control strategy. 
Studies on pharmaceutical quality look at the 
individual vaccine components, the final for-
mulation to be used, and at the whole manufac-

turing process in detail. The vaccine developer 
conducts more studies in laboratory models, 
using in vitro studies or animal models (in vivo 
studies), to show how the vaccine triggers an 
immune response and works to prevent infec-
tion. This is followed by a clinical testing pro-
gramme in humans.

Clinical development involves studies to be 
conducted in a large number of people in order 
to test the effects of vaccines on patients for 
safety, immunogenicity, and efficacy through 
a staged process that has to follow strict stan-
dards and the procedures and protocols set by 
the regulators. Human pharmacology studies 
(phase I trials) generally involve between 20 
and 100 healthy volunteers to confirm if the 
vaccine behaves as expected based on labora-
tory tests. The aim is to establish if  the vac-
cine triggers the expected immune response, if  
it is safe to move into larger studies, and which 
doses can be adequate. Therapeutic explor-
atory studies (phase II trials) involve several 
hundred volunteers. The purpose of this phase 
is to study the best doses to use, the most 
common side effects, and how many doses 
are needed. These studies also check whether 
the vaccine triggers a good immune response 
in a broader population. In certain cases, it 
could also provide some preliminary indica-
tion about vaccine efficacy. Clinical efficacy 
and safety studies (phase III trials) include 
thousands of volunteers. Phase III trials pro-
vide more definitive evidence of a vaccine’s 
efficacy. They are usually large, randomized, 
blinded, and controlled studies. At the end of 
the testing programme, the vaccine developer 
submits the results to the medicines regulatory 
authorities in Europe as part of a “marketing 
authorization” application. The regulators can 
only approve the vaccine if  its scientific evalua-
tion of the tests results shows that the vaccine’s 
benefits are greater than its risks.

28.2   Scientific Evaluation 
and Approval

In the European Union (EU), there are two 
types of medicines agencies marketing autho-
rization (MA) for vaccines: the national and 
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the European. The national MA is issued by 
the National Competent Authorities (NCAs) 
of the individual Member States. In this case, 
the vaccine may be put on the market in all 
Member States that have granted an autho-
rization for it. If  a company is seeking a 
national MA in more than one Member State, 
the mutual recognition or decentralized proce-
dure is available to facilitate the granting of 
harmonized national authorizations across 
Member States. For the authorization of 
traditional non-recombinant vaccines in the 
EU, the developer can submit the Marketing 
Authorization Application (MAA) for review 
to one or more national competent authori-
ties for medicines.

On the other side, the community mar-
keting authorization is a single authoriza-
tion that allows the medicinal product to be 
put on the market in all Member States and 
is granted by the European Commission, fol-
lowing a positive opinion from the EMA. The 
EMA is a decentralized agency responsible 
for the scientific evaluation, supervision, and 
safety monitoring of medicines developed by 
pharmaceutical companies for use in Europe. 
The EMA is primarily involved in the central-
ized procedure for obtaining an EU MA. The 
Agency also gives scientific advice to compa-
nies on the development of new vaccines and 
develops guidelines on quality, safety, and 
efficacy testing requirements. Innovative vac-
cines and, in particular, recombinant vaccines 
(recombinant protein-based vaccines and 
recombinant viral-vectored vaccines) must be 
evaluated and approved in the EU via the cen-
tralized procedure. Other novel vaccines can 
also be approved centrally if  justified by the 
applicant (eligibility to the centralized proce-
dure under the ‘optional scope’, as outlined in 
Article 3 of Regulation (EC) No. 726/2004). 
The centralized procedure is mandatory 
for certain types of medicinal products and 
optional for others. Medicinal products made 
of recombinant proteins, advanced therapy 
medicinal products (ATMPs) for human use, 
human medicinal products containing a new 
active substance for the treatment of acquired 
immunodeficiency syndrome, cancer, neuro-
degenerative disorders, diabetes, viral diseases, 
auto-immune diseases/other immune dysfunc-

tions, and designated orphan medicinal prod-
ucts fall within the mandatory scope and must 
be filed centrally at the EMA. Although the 
European pharmaceutical legislation does 
not provide a formal definition, vaccines are 
typically considered medicinal products con-
taining one or more immunogenic antigens 
intended for the prevention of disease from 
infective agents. Medicinal products contain-
ing one or more immunogenic antigens for 
the treatment of disease, for example, chronic 
HIV infection, chronic hepatitis B or C infec-
tion, cancer, or Alzheimer’s disease, are typi-
cally referred to as therapeutic vaccines or 
active immunotherapy. The same scientific 
principles for their product development as 
for prophylactic vaccines against infectious 
diseases apply. Vaccines against infectious dis-
eases that are based on viral (or other) vectors 
or on DNA plasmids are specifically excluded 
from the definition of a gene therapy medici-
nal product (GTMP).

