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Preface

Bruce Aylward
Assistant Director-General of the Universal Health Coverage,
Life Course Division

{( Antimicrobial resistance (AMR) has become one of the most urgent health threats of
our time, undermining the efficacy of life-saving drugs and threatening the gains we
have made in controlling infectious diseases. Vaccines play a pivotal role in our
strategy to combat AMR by preventing infections, reducing the need for antibiotics and
helping to curb the spread of resistant strains. It is imperative that we not only
accelerate the development of new vaccines but also maximize the use of existing ones
to protect global health and safeguard future generations. The time to act is now,
leveraging every available tool to mitigate this looming crisis. }}

Yukiko Nakatani
Assistant Director-General,
Antimicrobial Resistance, WHO

{{ To effectively combat AMR, we must adopt a holistic approach that integrates vaccines
info a comprehensive package of AMR interventions. Vaccines are a powerful tool in our
arsenal, capable of preventing infections and reducing the reliance on antibiotics, which
in furn slows the spread of resistance. However, vaccines must be part of a broader
strategy that includes improved infection prevention, access to essential health services,
accurate diagnosis and appropriate tfreatment. By combining these efforts, we can build
a resilient health care system that is capable of addressing the multifaceted challenge of
AMR and ensuring a healthier future for all. }’
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1. Introduction

Jeremy Farrar
Chief Scientist,
Science Division, WHO

{{ Addressing the immediate and increasing impact of AMR requires an urgent and

unwavering commitment to research and innovation. The development of new
vaccines and the optimization of existing ones are critical components in our strategy
to combat AMR. Comprehensive surveillance and data analysis enables us to
understand the evolving landscape of resistance, identify the most pressing and
emerging threats, and measure the impact of our interventions. But surveillance is not
enough. We must then have the tools to act on those data to prevent and treat
infections. That will take an increased and sustained commitment to research and
development, to allow us to innovate and advance vaccine and other technologies as
we seek to get ahead of resistant pathogens. Our collective efforts in data-driven
research will pave the way for new and improved vaccines, which we must ensure are
equitably available to all, thereby securing a future free from the devastating impact of
untreatable infections.

)

Vii
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Report summary

Key messages

1. Introduction

Antimicrobial resistance (AMR) is one of the
most important global public health and
development threats.

In 2019, an estimated 5 million lives globally
were lost as a result of AMR. Vaccines have
the potential to avert an estimated 515 000 of
these deaths each year by reducing incidence
of infections, transmission of pathogens,
antibiotic use, and subsequently, evolution of
resistant genes.

The role of vaccines in reducing AMR has been
underrecognized, yet vaccines have the power
to train the immune system to mount a defence
against various pathogens before an infection
starts or becomes severe. Vaccinated people
will have fewer infections and thus will also be
protected against potential complications from
secondary infections that may trigger the use of
antimicrobials or require admission to hospital.

This report focuses on 24 pathogens and

44 vaccines (either licensed by national
regulatory agencies, in clinical development or
hypothetical). By combining the knowledge of
international experts with data and a robust
methodology, the report aims to quantify the
potential for these vaccines to reduce AMR, its
effects and antibiotic use.

Existing vaccines could avert annually up to

106 000 deaths, 9.1 million disability-adjusted
life years (DALYs), US$ 861 million in hospital
costs and US$ 5.9 billion in productivity losses,
all associated with AMR. These vaccines could
also reduce antibiotic use by 142 million defined
daily doses (DDDs) annually. For example,
achieving the target from the Immunization
Agenda 2030 (1A2030) and World Health
Organization (WHO) for global coverage of

2. Methodology 3. Results by criterion

4. Results by pathogen

Streptococcus pneumoniae vaccines in children
(of 90%) and in elderly people could avert an
additional 27 100 deaths per year and 1.5 million
DALYs, and prevent US$ 507 million in hospital
costs and US$ 879 million in productivity losses
annually, all associated with AMR.

Vaccines in late-stage clinical development
could avert annually up to 135 000 deaths,

5.0 million DALYs, US$ 1.2 billion in hospital costs
and US$ 2.2 billion in productivity losses, all
associated with AMR. They could also reduce
antimicrobial use by 1.9 billion DDDs annually.
For example, a vaccine against Mycobacterium
tuberculosis administered to adolescents to
prevent the progression of latent infection to
active disease could prevent significant AMR
burdens annually: 71 000 deaths and 2.6 million
DALYs associated with AMR, and 1.2 billion DDDs
of antimicrobials.

