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ABSTRACT ARTICLE HISTORY
Introduction: Prior to implementation of Haemophilus influenzae type b (Hib)-conjugate vaccination Received 1 April 2020
programs in the 1990s, Hib was the commonest cause of bacterial meningitis in children aged <5 years. Accepted 16 September
While the burden of all Hib disease has significantly decreased in the post-vaccination era, Hib still 2020

accounted for >29,000 deaths worldwide in children aged <5 years in 2015.
Areas Fovergd: We reviewed literature Qata on the most w.idely used Hib yaccine.s ar'1d ve'accination Carriage; conjugate vaccines;
strategies which led to the global prevention and control of Hib disease and aim to highlight important epidemiology: hib disease;
factors for continued disease control and elimination in the future. haemophilus influenzae; herd
Expert commentary: More than 90% of countries worldwide have implemented Hib-conjugate vacci- protection; invasive disease
nation in their national immunization programs. Vaccines containing Hib polyribosylribitol phosphate

(PRP) conjugated with tetanus toxoid (Hib-TT) are the most commonly used. Neisseria meningitidis outer

membrane protein complex of PRP (Hib-OMP) is also used. Although the kinetics of the immune

response varies with Hib vaccine and schedule used, high control of Hib disease was observed in all

settings/scenarios. Further improving global Hib vaccination coverage may result in disease elimination.
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Plain language summary

What is the context?

e Haemophilus influenzae is causing a variety of diseases, from otitis media and sinusitis to invasive
disease (e.g. meningitis and pneumonia).

® H. influenzae type b (Hib) was the most common cause of bacterial meningitis in children <5 years of
age, and especially among <2-year-olds. Even with appropriate treatment, up to 40% of children with
bacterial meningitis can suffer permanent disabilities and up to 5% will die.

® The development of vaccines to protect against Hib disease has started in the late 1970s and has
culminated with the licensure of 4 Hib conjugate vaccines, of which 2 are currently widely used.

What is new?

® |n this review, we gathered evidence on the different Hib vaccines and vaccination strategies that have
contributed to the global prevention and control of Hib disease.

® The review indicates:

e the incidence of Hib disease has decreased considerably due to the introduction of Hib vaccines in
national immunization programs worldwide. However, Hib disease is not yet completely eradicated.

® the vaccines currently used offer protection against Hib over long periods of time.

® carriage of the pathogen by healthy individuals seem to be less frequent, but data are still needed to
fully evaluate the impact of vaccination.

e other H. influenzae types are now more frequent.

Why is this important?

e Despite the huge success of Hib vaccination, continuous surveillance is needed to anticipate potential
re-emergences and devise the best strategies for prevention and control of disease.

e Hib vaccination should be considered in the few countries who have not yet implemented it, to
decrease associated morbidity and mortality.
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Article highlights

¢ Invasive Hib disease incidence declined dramatically after implemen-
tation of routine Hib vaccination

¢ Conjugate vaccines (Hib-TT, Hib-OMP) are currently used in national
immunization programs, generally as combination vaccines

o Despite reduced incidence and low carriage rates, cases of invasive
Hib disease continue to occur sporadically and need to be addressed

o While >90% of countries are currently implementing Hib vaccination,
coverage needs to be improved by raising awareness of Hib disease
and reducing vaccine hesitancy

e Prevention strategies for all H. influenzae invasive infections need to
be developed, as other strains continue to cause disease

1. Background

Haemophilus influenzae is a gram-negative coccobacillus causing
a variety of diseases, from otitis media and sinusitis to invasive
diseases, such as meningitis and bacteremic pneumonia. Of the 6
known serotypes (a-f), serotype b (Hib) accounted for 95% of all
H. influenzae invasive disease in the pre-vaccine era [1]. At that
time Hib was the most common cause of bacterial meningitis in
children <5 years of age, with more than 83% of cases occurring
in children aged <2 years [2]. Although it has decreased over the
last three decades, the burden of Hib disease remains significant.
In 2015, among children younger than 5 years, there were an
estimated 340,000 cases of severe Hib infection globally, with the
majority (76%) presenting as pneumonia, and 29,600 deaths
attributed to Hib [3].

Even with appropriate treatment, case-fatality ratios can
reach 5%, and up to 40% of children may suffer permanent
minor and major sequelae [1]. For Hib meningitis, the risk of at
least one major sequelae, including hearing loss, seizures, and
intellectual impairment, was estimated to be 9.5% [4].

Increasing antimicrobial resistance has been reported
worldwide for Hib strains [1], with multi- [5,6] and even exten-
sively-drug resistant [7] isolates emerging, thus limiting avail-
able treatment options. Therefore, to reduce the burden of Hib
disease, it is essential to improve prevention strategies, such
as the use of routine infant immunization. Vaccine develop-
ment was based on the discovery that the capsular polysac-
charide of the pathogen, polyribosylribitol phosphate (PRP), is
the major virulence factor for Hib [1]. Serum anti-PRP antibody
concentrations >0.15 pg/mL are considered indicative of
short-term protection [8]. However, antibody levels were
observed to wane rapidly over a few months following either
natural exposure or vaccination with polysaccharide vaccines.
Therefore, concentrations =1 pug/mL after exposure/immuniza-
tion are correlated with long-term protection against disease
[9], by ensuring that levels =0.15 pg/mL are maintained
throughout periods of risk of invasive Hib disease. Serum anti-
PRP levels =5 pg/mL have been correlated with protection
against Hib nasopharyngeal carriage [10].

Plain PRP polysaccharide vaccines were developed in the
1970s [11,12], but had no demonstrable effect on nasophar-
yngeal carriage of Hib, and thus did not interrupt transmission
of Hib and did not induce herd protection. Polysaccharide
vaccines activate B cells via a T-helper cell-independent path-
way — which is poorly developed in children <18 months of

age - and are characterized by a short-lived antibody
response, poor immunogenicity and a lack of induced immu-
nological memory [13]. In the late 1980s, Hib protein-
conjugate vaccines were developed, improving the immuno-
genicity of the PRP polysaccharide. Polysaccharide-protein
conjugate vaccines induce a T-cell-dependent response,
which develops much earlier in life and can therefore be
initiated in infants <12 months of age) from the age of
6 weeks [1,13]. Conjugate vaccines provide key benefits
based on T-cell-dependent immunogenicity, including induc-
tion of immunological memory, reduction of nasopharyngeal
carriage leading to a herd effect, and boostability of immune
response to subsequent immunization. Four Hib conjugate
vaccines were licensed, using different protein carriers for
PRP: diphtheria toxoid (Hib-DT), Neisseria meningitidis outer
membrane protein complex (Hib-OMP), tetanus toxoid (Hib-
TT) and the nontoxic mutant of Corynebacterium diphtheriae
toxin (Hib-CRM, o). Currently, Hib vaccines are given either as
a 2-dose or a 3-dose series in infancy with or without
a booster dose between 1-2 years of age, typically as a com-
ponent of combination vaccines containing tetanus toxoid,
diphtheria toxoid and pertussis (acellular [DTaP] or whole-cell
[DTwP]) antigens, and may also contain, in addition, hepatitis
B and inactivated poliovirus (IPV) components [14].