The scientific evaluation of the application 
is carried out by the Committee for Medicinal 
Products for Human Use (CHMP) of the 
EMA and a scientific opinion is prepared 
in co-operation with other EMA commit-
tees, as applicable, together with many expert 
groups and working groups, for example, the 
Vaccine Working Party, that contribute to the 
review of applications. The opinion is sent to 
the European Commission, which drafts a 
decision and, having consulted the Member 
States through the relevant standing commit-
tee, adopts the decision and grants a MA. In 
Europe, the vaccines authorized via a central-
ized procedure have one invented name (trade 
name), one common labelling, translated into 
23 languages and comprises Summary of 
medicinal Product Characteristics (SmPC) 
and the user package leaflet and package 
labelling. Approved conditions of use are laid 
down in the summary of product character-
istics, the SmPC (prescribing information for 
health professionals), the labelling, and the 
package leaflet for users.

Once the evaluation is completed within 
210 days, the CHMP adopts a favourable or 
unfavourable opinion on whether to grant 
the authorization. Once the Community 
MA is granted, the EMA publishes the 
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CHMP assessment report on the vaccine, 
which includes the reasons for its opinion. 
This document is called the European Public 
Assessment Report (EPAR). The EPAR 
includes a summary, in all EU languages, 
written in a manner that is understandable to 
the public. EPARs and their summaries are 
published on the EMA website.

28.3   Safety Follow-Up

The scientific evaluation needs to show that a 
vaccine’s benefits in protecting people against 
diseases are far greater than any potential risk. 
At the time of approval, the main body of evi-
dence for vaccine safety and efficacy comes 
from large controlled, randomized clinical 
trials. Selected volunteers are randomly allo-
cated to receive the vaccine being tested and 
followed up under controlled conditions in 
line with strict protocols. After approval, 
many people will receive the vaccine. Certain 
rare or very rare side effects may only emerge 
when millions of people are vaccinated. EU 
law requires that the safety of vaccines is 
monitored while they are in use in routine 
clinical practice.

The EU has a comprehensive safety moni-
toring and risk management (pharmacovigi-
lance) system, which ensures measures are in 
place for providing advice to minimise risk, 
reporting suspected side effects, conduct-
ing studies after authorization, detecting any 
potential side effects, conducting rigorous sci-
entific assessments of all safety data, introduc-
ing any necessary mitigating actions early on.

Competent authorities carry out safety and 
efficacy studies after authorization and can 
also require a marketing authorization holder 
to carry out such studies as an obligation of 
the authorization. Public health authorities 
responsible for vaccination programmes will 
also conduct other studies. Studies collecting 
effectiveness data give additional informa-
tion, for example, on long-term protection or 
on the need for and timing of booster doses, 
to complement the ‘efficacy’ data obtained in 
clinical trials before the vaccine was autho-
rized.

EMA has a dedicated committee respon-
sible for assessing and monitoring the safety of 
medicines and vaccines, the Pharmacovigilance 
Risk Assessment Committee (PRAC). This 
ensures that EMA and the EU Member States 
can move very quickly once an issue is detected 
and take any necessary action, such as amend-
ing the information available to patients and 
healthcare professionals, restricting use or 
suspending a medicine, in a timely manner in 
order to protect patients.