Vaccines in early clinical development could
avert annually up to 408 000 deaths,

23.0 million DALYs, US$ 30.0 billion in hospital
costs and US$ 17.7 billion in productivity losses,
all associated with AMR. They could also reduce
antimicrobial use by 548 million DDDs annually.
For example, a maternal vaccine targeting
Klebsiella pneumoniae aimed at safeguarding
neonates from bloodstream infections could
prevent an estimated 27 000 deaths, 2.4 million
DALYs, US$ 280 million in hospital costs and
USS$ 2.5 billion in productivity losses annually, all
linked to AMR.

Vaccines are critical in the fight against AMR,
and must be infegrated in national and global
AMR mitigation strategies, and in decision-
making about vaccine development,
intfroduction and use.

5. Conclusions
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Key recommendations

The recommendations given below summarize the
full recommendations given in Chapter 5.

e The impact of vaccines in reducing AMR needs
to be recognized by stakeholders in AMR and
immunization. Global, regional and national
AMR and immunization strategies and
implementation frameworks should include
vaccines as interventions to reduce AMR,
advocating for their broader implementation
and integration.

e The infroduction of existing vaccines should be
accelerated and their coverage increased. All
existing paediatric vaccines should reach the
immunization targets of IA2030, and the use of
vaccines in older age groups should be
considered. The impact of existing vaccines on
AMR should be monitored to inform policy
decisions.

e To prepare for the infroduction of newly
developed vaccines, the impact of vaccines on
AMR should be systematically evaluated and
embedded into existing decision frameworks,
including regulatory and policy frameworks,

Introduction

It is estimated that, in 2019, 7.7 million deaths were
associated with 33 different bacterial infections (7),
with almost 5 million of these deaths being
associated with AMR. Vaccines can play an
important role in lowering the AMR burden by
reducing the incidence of both drug-sensitive and
drug-resistant infections, antibiotic use, and the
opportunities for evolution and transmission of
resistant genes and pathogens. However, the
specific role for current and future vaccines in
reducing AMR has not been systematically
evaluated and quantified.

This report presents a thorough evaluation of the
role of vaccines in reducing AMR; it also provides
associated recommendations for enhancing the
impact of vaccines on AMR. It covers 44 distinct
vaccines targeting 24 pathogens: 19 bacteria, four
viruses and one parasite. Infections can result in

1. Introduction 2. Methodology 3. Results by criterion

xiii

cost-effectiveness studies and national
immunization strategies.

e To enable vaccine development, delivery and
implementation to combat AMR, it is necessary
to include AMR endpoints in clinical trials,
develop preferred product characteristics
(PPCs) for impactful vaccines, create research
roadmaps for challenging vaccines, ensure
access o vaccines for high-risk populations,
engage with regulatory agencies, consider
synergistic combination vaccines, and target
non-human reservoirs through One Health
approaches.

e To implement comprehensive AMR containment
strategies, it is necessary to make use of
alternative interventions, enhance surveillance
platforms, raise awareness of resistant
pathogens, and assess the health and
economic burden of AMR. Also needed is the
collection of data on the impact of vaccines on
the prevalence of AMR and antibiotic use, and
the preparation of comprehensive value
assessments for vaccines in development,
considering their broader impacts on equity
and health care.

multiple syndromes and vary across age groups;
thus, for any given pathogen, in several cases more
than one vaccine was evaluated for its impact on
AMR. The characteristics of each vaccine

(e.g. efficacy, coverage, length of protection, target
population and type of infection or disease
prevented) were drawn from various sources,
including published PPCs, modelling studies, clinical
trials and expert consultations.

Vaccine experts classified the feasibility of
developing and delivering vaccines with specific
characteristics by pathogen, based on biological
feasibility, product development feasibility, and
access and implementation feasibility, according to
predefined criteria and thresholds.

The potential impact of vaccines in reducing AMR
was evaluated across three criteria:
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o the AMR-related health burden - measured by
the reduction in deaths and DALYs associated
with AMR;

o antibiotic use (or antimicrobial use in the case of
Mycobacterium tuberculosis); and

e the economic burden of AMR, including hospital
costs and productivity losses (additional data on
bed-averted days are included in the data on
the WHO website (2)).

A static proportional model was used to calculate
annual vaccine impact on AMR for 2019 across
these three criteria. For each vaccine, its
corresponding characteristics were applied to data
from a study on the global burden of diseases
associated with AMR, to calculate the AMR health
burden that is averted through vaccines (3).
Literature reviews were conducted and data

modelled to understand antibiotic use associated
with treating each pathogen, as well as hospital
costs associated with treating pathogens that are
associated with AMR, and the loss of productivity
due to an early death resulting from an AMR
infection. These results were triangulated with the
vaccine-averted AMR health burden data to
estimate the vaccine-averted economic burden
associated with AMR. For each of the three criteria
the potential impact of each vaccine on AMR was
categorized as low, moderate or high, according to
predefined criteria.