Following implementation of Hib vaccines in routine infant
immunization programs starting in the late 1980s, the incidence
of Hib disease has drastically decreased, and a further decline
was observed after the 2000s, when use of Hib vaccination was
also extended in most low-income countries [1,13]. By the begin-
ning of 2019, 191 countries had introduced Hib vaccination in
their national immunization programs (NIPs) and global vaccina-
tion coverage with three Hib vaccine doses was estimated at 72%
in 2018. However, vaccine coverage varies greatly by region and
country (as low as 23% for the Western Pacific Region and up to
87% in the Americas and South East Asia in 2018) [15], and the
burden of Hib disease remains considerable in countries with low
vaccine uptake. In addition, even in countries with high vaccina-
tion coverages, outbreaks continue to occur sporadically [16-18].
Therefore, there is still a need for continuous surveillance and
reevaluation of vaccination strategies to ensure progress toward
disease eradication.

This review aims to address the different Hib vaccines and
vaccination strategies that led to the global prevention and
control of Hib disease and to highlight important factors for
continued disease containment in the future. A plain-language
summary contextualizing the findings and potential clinical
research relevance and impact is presented in Figure 1.

2. Hib in the pre-vaccination era

In the pre-vaccination era, yearly rates of Hib infections
reached 40-50 cases/100,000 among children <5 years of
age, even in middle- and high-income countries [12]. The
most common clinical manifestations of Hib disease were
meningitis (52% of cases), pneumonia (12%), epiglottitis
(10%), and septicemia (8%) [12], with case-fatality ratios vary-
ing between 3% (for epiglottitis) and 28% (meningitis) [12].
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Plain language summary

*  Haemophilus influenzae is causing a variety of diseases, from otitis media and sinusitis to invasive
disease (e.g. meningitis and pneumonia).

*  H.influenzae type b (Hib) was the most common cause of bacterial meningitis in children <5 years of
age, and especially among <2-year-olds. Even with appropriate treatment, up to 40% of children with
bacterial meningitis can suffer permanent disabilities and up to 5% will die.

*  The development of vaccines to protect against Hib disease started in the late 1970s and culminated
with the licensure of Hib conjugate vaccines, which are currently widely used.

P Wheternews

* In this review, we gathered evidence on the different Hib vaccines and vaccination strategies that
have contributed to the global prevention and control of Hib disease.
*  The review indicates:
= theincidence of Hib disease has decreased considerably due to the introduction of Hib vaccines
in national immunization programs worldwide. However, Hib disease is not yet completely
eradicated.
= the vaccines currently used offer protection against Hib over long periods of time.
= data are still needed to fully evaluate the impact of Hib carriage on Hib disease control.
\ = other H. influenzae types are now more frequent.

\

J

Why is this important? ~N
*  Despite the huge success of Hib vaccination, continuous surveillance is needed to anticipate potential
re-emergences and devise the best strategies for prevention and control of disease.
*  Hib vaccination should be considered in the few countries who have not yet implemented it, to
decrease associated morbidity and mortality.

G J

Figure 1. Plain language summary.
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Figure 2. Reported invasive Hib cases in EU/EEA (overall and in countries with consistent reporting available), from 1996 to 2017 [28].

Hib, H. influenzae type b; EU/EEA, European Union/European Economic Area; UK, United Kingdom.

Hib meningitis alone reached estimated incidences of 57.9,

67.1 and 31.9/100,000 in children 1-5 months, 6-11 months
and 12-23 months of age, respectively, and accounted for
42.4% of all bacterial meningitis cases with known etiology
occurring in children <5 years of age. Estimated case-fatality
ratios varied by region from as low as 4.1% in the World
Health Organization (WHO) European region to 27.6% in the
African region [2].

In view of the high burden of disease, most high-income
countries had already introduced Hib vaccination before the
WHO issued its global recommendation for Hib vaccination in
2006 [19]. With support from the WHO and the Gavi Alliance,
several low-income countries had also implemented Hib vac-
cination, of which the Gambia was the first to introduce a Hib
vaccine in its NIP in 1997 [20]. Currently, all Gavi-eligible
countries have introduced Hib vaccines [21].
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3. Hib in the post-vaccination era
3.1. Reduced global incidence

A rapid impact on the burden of invasive Hib disease was
observed in the early 1990s, following the implementation of
routine infant immunization in several countries [12], and more
than a decade later, disease incidence remains low in countries
with high vaccination coverage [1,22]. A significant impact has
also been observed on hospitalization rates. For instance, in New
Zealand, a decline of 84% in hospitalizations due to Hib disease
in <15-year-olds was observed within 2 years of vaccine intro-
duction in 1993 (from 13.53 to 2.19/100,000), and hospitaliza-
tions and notification rates continue to decrease over time [23].
In Italy, Hib vaccination was introduced in 1999 and vaccination
coverage increased consistently from 83.4% in 2002 to 95% in
2011 [24]. A recent study estimated the impact of Hib vaccination
15 years after its introduction, from 2001 to 2013. Although
yearly fluctuations were noted, hospitalization rates due to inva-
sive H. influenzae disease decreased in children 1-4 years (from
2.3 to 0.2/100,000 population) as well as in infants (from 5.4 to
1.6/100,000) [24].

In the United States (US), the overall annual incidence of
Hib disease was 0.03 cases/100,000 population between 2009
and 2015, but estimates varied with age group and reached
0.3/100,000 in infants [25]. An increase in non-b H. influenzae-
caused infections was observed (3% and 13% annually, for
non-typeable H. influenzae [NTHil and H. influenzae type
a [Hial, respectively), while the number of yearly Hib cases
remained relatively constant over this period. Moreover, asso-
ciated case-fatality ratios were considerably lower for Hib
(3.9%) than for non-b serotypes (10.8%) or NTHi (16.1%) [25].
In 2017, Hib incidence was 0.02 cases/100,000 in individuals of
all ages, lower than the targeted objective for 2020 (0.27/
100,000), while the incidence rate among <5-year-olds was
0.19/100,000 [26].