28.4   Fast-Track Vaccine 
Development and Evaluation 
in a Public Health Emergency

CHMP can recommend the granting of MAs 
based on less complete data than is normally 
required. In such cases, the granting of an 
MA is subject to certain specific obligations 
to be reviewed annually (‘conditional mar-
keting authorization’). For example, in 2010, 
two pandemic influenza vaccines (H1N1), 
Arepanrix® and Humeza®, received condi-
tional marketing approval. In exceptional cir-
cumstances, a MA can be granted subject to 
a requirement for the applicant to introduce 
specific procedures (safety procedures, pro-
gramme of studies, prescription or adminis-
tration conditions, product information), in 
particular, concerning the safety of the prod-
uct (‘marketing authorization under excep-
tional circumstances’). Continuation of the 
authorization is linked to the annual reassess-
ment of these procedures. Imvanex®, a vac-
cine against smallpox, was approved in 2013 
under exceptional circumstances because 
it had not been possible to obtain complete 
information about Imvanex® because of the 
absence of the disease.

The current pandemic demands early 
licensing and deployment of a vaccine against 
 coronavirus disease 2019 (COVID-19) that 
provides ‘worthwhile’ efficacy. As large num-
bers of candidate drugs and vaccines for 
potential use in COVID-19 pandemic are 
being investigated, medicine regulators glob-
ally must now make urgent, informed, contex-
tually risk-based decisions regarding clinical 
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trials and marketing authorizations. They 
must do this with the flexibility demanded 
by the pandemic while maintaining their core 
risk assessment and public safety functions.

Vaccine development for COVID-19 
vaccines is being fast-tracked globally. 
Development is compressed in time, applying 
the extensive knowledge on vaccine produc-
tion gained with existing vaccines. Early sci-
entific advice from regulators helps speed up 
development. EMA offers to vaccine develop-
ers informal consultation with its COVID-19 
Task Force (ETF), a multidisciplinary team 
bringing together key experts from across the 
European medicines regulatory network to 
ensure a fast and coordinated response to the 
pandemic. COVID-19 vaccine developers can 
receive prompt guidance and direction on the 
best methods and study designs to generate 
robust data. Advising companies on regula-
tory requirements helps ensure that standards 
of quality, safety, and efficacy are embedded 
early in the process and are not compromised 
by fast-track development. Vaccine manu-
facturers and academics use established pro-
duction systems already used for safe and 
effective vaccines. In addition, they continu-
ously research novel approaches to produc-
ing and developing vaccines, and some of 
the advances made to date are also applied to 
developing vaccines for COVID-19. Some vac-
cines for COVID-19 are developed using novel 
methods intended to increase the volume and 
speed of production compared to other types 
of vaccines, enhance product stability, and 
bring about strong immune responses.

So far COVID vaccine developers have 
used various approaches to reduce devel-
opment timelines, such as mobilizing more 
human resources simultaneously to analyse 
results from earlier studies more quickly and 
map out next steps in terms of resources, fund-
ing, and regulatory strategy; combining clini-
cal trial phases or conducting some studies in 
parallel where safe to do so. Companies have 
also expanded manufacturing capacity and 
large-scale production to facilitate vaccine 
deployment without delay once approved. In 
the EU, the European Commission has pro-
vided support to facilitate vaccine develop-
ment and deployment as quickly as possible.

Some vaccine developers started manufac-
turing their COVID-19 vaccine before obtain-
ing an EU marketing authorization. This 
allowed them to be ready to distribute doses 
rapidly enough to meet demand once they 
were authorized. Developers must still uphold 
the same good manufacturing practice (GMP) 
standards that apply in the EU to all vaccines. 
All pharmaceutical manufacturers need a 
manufacturing licence from the national com-
petent authority where they operate. National 
competent authorities carry out GMP inspec-
tions to check that manufacturers comply 
with EU standards, the conditions of their 
licence, and the marketing authorization if  
obtained. The European medicines regula-
tory network has sped up the approval of new 
manufacturing lines and manufacturing sites 
for COVID-19 vaccines. The EU’s labelling 
and packaging requirements are also more 
flexible for COVID-19 vaccines to enable 
rapid roll-out.