The value estimates in this report will be useful for
vaccine and AMR stakeholders (e.g. funders,
vaccine developers, researchers, country, regional
and global decision-makers, health workers, civil
society organizations and regulators), guiding them
to prioritize and channel their efforts effectively for
maximum global impact against AMR.

Summary of results: the estimated impact

on AMR of vaccines with a high feasibility of

development and implementation

Several vaccines have a high feasibility of
development and implementation, and are either
already licensed or in Phase 3 of clinical
development (Fig. A). Some of these vaccines are
already reducing AMR, but their impact could be
amplified if vaccine coverage were to increase or
additional populations were to be vaccinated.

For instance, vaccines against Streptococcus
pneumoniae [SP_1] already have a moderate-to-
high impact on AMR, and this could be increased by
achieving the 1A2030 and WHO's target global
coverage of S. pneumoniae vaccines in children (of
90%) and in elderly people [SP_3]. Compared with
the 2019 global coverage of S. pneumoniae vaccines
[SP_1], such extended use could avert an additional
27 100 deaths per year and 1.5 million DALYs, and
prevent USS$ 507 million in hospital costs and US$ 879
million in productivity losses annually, all associated
with AMR; it could also further reduce global
antibiotic use by an estimated 10 million DDDs per
year [SP_3]. Similarly, introducing the Salmonella
Typhi vaccine [ST] in regions with a high burden of
typhoid could prevent an estimated 45 million DDDs
of antibiotics and US$ 2.3 billion in productivity losses

1. Introduction 2. Methodology 3. Results by criterion

linked to AMR each year, primarily by averting
deaths in young children and adolescents.

Several new vaccines against tuberculosis (TB) are
under development, with approaches that include
improving infant immunization, targeting adults and
adolescents to prevent progression to active TB, and
revaccination with bacille Calmette-Guérin (BCG) (4).
The potential impact of these TB vaccines on AMR
was estimated. Together, a vaccine administered to
infants to prevent disease [TB_1] and another given
to adolescents to prevent the progression of latent
infection fo active disease [TB_2] could prevent
significant AMR burdens annually: 71 000-118 000
deaths, 2.6-4.5 million DALYs, USS$S 600 million - USS
1.0 billion in hospital costs and US$ 1.2-2.0 billion in
productivity losses. Additionally, these vaccines could
prevent 1.2-1.9 billion DDDs of antimicrobials specific
for the treatment of TB, a projected impact driven in
part by the long course of freatment (>6 months).
Other analyses presented in the WHO publication
An investment case for new tuberculosis vaccines
show that — even if the length of protection was
limited fo 10 years and no vaccine boosters were
given - a new TB vaccine targeting adolescents
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would have a significantly higher impact than a
vaccine given to infants (5).

Of the viral and malarial vaccines evaluated that have
a high feasibility of development and implementation,
most are projected by this analysis fo have a moderate
impact on reducing antibiotic use. Antibiotics are often
prescribed empirically against syndromes that are
common fo infections caused by bacteria, viruses and

parasites (e.g. Plasmodium falciparum). The vaccine-
mediated reduction in antibiotic use is significant, and
through the bystander effect it could drive a decrease
in the prevalence of resistance in bacteria that are not
directly targeted by a vaccine. Owing to a lack of data,
this report did not evaluate the impact of viral and
malarial vaccines on deaths, DALYs or economic
burden associated with resistant secondary infections.

Fig. A. The estimated and potential vaccine impact on AMR annually for vaccines with a high

feasibility of development and delivery

High impact Not assessed

Moderate impact |:| No direct impact

Low impact

Vaccine-
averted deaths DALYs associated antibiotic use
associated with
Vaccine and its characteristics AMR

Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted
hospital costs productivity
associated with losses associated
AMR with AMR

with AMR

SP_3 Serotype-specific vaccine against

S. pneumoniae, given to 90% of infants
and the elderly, with 5-year efficacy

of 25% for LRI and 58% for invasive
pneumococcal disease

SP_2 Serotype-specific vaccine against

S. pneumoniae, given to 90% of infants,
with 5-year efficacy of 25% for LRI and
58% for invasive pneumococcal disease

SP_1 Serotype-specific vaccine against

S. pneumoniae, given to 51% of infants
(2019 coverage), with 5-year efficacy

of 25% for LRI and 58% for invasive
pneumococcal disease

TB_1 Vaccine against pulmonary

M. tuberculosis, given to 70% of
infants, with 10-year efficacy of 80%
and subsequent boosting for lifelong
protection

TB_2 Vaccine against pulmonary

M. tuberculosis, given to 70% of
10-year-olds, with 10-year efficacy
of 50% and subsequent boosting for
lifelong protection

Vaccine against S. Typhi, given to 70% of
infants in high typhoid burden countries,
with 15-year efficacy of 85%