In the European Union (EU) and the European Economic
Area (EEA), a constant decline in Hib cases was observed from
1999 to 2017 (Figure 2). As in the US, this was paralleled by an
increase in NTHi invasive infections (from 0.27/100,000 in 1999
to 0.56/100,000 in 2015) and, to a lesser extent, in non-b
serotype disease notification rates, especially among infants
and adults =65 years of age [16,27]. In 2017, a notification rate
of 0.8/100,000 was reported, but only 8% of all H. influenzae
infections and 3 out of 169 fatal cases were attributable to Hib,
all three occurring in infants [16]. The decrease in Hib inci-
dence corresponded to an increase in Hib vaccination cover-
age [27], with all EU/EEA member states having implemented
Hib vaccination in their NIPs by 2010.

In Australia, surveillance of Hib has been in place since
1994, 1 year after vaccine introduction in the NIP. A sharp
decrease in Hib cases (from >50 to <10 yearly cases) was
observed by 1996 and then incidence remained low, with an
average annual notification rate of 0.09/100,000 population
reported between 2008 and 2011 [29].

In The Gambia, invasive Hib disease virtually disappeared
by 2002, at 5 years post-introduction of Hib conjugate vaccine
[30]. More recently, a resurgence was observed but annual
incidences of Hib meningitis and all invasive Hib disease

remained below 5/100,000 in children aged <5 [31,32] and
low oropharyngeal carriage rates (0.9%) during 2007-2010
[31]. A peak in Hib meningitis incidence was observed during
2012-2013, followed by a decrease in the subsequent 4 years
[33]. Other African countries also reported substantial
decreases in Hib disease incidence. In Kenya, a decline from
62.6/100,000 in the pre-vaccine era (2000-2001) to 4.5/100,000
in 2004-2014 was reported in children <5 years of age, along
with very low nasopharyngeal carriage rates (0.2%) in the
post-vaccine era [34]. A rapid and substantial drop in Hib
meningitis cases was also reported in Malawi within 2 years
from Hib vaccine introduction in 2002, and a consistent
decrease was observed up to 2012 [35].

Among Asian countries, Japan provides a more recent
example of the swift impact of Hib vaccination. Hib vaccines
were introduced as a voluntary vaccination in 2008 and then
as part of the NIP in 2013. A decrease of 93% in the number of
H. influenzae cases among children <5 years of age was
observed during 2013-2017 as compared with 2008-2012
and no Hib cases have been identified since 2014 [36]. Even
in the absence of publicly funded mass vaccination, Singapore
reported the near-disappearance of Hib invasive disease in
2010, with a 95% reduction in invasive Hib disease incidence
between 1994-2003 and 2004-2010, when national vaccine
coverage rose from 22% to >90% [37].

Nevertheless, in regions where Hib vaccination is not imple-
mented or vaccine coverage remains low, the burden of dis-
ease is still high, especially in children <5 years of age.
Although Hib-associated mortality is believed to have been
reduced by 90% from 2000 to 2015, a global incidence rate of
148 cases/100,000 children was estimated in 2015 for invasive
Hib disease. The regions with the highest Hib burden were the
Western Pacific (317 cases/100,000 children), South East Asia
(238/100,000 children) and Africa (75/100,000 children) [3].
Most Hib deaths were clustered in four countries: India,
Nigeria, China, and South Sudan [3], all of which had low
3-dose Hib vaccination coverages (<55% [38]) due to recent
or no vaccine introduction in their NIP in 2015.

3.2. Dynamics of H. influenzae epidemiology

Slight increases in the incidence of invasive H. influenzae disease
have become apparent since 2012, especially in the EU/EEA and
the US, attributed mainly to NTHi and non-b serotypes and this
has been more pronounced in individuals >65 years of age
[16,27,39]. For instance, in the EU/EEA, non-capsulated strains
caused more than 76% of cases of invasive H. influenzae disease
in 2017, among all age groups, compared with 8% for Hib [16]. In
the same year, in the US, rates were estimated at 1.51 cases/
100,000 population for NTHi disease, reaching 14.81/100,000 in
>85-year-olds, while the incidence of Hib was 0.02/100,000
population for Hib [26]. In addition, increases have been
observed in Hia infections in Indigenous communities in the
northern regions of Canada and Alaska over the last decades
[40] and in invasive disease incidence resulting from H. influenzae
serotypes e and f in Europe in the past decade [41]. However, it is
unclear if these trends are not in fact related to natural, temporal



variations of the pathogen epidemiology. The role of mass Hib
vaccination resulting in strain replacement for H. influenzae dis-
ease has not been established, as some studies pointed toward
a changing epidemiology in the vaccinated population [42,43],
while others did not find any evidence for serotype replacement
[44,45]. Even if occurring, the risks associated with strain replace-
ment fall far below those associated with withholding routine
Hib vaccination. However, this further underlines the importance
of ongoing surveillance for H. influenzae disease, in order to fully
understand trends in epidemiology and formulate prompt pre-
vention strategies. In this respect, the development of new
vaccines against non-b H. influenzae strains should be a priority,
especially since associated case-fatality ratios can be higher than
for Hib disease [45].

3.3. Current trends in Hib epidemiology and clinical
presentation

While Hib infections are largely controlled and prevented by
mass vaccination [1], new cases continue to emerge, showing
that the disease is not eradicated.

In Argentina, where Hib vaccination was introduced in the
NIP in 1998, a possible Hib reemergence was signaled in 2014,
when coverage had reached 94% [38] Of note, in the post-
vaccine era, an overall reduction in the rates of hospitalized
Hib meningitis cases of 89.8% was observed, as compared
with the pre-vaccination era [46].

In France, where vaccination coverages ranged between
95% and 97% over the last decade [38], an almost 2-fold
increase in Hib cases (from <10 per year) was observed in
2018 compared with previous years. Most of them occurred
in children <5 years of age. In addition, 10 vaccine failures
have been reported [18].

Eighteen Hib vaccine failures, of which 17 were in healthy
children at the time of vaccination, were also reported in
Portugal between 2010 and 2018. Vaccine failure was defined
as invasive Hib disease occurred =2 weeks after one Hib vaccine
dose, given after the first birthday, or =1 week after =2 doses,
given at <1 year of age. Half of the vaccine failures were reported
in 2017 and 2018, and all occurred in children >4 years of age,
with one resulting in death [17]. Over the entire period, 94
invasive H. influenzae isolates were reported, of which 29 were
Hib. The most common clinical manifestations of the disease
were pneumonia, meningitis, epiglottitis, and bacteremia [17].