COVID-19 vaccines can only be approved 
and used if  they comply with all the require-
ments of quality, safety, and efficacy set out 
in the EU pharmaceutical legislation. Most 
COVID-19 vaccines in the EU will be evalu-
ated by EMA via the centralized procedure 
(which is mandatory for any vaccine using 
biotechnology). CHMP and PRAC carry out 
EMA’s evaluations for COVID-19 vaccine 
with the help of COVID-19 ETF expertise. 
According to the EU pharmaceutical legisla-
tion, the standard timeline for the evaluation 
of a vaccine/medicine is a maximum of 210 
active days. However, EMA treats market-
ing authorization applications for COVID-19 
products in an expedited manner. This allows 
the timeline for evaluation to be reduced to 
less than 150 working days. EMA can also 
use its rolling review procedure for promising 
vaccines and medicines for COVID-19. This 
allows EMA to begin assessing data as they 
become available during the development pro-
cess, to expedite the subsequent formal mar-
keting authorization application assessment 
even further. When an evaluation is complete, 
EMA has the option of recommending a 
conditional marketing authorization, a type 
of approval for medicines addressing unmet 
medical needs, and in particular those to be 
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used in emergency situations in response to 
public health threats recognized by the WHO 
or the EU.

In the area of vaccines, it is worthwhile 
mentioning Article 58 of Regulation (EC) 
No. 726/2004, which allows the CHMP 
to give opinions, in co-operation with the 
World Health Organization (WHO), on 
medicinal products for human use that are 
intended exclusively for markets outside of 
the EU. Medicines eligible for this procedure 
are used to prevent or treat diseases of major 
public health interest. This includes vaccines 
used in the WHO Expanded Programme on 
Immunization for protection against a public 
health priority disease. The CHMP carries out 
a scientific assessment of applications submit-
ted under Article 58, and, after consultation 
with the WHO, adopts a scientific opinion.

The requirements for the structure and 
content of the MAA are laid down in the 
EU Common Technical Document (CTD) 
and provide for a harmonized structure and 
format for MAAs in Europe, Japan, and the 
USA.  Data generated from pharmaceutical 
tests, non-clinical and clinical tests and tri-
als with the vaccine concerned, in addition to 
other information required by the EU legisla-
tion, need to be submitted to the EMA and 
all CHMP members for evaluation. The appli-
cation dossier for the vaccine must be pre-
sented in accordance with the EU-CTD. The 
CTD is an internationally agreed format for 
the preparation of a well-structured applica-
tion to be submitted to regulatory authori-
ties in the three International Conference on 
Harmonization (ICH) regions of Europe, the 
USA, and Japan.

28.5   Paediatric Investigation Plans

As for all medicinal products, since 26 January 
2007, vaccine developers are obliged to sub-
mit the results of studies conducted in compli-
ance with an agreed Paediatric Investigation 
Plan (PIP) to have a valid application for a 
new MA. The Paediatric Regulation (EC) No. 
1901/2006 requires the PIP to be submitted 
to the EMA as early as possible (ideally soon 

after the Phase I–II clinical trial conducted in 
adult populations).

The PIP describes planned clinical studies 
in children, including the proposed timing of 
the studies, formulation adaptations to make 
it suitable for children and non-clinical stud-
ies in juvenile animals if  required. This is to 
ensure that the necessary data are generated 
determining the conditions under which the 
vaccine may be authorized to treat the paedi-
atric population; in other words, a PIP should 
provide the data to enable the assessment of 
the quality, safety, and efficacy in children, 
and consequently the benefit–risk profile in 
the paediatric population. The PIP must be 
agreed by the EMA Paediatric Committee 
(PDCO) before applying for MA for any 
age group. The key element of the Paediatric 
Regulation is the early involvement of vaccine 
developers in the research and development 
programme of a medicinal product through 
the requirement to reach an agreement with 
the PDCO on the PIP. Decision on a waiver 
may be issued by the EMA when such paedi-
atric development is not needed or not appro-
priate. Deferrals may also be granted.

The PDCO has developed a number of 
standard PIPs. These are documents that pro-
vide recommendations for the key binding 
elements to be included in the PIP opinion 
with the aim of assisting applicants with the 
agreement of PIPs on specific types or classes 
of medicines. A particularly challenging 
project was the drafting of the standard PIP 
for the tetanus–diphtheria pertussis (DTaP) 
vaccines, owing to the complexity of vac-
cination programmes and differences across 
Member States. The PDCO has defined, in 
collaboration with the European Centre for 
Disease Prevention and Control (ECDC) and 
 European public health vaccinology experts, 
the schedule that should be evaluated during 
clinical trials in children when developing a 
new DTaP-containing combination vaccine. 
The proposed schedule has been defined as 
the one producing data that can cover the 
various vaccination schedules in the indi-
vidual European Member States, through 
extrapolation of results to immunologically 
less- challenging schedules.