The potential reemergence of Hib cases in countries with
high vaccination coverage is concerning and must be
accounted for when formulating future strategies for preven-
tion, control and elimination of Hib.

The clinical presentation of invasive Hib disease has also
changed in the post-vaccination era. Following a dramatic
decrease in Hib-related meningitis [3] and epiglottitis [47]
cases in countries with high vaccination coverage, other pre-
sentations of Hib disease have become more common. In
Europe, over the last 5 years, bacteremia and pneumonia
were the most frequently reported clinical presentations of
H. influenzae disease in all ages, including adults; however,
meningitis remained the most prominent presentation for
Hib cases [16,48]. These changes may also be misleading, as
manifestations such as epiglottitis or septic arthritis are less
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common in the post-vaccination era and therefore, tend to be
overlooked. For instance, a recent epiglottitis case in a 2-year-
old child was initially misdiagnosed twice before the final
diagnosis was reached based on laryngoscopy; Hib was sub-
sequently identified as the causative pathogen [49].

4. Today’s Hib vaccines

The 4 licensed monovalent Hib vaccines contain PRP, conju-
gated to different carrier proteins (Supplemental Table 1).
They also differ in terms of size, activation and functionality of
the PRP saccharide and in the method of conjugation and
production. All 4 vaccines were shown to be efficacious
against invasive Hib disease in clinical trials, with vaccine
efficacy varying between 87 and 100% for Hib-DT, 90 and
100% for Hib-CRM, 93 and 95% for Hib-OMP, and 93 and
100% for Hib-TT after at least 2 doses [50,51].

Combination Hib-vaccines were rapidly developed after
monovalent vaccines, with most of them containing DTaP or
DTwP components. Administration of DTPa/Hib and/or IPV-
containing combinations does not impact the immunogenicity
and antibody functionality induced by each vaccine compo-
nent, and protective levels of antibodies against diphtheria,
tetanus and Hib are induced after vaccination; moreover, high
vaccine effectiveness was shown in several countries using
DTaP/Hib combination vaccines [52,53].

The first Hib-containing combination vaccines were licensed in
the early 1990s as DTwP combinations and in the mid-1990s as
DTaP vaccines. IPV was added to these combinations in 1998, and
hexavalent vaccines, also containing hepatitis B antigens
appeared in the 2000s. Currently, several Hib-containing combina-
tion vaccines (Supplemental Table 1) are used in different coun-
tries worldwide. The hexavalent vaccines Infanrix hexa (DTaP-HB-
IPV/Hib; a 3-component pertussis vaccine; GSK), Hexacima/
Hexyon/Hexaxim (DTaP2-HB-IPV-Hib, a 2-component pertussis vac-
cine; Sanofi Pasteur) and Vaxelis (DTPa5-HB-IPV-Hib,
a 5-component pertussis vaccine; MCM Vaccine Co.) and the
pentavalent vaccines Infanrix-IPV/Hib (DTaP-IPV/Hib; GSK) and
Pentacel (DTaP/IPV-Hib; Sanofi Pasteur) are approved for use in
the EU and/or the US, for primary and booster vaccination. Two
meningococcal (against serogroups C and/or Y) Hib combination
vaccines, Menitorix (MenC-Hib, GSK) and MenHibrix (MenCY-Hib,
GSK) are also available. All these vaccines contain Hib-TT, except
DTPa5-HB-IPV-Hib, which contains Hib-OMP.

In addition, several other Hib-containing vaccines are cur-
rently pre-qualified by the WHO [54]; the Hib protein carrier is
TT for all of them (Supplemental Table 2).

4.1. Immune response following Hib-TT and Hib-OMP
vaccination

The Hib-conjugate vaccines show different evolution of immune
response over time following vaccination, depending on the
nature of the carrier protein. Hib-OMP vaccines have been
shown to elicit a higher immune response after the first
or second dose of the primary series when compared with Hib-
TT vaccines [55,56], likely due to the immune-stimulating effect
of the meningococcal PorB protein in the OMP, which activate
B cells via Toll-like receptor 2 [57]. This observation was the basis
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for the use of Hib-OMP in certain Indigenous populations (as
described in Section 6), where the mounting of an immune
response at an early age was key, due to the very high Hib
disease incidence rates. However, after completion of a 3-dose
series, immune responses were similar for the two vaccines [56];
moreover, some studies evidenced higher immune responses to
Hib-TT than Hib-OMP vaccination. In a study comparing Hib-
conjugate vaccine administration in infants, mean antibody
levels were 3.64 pg/mL for Hib-TT and 1.14 pg/mL for Hib-OMP
and 83% and 55% of infants, respectively, had protective anti-
body levels of 1 pg/mL, 1 month after completing the 3-dose
series at 2, 4 and 6 months of age [58].

Immune responses following the administration of a booster
dose are demonstrated to be lower after a monovalent Hib-OMP
vaccination compared with Hib-TT [13]. In a study comparing Hib-
TT with Hib-OMP in which the vaccines were administered at 3, 5
and 12 months of age, significantly higher mean antibodies were
observed after the third dose among Hib-TT than Hib-OMP vacci-
nees (10.21 pg/mL versus 1.90 pg/mL), although 99% of infants
had anti-PRP antibody concentrations >=0.15 pug/mL, regardless of
the vaccine received [59]. Similarly, in a head-to-head comparison
between the Hib-OMP-containing DTPa5-HB-IPV-Hib and the Hib-
TT-containing DTaP-HB-IPV/Hib, higher geometric mean titers
(GMTs) were observed in children vaccinated with DTaP-HB-IPV
/Hib (21.39 pg/ml) than DTPa5-HB-IPV-Hib (6.79 pg/ml) at 1 month
after administration of a 3 + 1 schedule at 2, 3, 4 and 12 months of
age. Nevertheless, at the same time point, the percentages of
toddlers with anti-PRP antibody levels indicative of short- and
long-term protection were similar between the two groups, and
pre-booster values indicated higher persistence of immune
response among DTPa5-HB-IPV-Hib vaccinees [60]. Similar obser-
vations were made for the dynamics of anti-PRP antibody levels
following administration of the same combination vaccines
according to a 2 + 1 schedule, at 2, 4, and 11-12 months of age.
Higher GMTs and percentages of children with anti-PRP antibody
concentrations >0.15 pg/mL and =1 pug/mL were observed after
primary vaccination and pre-booster dose for DTPa5-HB-IPV-Hib
compared to DTaP-HB-IPV/Hib vaccinees; however, at one-month
post-booster dose, GMTs were higher among children receiving
DTaP-HB-IPV/Hib and the percentage of toddlers with levels indi-
cative of short- and long-term protection were similar between
groups [61]. Figure 3 illustrates the dynamics of anti-PRP antibody
levels following administration of DTaP5-HB-IPV-Hib and DTaP-HB
-IPV/Hib according to a 2 + 1 schedule [61].

Monovalent Hib-TT vaccination yielded higher persisting anti-
body levels than Hib-OMP vaccination at 18 months after the
completion of a 2 + 1 series, administered at 3, 5, and 12 months
of age [59,62]. Persistence of circulating antibodies was also
observed for Hib-TT-containing combination vaccines. For
instance, among children vaccinated with DTaP2-HB-IPV-Hib
(according to a 6-10-14 week schedule plus a booster dose at
15-18 months or a 2-4-6 months primary series and booster dose
at 12-24 months), 298% and >=78% of children maintained anti-
PRP antibody concentrations =0.15 pg/mL and =1.0 pg/mL,
respectively, at 4.5 years of age, regardless of the vaccination
schedule received during the first 2 years of life [63]. Protective
antibody levels were also shown to persist until at least 9 years of
age in children vaccinated with a 3 + 1 dose schedule of DTPa-HB
-IPV/Hib, with =98% of children maintaining anti-PRP antibody
concentrations 20.15 pg/mL [64].

Evidence suggests that antibody quality may also differ with
Hib conjugates. In a study comparing antibodies elicited by Hib-
CRM, Hib-TT and Hib-OMP vaccination in infants receiving 3 vac-
cine doses at 2, 4 and 6 months of age, a significantly higher mean
avidity was observed for Hib-CRM, followed by Hib-TT and Hib-
OMP; antibodies with higher avidity were also ~6.6-fold more
potent than low-avidity antibodies in complement-mediated bac-
tericidal activity assays [65]. However, in another study comparing
vaccination at 2, 3 and 4 months of age, both Hib-TT and Hib-OMP
were found to elicit IgG PRP antibodies with heterogeneous avid-
ity (albeit with high median values), and no correlation between
avidity and anti-PRP antibody concentration was established [66].

Despite the mounting of a more rapid and more pronounced
immune response for Hib-OMP than for Hib-TT (especially after the
first dose), higher antibody levels and better antibody persistence
are achieved post-boosting when using Hib-TT. The efficacy of the
2 vaccines is assumed to be similar, although no head-to-head
trials have been conducted. Moreover, for both vaccines,
a substantial impact on Hib disease incidence and carriage and
induction of herd effect has been observed in the populations in
which they have been used (see Section 4.3 for Hib-TT and Section
6 for Hib-OMP). In the general population, Hib-TT is currently the
most widely used conjugate against Hib [54] and has also had
a significant role in reducing disease burden. For instance, in
Europe, the successful control of Hib disease was and continues
to be driven by vaccines containing the Hib-TT conjugate [27]. It is
also important to note that no direct efficacy comparison across
Hib-TT vaccines from different manufacturers have been so far
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Figure 3. Comparison of dynamics of anti-PRP antibody levels following administration of DTaP5-HB-IPV-Hib and DTaP-HB-IPV/Hib according to a 2 + 1 schedule, at
2, 4 and 11-12 months of age [61].

PRP, polyribosylribitol phosphate; DTaP5-HB-IPV-Hib, diphtheria, tetanus, pertussis (acellular, 5-component), hepatitis B (rDNA), poliomyelitis (inactivated) and H. influenzae type b outer
membrane protein complex-conjugate vaccine (Vaxelis, MCM Vaccine Co.); DTaP-HB-IPV/Hib, diphtheria, tetanus, pertussis (acellular, 3-component), hepatitis B (rDNA), poliomyelitis
(inactivated) and H. influenzae type b tetanus toxoid-conjugate vaccine (Infanrix hexa, GSK).Note: Horizontal lines in panel C represent antibody levels indicative of short-term (0.15 pg/mL)
and long-term (1 pg/mL) protection against Hib disease and protection against Hib nasopharyngeal carriage (5 pg/ml).



performed. Although no significant differences are anticipated,
the monitoring of immunogenicity data for each vaccine in clinical
trials, as well as real-life settings remains paramount.

4.2. Vaccination schedules

In addition to the number of doses, schedules currently
adopted for vaccinations against Hib differ in the age at first
vaccination or the intervals between doses. Most countries in
the African region implement the Expanded Program on
Immunization schedule designed by the WHO (with vaccina-
tions at 6, 10, and 14 weeks of age) or an 8, 12, and 16 weeks
of age schedule. A 2, 4, 6-month schedule with a booster in
the second year or life (in the US or Canada) or administration
of four doses at 2, 3, 4 and 12-14 months of age (3 + 1, in
several European countries) is also used, along with the
Scandinavian schedule (at 3, 5 and 12 months of age) or a 2,
4 and 11-month schedule (2 + 1, for instance in Austria,
France, and Spain) [14]. However, there is a lack of clear
evidence to favor any of the schedules.

A meta-analysis comprising 20 randomized clinical trials con-
ducted in 15 countries compared different Hib vaccination sche-
dules (3 + 0,3 + 1 and 2 + 1) and different intervals between
primary doses and primary and booster doses. The study found
no difference between the schedules in the degree of protection

EXPERT REVIEW OF VACCINES (&) 909

against Hib disease, in terms of clinical efficacy and immunolo-
gical response [67]. In another meta-analysis, similar vaccine
efficacies were estimated after 3 (82%) and 2 primary doses
(79%) of Hib vaccines in infancy [68]. The use of a 2 + 1 schedule
which is already implemented and has been shown to be effec-
tive in several EU countries [69], may therefore also be consid-
ered in countries with low- and middle-income, where the cost of
an additional vaccination may be prohibitive.