 C. Giaquinto and F. Rocchi



311 28

For vaccines and medicines for COVID- 19, 
EMA reviews applications in an expedited 
manner for agreement of a PIP, deferrals or 
waivers and accelerates compliance checks, 
to speed up these products’ development and 
approval. There are no prespecified submis-
sion deadlines and EMA’s review of a PIP 
may take only 20 days, depending on its com-
plexity and the applicant’s preparedness to 
respond to questions, followed by 2  days to 
issue an EMA decision instead of the usual 
10. Developers may provide focused scien-
tific documentation. Compliance checks, if  
required, may take only 4 days.

28.6   Vaccine Development – 
Requirements for the MAA

28.6.1  Quality

The development of vaccines is addressed in 
a variety of guidelines on vaccines. There is 
considerable interest in developing new adju-
vants for both existing and novel vaccines. 
The area is quite complicated and the nature 
and mode of action of novel adjuvants is 
quite wide. EU guidance on the development 
and regulatory approval for an adjuvant is 
available. An important aspect in develop-
ing a novel adjuvant is to show that it does 
enhance the immune response to the antigen 
with associated clinical benefit. The safety of 
novel adjuvants is also an important factor.

The quality section of an MAA requires 
a detailed characterization of the vaccine, a 
detailed description of the manufacturing 
process, a description of all raw materials and 
components used in the manufacturing pro-
cess, and a description and validation of all 
quality control tests applied during the manu-
facturing process and to the vaccine itself. 
This section should also consider the consis-
tency of vaccine production and the stability 
of the vaccine and describe an appropriate 
and validated potency assay for the vaccine.

There is no generic EU guideline addressing 
the quality requirements of vaccines; however, 
the requirements are similar for most biologi-
cal medicinal products. Guidance is available 

for some specific vaccines including smallpox 
vaccine, influenza vaccine, recombinant viral-
vectored vaccines,16 and DNA vaccines.

28.6.2  Non-clinical

The ‘Note for guidance on preclinical phar-
macological and toxicological testing of vac-
cines’ focuses on the preclinical evaluation 
of new vaccine products (those containing 
antigens not yet described in the European 
Pharmacopoeia monographs or in WHO 
requirements, or using a new conjugate for a 
known antigen, or any combination of known 
and/or new antigens). As the vaccine repre-
sents a heterogeneous class of agents, preclini-
cal pharmacological and toxicological testing 
of the vaccine may be adapted for the product 
in question. Single-dose toxicity data from at 
least one animal species should be performed, 
with a dose providing an adequate safety mar-
gin in relation to the human dose; a study on 
repeated dose toxicity in one animal species 
for vaccines that will require multiple doses in 
a clinical setting is normally required. Data on 
reproductive function (fertility) are not usually 
needed, but this depends on the vaccine indi-
cation, and embryo/foetal, perinatal toxicity 
data, and carcinogenicity/mutagenic studies 
are usually not needed either. However, there 
are exceptions for vaccines with new adju-
vants where special considerations are needed. 
Local tolerance should be evaluated, as vac-
cines are in most cases administered intra-
muscularly, subcutaneously, or intradermally. 
Immunogenicity studies look at humoral and 
cell-mediated response in appropriate animal 
models for the disease to indicate dose, sched-
ule, and route of administration in future 
clinical studies. Protection studies basically 
establish the proof of concept of protection 
from disease and are established by challenge 
studies if  feasible (e.g. ferrets challenge stud-
ies for influenza pandemic vaccines).

Secondary pharmacodynamics include 
safety pharmacology for the potential evalua-
tion of undesirable pharmacological activities 
(the circulatory and respiratory system) and 
should be considered depending on the new vac-
cine. For vaccines protecting against infectious 
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diseases, not all aspects of a classical non-clini-
cal development programme need to be covered, 
for example, pharmacokinetics is generally not 
required for vaccines. More specific non-clinical 
guidance is available for vaccines containing 
adjuvants, for smallpox vaccines, and for live 
recombinant viral- vectored vaccines.