However, in real-world settings (post-vaccine implementa-
tion), a booster dose was found to improve the impact of Hib
vaccination. For instance, in the United Kingdom (UK), the
accelerated schedule at 2, 3 and 4 months of life was initially
used in the NIP, starting in 1992. Long-term persistence stu-
dies indicated that 32% of vaccinated children had anti-PRP
antibody concentrations <0.15 pg/mL at 72 months of age
[70]. The concerns raised by this waning in immunity over
a relatively short period of time prompted the implementation
of a booster Hib vaccination campaign targeting children aged
6 months to 4 years between May and September 2003 [71].
A booster dose at 12 months of age was introduced in the UK
NIP in 2006, using MenC-Hib (both components conjugated to
TT) (Figure 4A). In children receiving the 3 + 1 schedule,
median anti-PRP antibody concentrations were highest in chil-
dren 1 year old. A decline in antibody levels was observed
with increasing age, but anti-PRP antibody concentrations
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Figure 4. Real-world experience with Hib vaccination. (A) Number of Hib cases in the United Kingdom between 1990 and 2010 [73]: Hib vaccination (according to
a 2, 4, 6 month schedule) is implemented from 1992, but a resurgence in cases is observed between 1999 and 2003, prompting the need for booster and catch-up
vaccination campaigns, in the context of a high vaccination coverage (=90%) achieved since 1994 [38]; (B) Invasive Hib cases in Australian children aged <10 years,
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remained =1 pg/mL among children up to 8 years of age in
2013-20174. In total, 89% and 56% of the children had con-
centrations =0.15 and =1 pg/mL, respectively [72]. While anti-
body levels still dropped rapidly after the 12-month booster
dose, protection was maintained [72].

In France, the recent observed reemergence in Hib cases
may potentially be associated with changes in the vaccines
and schedule used, although clear evidence is still lacking.
A retrospective survey showed that following the switch
from a 3 + 1 to a 2 + 1 vaccination schedule in 2013, mean
anti-PRP immunoglobulin G (IgG) concentrations peaked at
a younger age (6-11 months versus 2 years old) and were
lower when compared to those observed in the 3 + 1 schedule
era; moreover, antibody levels declined to <1 pg/ml at con-
siderably younger ages (4-5 years versus 20 years) [18].
Nevertheless, new cases have also been reported in Portugal,
in the last decade, where a 3 + 1 schedule (at 2, 4, 6 and
18 months of age) was used [74] and in the context of a high
vaccination coverage for 3 Hib doses (=97%) [38].

Results from a modeling study also indicated that, overall,
the administration of a booster dose within 1 year after the
primary series would lead to a further decrease in the inci-
dence of Hib disease compared to the scenario of only
a primary vaccination series, at high vaccine coverages (90%
or 100%). While deferring the booster dose to 2 years post-
primary vaccination is not expected to impact direct protec-
tion, the model predicts that carriage of Hib would be
reduced [75].

Therefore, one single Hib vaccination schedule cannot be
used with optimal results globally. However, a variety of sche-
dules can be used and there is ample available evidence on
their impact on the burden of disease. This, combined with
continuous monitoring of Hib disease over time, will allow
national authorities to easily update their NIP with the vacci-
nation schedule most suitable to the epidemiological context.

4.3. Real-world experience with current Hib conjugated
vaccines

In the UK, in addition to infant immunizations, catch-up cam-
paigns for children up to 2 years of age were launched in
parallel in the first year of Hib vaccine introduction. A rapid
decline in Hib disease incidence was achieved not only in the
targeted population, but also in other age groups [71], in the
context of a consistently high vaccination coverage (>91%)
[38]. However, a vaccine failure rate of 2.2 cases/100,000 vac-
cinees was estimated during 1992-1999 [70] and from 1999,
an increase in the number of Hib cases was observed on
a yearly basis. In 2002, 120 cases were reported in children
<5 years of age [76]. This rise in Hib disease incidence was
multifactorial and explained by a greater-than-expected
decline in the direct protection offered by vaccination in
infancy and the catch-up campaign, a greater efficacy in chil-
dren vaccinated in catch-up campaigns than in infancy,
a lower vaccine effectiveness for children receiving a DTaP
rather than a DTwP-Hib vaccine in 2000-2001, and concomi-
tant administration of the CRM-conjugated MenC vaccine [76].
The latter was attributed to bystander interference induced by
the CRM carrier protein in the DTaP component and in the

CRM-conjugated MenC vaccine, altering the immune response
to the Hib component conjugated to TT [77,78]. In 2004, the
combination vaccine was changed to one containing
a different aP component and this, together with the imple-
mentation of the booster dose in the NIP, led to a clear
reduction in Hib cases in the following years [71], with annual
Hib disease incidence being maintained under 0.1/100,000
during 2012-2016 [72].

The UK experience (Figure 4A) underlined the need for
a booster dose as part of Hib vaccination strategies. In con-
trast, in low-income countries like The Gambia [33] or Kenya,
where high vaccination coverage (~90%) was achieved,
a booster dose does not seem to be needed. In Kenya,
a vaccine effectiveness of 93% against invasive Hib disease
was reported for the 3-dose series over a period of 15 years
from Hib conjugate vaccine implementation [34].

Today, control of Hib disease has been achieved in coun-
tries implementing mass vaccination. Combination vaccines,
including hexavalent ones, have also shown high vaccine
effectiveness against Hib. This is illustrated by the case of
DTaP-HB-IPV/Hib, which is currently used extensively in
Europe, with continued documented effectiveness against
Hib [27].

Adverse events following immunization are uncommon,
and Hib vaccines are considered one of the safest available
vaccines [1]. Beyond the acceptable safety profile for Hib
monovalent and combination vaccines demonstrated in the
clinical development programs, after almost 3 decades of
post-marketing surveillance, safety data continues to be reas-
suring [27,79].

5. Nasopharyngeal carriage control - a stepping
stone toward Hib disease eradication

Nasopharyngeal Hib carriage rates among children are esti-
mated at 3-5%, although values up to 50% are reported in
crowded situations [80], such as children attending day-care
centers [81]. Hib mass vaccination also led to a considerable
decrease in carriage rates in vaccinated versus unvaccinated
children [32,34,82,83] and delayed initial acquisition of Hib
following exposure. Consequently, Hib incidence decreased
in unvaccinated populations, indicative of a herd protection
effect which is now well-established in different geographical
regions and socio-economic settings [1,81,84].

Anti-PRP concentration =5.0 pug/ml has previously been
correlated with protection against Hib carriage, indicating
also that higher antibody levels are needed for protection
against colonization/carriage than against Hib disease [10].
Modeling studies have shown a higher impact on Hib carriage
reduction if the booster dose is administered at 2 years versus
1 year post-primary vaccination [75]. However, a head-to-head
comparison of the impact on nasopharyngeal carriage pro-
vided by different Hib immunization schedules has not been
yet performed [67]. However, available data so far show an
impact on Hib carriage regardless of the different settings and
vaccination schedule used (for instance in the UK and African
countries) [31,32,34,85].

While reduced colonization rates provide indirect protec-
tion and minimize the risk of outbreaks, carriage is also



temporally associated with the acquisition of natural immunity
[86], which accounts for increased resistance to severe Hib
infections at older ages. This suggests a complex and yet to
be fully elucidated impact of carriage on the Hib epidemiology
in the overall population. While Hib carriage continues to
remain low in age groups targeted for vaccination [72,87,88],
sporadic cases of Hib still occur, underlying the importance of
sustained high vaccination coverage across all ages.

6. Hib infections in high-risk populations

Prevention of Hib through vaccination should take into
account special populations with a higher risk for developing
the disease, such as preterm infants, and/or immunocompro-
mised individuals, as well as certain ethnic groups.

For instance, in various Indigenous populations from indus-
trialized countries (Alaskan Eskimos, Apache Indians and
Navajo Indians in the US, Keewatin Natives in Canada, and
Aboriginals in Australia), Hib incidence rates run several-fold
higher than in similar age groups of the general population. In
the pre-vaccination era, the incidence of Hib meningitis in
these special-risk groups was estimated at 418.1/100,000
among children <5 years of age, compared to 22.8/100,000
in children the same age in the remaining population [2].

In native Alaskan children, the Hib-CRM vaccine was initially
used for mass vaccination in 1991, but it was soon changed
with Hib-OMP vaccination, due to the latter’s ability to induce
protective antibody levels after the first dose [55] and the
lower immunogenicity observed for Hib-CRM (please see
Section 4.1). This led to a significant decrease in yearly Hib
disease rates among <5-year-old children, from 309.4/100,000
in the pre-vaccination era to 18.3/100,000 in 1992-1995 [89].
Other changes in the vaccination schedules were made over
time. For instance, in 1997, the vaccination schedule was
modified to Hib-OMP for the first dose and Hib-CRM for the
subsequent ones. Starting with 2001, only the Hib-OMP vac-
cine is used in the native Alaskan population as a stand-alone
or combination vaccine [89] and led to further decrease in Hib
incidence. Even in the post-vaccination era, the incidence of
H. influenzae disease among American Indian and Alaska
Natives children <5 years remains higher than in other popu-
lations (15.19 versus 2.62/100,000 during 2009-2015).
Although most cases are caused by Hia, Hib incidence is also
several fold higher, with values estimated at 2.05/100,000 for
the children in high-risk group compared with 0.00-0.10/
100,000 among the general population [25].

In Australia, Indigenous Aboriginal and Torres Strait
Islander children had higher Hib disease incidence rates and
earlier onset than non-Indigenous children. Mass vaccination
with Hib-OMP was implemented in 1993 in Indigenous chil-
dren, leading to declines in Hib incidence from the pre-
vaccination era. In the early post-vaccination period (1993--
1996), disease incidence was 18.1/100,000, further decreasing
to 6.2/100,000 in the late (1996-2009) Hib-OMP period. Hib-
OMP was also used in non-Indigenous Australians between
2000 and 2005 but was replaced completely by Hib-TT by
2009. Following introduction of Hib-TT, an incidence of 4.7/
100,000 was estimated in 2009-2013 [90]. In the post-
vaccination era, up to 2013, no significant differences were

EXPERT REVIEW OF VACCINES 911

observed in the number of yearly Hib cases following the
switch from Hib-OMP to Hib-TT vaccines (Figure 4B), in both
Indigenous and non-Indigenous children <10 years [90]. The
Australian experience indicated that transition to Hib-TT is
feasible in other vulnerable populations from North America,
where Hib-OMP continues to be recommended.

Hib carriage rates also continue to be higher among
Indigenous children than among similar age groups in the
general population, even in the post-vaccine era, when an
important reduction was noted. Among native populations
in the US, considerably lower carriage rates were observed
after Hib-TT (but not Hib-OMP) vaccination, but remained
higher than in the general population [91]. In Australia, at
10 years after the introduction of the Hib vaccine, carriage
rates of 3.4% were estimated in Indigenous children, com-
pared to 0.2% in children from the general populations
attending childcare centers [92].

The disparities in the incidence of Hib disease between
Indigenous populations and non-Indigenous children have
been attributed mainly to differences in living conditions
(household overcrowding, poor access to washing and laundry
facilities, etc) which lead to higher Hib carriage and transmis-
sion rates, even among vaccinated children. Despite high
vaccination coverage and significant vaccination impact,
Indigenous populations remain at higher risk of H. influenzae
disease, including Hib disease [93].

Other populations at higher risk of Hib disease include indi-
viduals with early component complement deficiencies, immu-
noglobulin deficiency, anatomic or functional asplenia, or HIV
infection; recipients of hematopoietic stem cell transplant; and
recipients of chemotherapy or radiation therapy for malignant
neoplasms [94]. In the US, Hib vaccination is recommended for all
those in high-risk groups as a booster dose [95]. Hib vaccination
induces protective antibody levels in asplenic children, adoles-
cents and adults [96,97], in immunocompromised children [98]
and patients with multiple myeloma [99]. Following administra-
tion of >2 doses of Hib conjugate vaccines, vaccine effectiveness
estimates of 37.9% in infants and 54.7% in children <2 years of
age were previously reported in HIV-infected children, compared
with 96.5% and 90.8% in age-matched HIV negative children and
an overall lower immune response was observed in HIV positive
individuals [100]. In preterm infants, responses to Hib vaccination
also tend to be lower than in those born at normal gestational
age [101,102], although this difference seems to fade with
increasing age [103,104], and several Hib-containing combina-
tion vaccines have been shown to be immunogenic and well-
tolerated in prematurely born infants [105]. Despite the expected
lower immunogenicity and effectiveness of Hib vaccines in these
special groups, their vaccination should remain a priority in view
of their higher risk of Hib incidence compared with the general
population.

7. Conclusion

After decades of global vaccine use, impressive control of Hib
invasive disease has been achieved through mass vaccination.
However, the disease is not yet eradicated. High vaccination
coverage has been achieved in most parts of the world and
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the number of cases remains low, although there are still a few
countries where Hib vaccination has not been implemented in
the NIP. The burden of disease and associated mortality in
these countries is very high [3], and introduction of mass
vaccination should be considered.