28.6.3  Clinical

The EU Guideline on the clinical evalua-
tion of vaccines provides a comprehensive 
explanation of the design of clinical develop-
ment programmes for new vaccines that are 
intended to provide pre- and post-exposure 
prophylaxis. In the development of any new 
vaccine, adequate data on immunogenicity 
should be assembled during the clinical devel-
opment programme. Aspects that should usu-
ally be covered include characterization of the 
immune response, investigation of an appro-
priate dose and primary schedule, assessment 
of the persistence of detectable immunity, and 
consideration of the need for and response to 
booster doses. Additionally, for vectored vac-
cines, the determination and characterization 
of the pre-existing immunity to the vector 
should be addressed. Pharmacokinetic studies 
might be required for MA when new delivery 
systems are used or when the vaccine contains 
novel adjuvants or excipients.

Ideally, protective efficacy should be 
performed before licensing a new vaccine. 
However, it is recognized that there are situ-
ations where such studies are not necessary 
and/or not feasible before licensing for all 
types of vaccines; for example, when there 
are established immunological correlates of 
protection against a specific infection such as 
diphtheria or tetanus or hepatitis B, immuno-
genicity studies may be considered sufficient. 
In addition, when the disease does not occur, 
for example, smallpox or pandemic influenza, 
estimating protective efficacy is not feasible.

Vaccine effectiveness reflects direct (vaccine- 
induced) and indirect (population- related) 

protection during routine use. Whether or 
not protective efficacy is assessed in the pre-
authorization period, attempts should be 
made to estimate vaccine effectiveness in the 
post-authorization period. With the increasing 
complexity of vaccines and the frequent need 
for co-administration of multiple vaccines, 
immune interference has become a very impor-
tant consideration.

Concerning clinical safety as pre-autho-
rization requirements, unless otherwise jus-
tified, the recommended minimum sample 
size would be at least 3000 subjects for a new 
vaccine; the total data for pre-authorization 
studies should usually be sufficient to reliably 
determine the frequency of uncommon local 
and systemic adverse events, that is, frequency 
of 1/100 to 1/1000.

By the time a MA is granted, a risk specifi-
cation should have been finalized that includes 
a description of possible safety issues related 
to the intrinsic character of the vaccine, a risk 
management plan (RPM) should have been 
agreed with the EMA, and a pharmacovigi-
lance system (as defined in the current EU 
legislation) and procedures should have been 
put in place. The RMP defines a set of phar-
macovigilance activities and interventions 
that identify, characterize, prevent, or mini-
mize risks relating to the medicinal product, 
including the assessment of the effectiveness 
of those interventions. New pharmacovigi-
lance legislation came into operation in 2012, 
and new provisions for Periodic Safety Update 
Reports (PSURs), RMPs, safety signals, and 
Post-Authorization Safety Studies (PASS) 
were introduced. In addition, literature moni-
toring and several tools for product safety 
reviews at the EU level are part of this legisla-
tion. A Pharmacovigilance Risk Assessment 
Committee (PRAC) has been established at 
the EMA, and as one of its tasks the PRAC 
assesses the RMP.

Considering that vaccines are almost 
always administered to healthy persons, the 
continued re-assessment of the overall risk–
benefit profile has great implications.
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28.7   Conclusion

Many new vaccines will become available in 
the very near future, which poses important 
challenges to the regulatory process in Europe. 
Large clinical trials have been carried out in 
the past to evaluate the efficacy and safety 
of vaccines, which in some cases delayed the 
global introduction of an important vaccine. 
New technologies for vaccine manufacturing 
have been developed that are not fully known 
in terms of safety and long-term efficacy. 
Therapeutic vaccines are becoming available 
for chronic diseases and it is not clear how 
these should be evaluated, especially in the 
long term. These issues require the develop-
ment of a strong regulatory environment that 
will be able to guarantee the ‘overall quality’ 
of the new vaccines and the need for a fast 
and efficient process.

The current pandemic demands early 
licensing and deployment of a vaccine against 
coronavirus disease 2019 (COVID-19). As 
large numbers of candidate drugs and vaccines 
for potential use in COVID-19 pandemic are 
being investigated, regulators globally must 
now make urgent, informed, contextually 
risk-based decisions regarding clinical trials 
and marketing authorizations. The European 
Commission has authorized the first vaccines 
to prevent COVID-19  in the EU, following 
evaluation by EMA. EMA is liaising closely 
with developers of COVID-19 vaccines, 
mobilizing its own resources and cooperating 
with regulatory partners, to ensure safe and 
effective vaccines reach patients as soon as 
possible.
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