8. Expert opinion

Worldwide implementation of mass Hib vaccination is one of
the greatest success stories but it has yet to achieve its final
goal: eliminating invasive Hib disease. At present, 175 coun-
tries are implementing mass Hib vaccination [14]. An impor-
tant step is introduction of routine immunizations against Hib
in the rest of the world, although the right vaccination strat-
egy should be carefully considered and adapted to the current
H. influenzae epidemiology in each region. For instance, in
China, which has a large population, Hib vaccines are only
available in the private market, leading to relatively low vac-
cine coverage (~55% for the complete vaccination schedule)
[106]. In countries where vaccination is already in the NIP,
several factors can potentially contribute to global Hib eradi-
cation: an improved herd effect and control of carriage by the
use of effective vaccines and schedules, tailored to the specifi-
cities of each country and ethnic groups; continued surveil-
lance (extended to all H. influenzae strains) and improvement
in vaccination coverage by raising awareness on the disease
among both healthcare practitioners and the general popula-
tion (Figure 5). When implemented globally, these measures
will bring us within reach of disease elimination and open
prospects for eradication of Hib. Current efforts are impressive,
such as the proposed Defeating meningitis by 2030 plan by

Control

Figure 5. Hib disease: improved control leading toward elimination.

the Meningitis Research Foundation in collaboration with the
WHO [107], calling for action in the prevention, control and
surveillance of causative pathogens, including Hib, and under-
lining the need for improvements in diagnosis, treatment and
support for those impacted by the disease [108].

The use of 2 + 1 and 3 + 1 schedules for Hib vaccination is
justified by current effectiveness data, along with programmatic
fit in the infant immunization programs. However, close monitor-
ing is needed to ensure that herd protection is sustained, in order
to maintain current levels of disease control and to reduce Hib
risk to young infants whose immunization is not completed.
However, reemerging cases of Hib disease even in infants,
despite highly effective vaccination, are concerning. These
might indirectly be due to the lack of a booster dose at older
age, which would otherwise afford greater herd protection; how-
ever, evidence on this point remains unclear. For instance, in
a study in Sweden assessing the prevalence of IgG antibodies
against Hib in the general population, median anti-PRP antibody
concentrations were similar at 5 and 15 years post-introduction
of mass vaccination, while the proportion above the cutoff for
protection decreased in individuals 2-19 years old and increased
in adults [109]. The decreasing trend observed in the younger
age groups may be explained by a lack of natural boosting, as
exposure to the pathogen continues to decrease with the decline
in Hib incidence and carriage. These observations indicating
a variation over time in protective antibody levels in Sweden
are probably applicable to other countries and warrant close
monitoring. However, so far, there is no conclusive evidence
that a booster dose at older ages is needed.

Maintaining low Hib carriage rates among all age groups
brings us one step closer toward interruption of transmission,

Induced herd
effectand
control of

nasopharyngeal
carriage

Elimination

Hib, H. influenzae type b; TT, tetanus toxoid; OMP, N. meningitidis outer membrane protein complex.



as nasopharyngeal carriage is currently the most important
source of Hib infection. Despite an obvious reduction in Hib
carriage rates induced by Hib vaccination, more evidence of
indirect effects and their duration in groups not targeted for
vaccination is needed. While indirect protection afforded by
herd effect has been documented in several countries
[30,110,111,112,113], there are not sufficient data to fully
understand its role in maintaining the high level of disease
control achieved so far, especially in view of the difference in
immunogenicity profiles of Hib-TT and Hib-OMP vaccines and
the increasing use of the 2 + 1 schedules.

Sporadic cases which may lead to outbreaks are still docu-
mented, emphasizing the need for on-going epidemiological
and microbiological surveillance of invasive H. influenzae infec-
tion cases, including typing of strains to identify Hib. It is also
vitally important to maintain high levels of vaccination cover-
age, and to use effective vaccines and schedules against Hib
carriage and Hib disease. To raise awareness, and ultimately
increase vaccination uptake, healthcare providers should
advocate Hib vaccination to parents, including by educating
them on the severity of the disease and potential long-term
sequalae. However, new generation physicians may have low
awareness of Hib infections, due to the reduced number of
clinical cases in the post-vaccine era. Therefore, periodic edu-
cation programs should be considered by health authorities.
Raising awareness becomes more and more important, as in
recent decades, vaccine hesitancy has led to an overall
decrease in vaccination coverage rates [114,115], underlying
localized increases of otherwise controlled childhood diseases
such as measles or poliomyelitis, which is on the brink of
eradication [116,117].

Continuous surveillance remains paramount in order to
inform future vaccination strategies, including those targeting
non-b serotypes and NTHi, which have become more impor-
tant as Hib disease incidence has declined.

In the future Hib vaccination could benefit from several
approaches. First, the use of larger vaccine combinations
would reduce the number of injections and thus improve
acceptability by the public. Hexavalent combinations are cur-
rently approved for use, but any future higher-valent formula-
tions should be carefully assessed to reduce the risk of altered
immune response (as previously documented for Hib and
DTaP components) [77] and of a potential increase in the
incidence of adverse events following vaccination. Second,
improved or alternative methods of administering vaccines
should be considered. Recent studies have shown that
a potent immune response can be induced by intradermal
vaccination, and that dose-sparing can be achieved [118]. To
date, no Hib vaccine has been evaluated for intradermal
administration, although the advantages and potential down-
sides of this delivery method have been discussed [119].

Following the success in controlling Hib-caused disease,
future efforts should also concentrate on the prevention of
all types of H. influenzae disease. To date, there are no licensed
vaccines against NTHi or Hia, which have become more rele-
vant in the context of decreased Hib incidence. An increase in
NTHi invasive infections has been documented among the
elderly, a population at high risk of acquiring the disease
and developing complications due to immune-senescence
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and underlying comorbidities. There is little prospect of
a NTHi vaccine because of the marked heterogeneity of NTHi
strains. The development of a vaccine against Hia is of parti-
cular concern for Indigenous communities in the northern
regions of Canada and Alaska, for which an emergence of
Hia infections has been observed over the last decades [40].
A capsular polysaccharide-based glycoconjugate vaccine has
shown promising results, but its development is still in very
early stages [120].

With Hib vaccination being implemented in >90% of coun-
tries worldwide, efforts to eliminate Hib disease should focus
on improving vaccination coverages, with a special focus on
reducing vaccine hesitancy. Continuous surveillance of Hib
incidence and carriage is paramount for the prediction and
timely prevention of future reemergence of the disease.
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