Hib_1 | Vaccine against Hib, given to 74% of
infants (2019), with 5-year efficacy of 93%

Hib_2 Vaccine against Hib, given to 90% of
infants, with 5-year efficacy of 93%

CHCEE
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High impact Not assessed

Moderate impact |:| No direct impact

Low impact

Vaccine-

associated with with AMR

Vaccine and its characteristics

antibiotic use

hospital costs

Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted

averted deaths DALYs associated productivity

associated with losses associated

AMR

with AMR

Influenza_1 | Seasonal maternal vaccine against
influenza, given to 70% of pregnant
women to protect neonates and infants,
with 1-year efficacy of 70%

Malaria | Vaccine against clinical P. falciparum,
given to 70% of infants, with 4-year
efficacy of 40%

Rotavirus | Oral, live attenuated vaccine against
rotavirus, given to 90% of infants, with
2-year efficacy of 60%

RSV_2 Vaccine against severe RSV, given to 70%
of infants, with 2-year efficacy of 70%

RSV_1 | Vaccine against severe RSV, given to 70%
of infants through maternal vaccination,
with 6-month efficacy of 70%

@

Vaccine against N. gonorrhoeae, given to
70% of adolescents, with 10-year efficacy
of 70%

44898 A8

AMR: antimicrobial resistance; DALY: disability-adjusted life year; Hib: Haemophilus influenzae type b;

M. tuberculosis: Mycobacterium tuberculosis; N. gonorrhoeae: Neisseria gonorrhoeae; P. falciparum: Plasmodium

falciparum; RSV: respiratory syncytial virus; S. pneumoniae: Streptococcus pneumoniae; S. Typhi: Salmonella Typhi.

Categories of impact: low (orange), moderate (light green) and high (green). The categories were assigned as follows: for
vaccine-averted deaths associated with AMR: low (<25 000), moderate (25 000-50 000), high (>50 000); for vaccine-averted

DALYs associated with AMR: low (<1 million), moderate (1-5 million), high (=5 million); for vaccine-averted antibiotic use

(DDDs): low (<10 million), moderate (10-30 million), high (>30 million); for vaccine-averted hospital costs associated with AMR
(2019 US dollars): low (<US$ 250 million), moderate (US$ 250 million - US$ 1 billion), high (>USS$ 1 billion); for vaccine-averted
productivity losses associated with AMR (2019 US dollars): low (<US$ 1 billion), moderate (US$ 1-4 billion), high (>US$ 4 billion).
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1. Introduction

Summary of results: the estimated impact on

AMR of vaccines with a medium feasibility of

development and implementation

Several vaccines have a medium feasibility of
development and implementation. They cover a
range of pathogens; for some of these pathogens,
vaccines are already under development

(e.g. Shigella spp.), whereas for others

(e.g. Pseudomonas aeruginosa) there are no vaccine
candidates (Fig. B). Notably, a vaccine targeting
urinary tract infections (UTls) caused by
extraintestinal pathogenic Escherichia coli (ExPEC)
given to 70% of infants and elderly people could
avert an estimated 96 million DDDs of antibiotics
globally and USS$ 6.2 billion in hospital costs
associated with AMR annually [EXPEC_3].
Additionally, a maternal vaccine targeting Klebsiella
pneumoniae aimed at safeguarding neonates from
bloodstream infections could prevent an estimated
27 000 deaths, 2.4 million DALYs, USS$ 280 million in
hospital costs and US$ 2.5 billion in productivity
losses annually, all linked to AMR [KP_1]. There is one
vaccine candidate against K. pneumoniae in clinical
development; however, its primary target population
or the range of syndromes prevented is uncertain (6).

In the case of Group A Streptococcus (GAS), a
vaccine could considerably reduce antibiofic use,
averting 72 million DDDs annually; it could also
substantially decrease hospital costs related to

2. Methodology 3. Results by criterion

AMR by up to USS 3.6 billion per year [GAS]. This is
largely due to the high volume of antibiotics
prescribed for conditions such as pharyngitis, the
incidence of invasive diseases, and other GAS-
related conditions requiring hospitalization.
Currently, there is no available vaccine against
GAS, but three candidates are in clinical
development (7).

Vaccines targeting diarrhoeal diseases caused by
pathogens such as Shigella or enterotoxigenic
E. coli (ETEC) are also noted for their potential
moderate-to-high impact on antibiotic use and
hospital costs associated with AMR. Diarrhoeaq,
which is particularly prevalent in LMIC, is often
linked with high antibiotic use and frequent
hospitalizations. Currently, there are no licensed
vaccines against ETEC and Shigella, but
development efforts include six candidates for
ETEC and eight for Shigella (6).

The potential impact of vaccines against
Campylobacter jejuni and Helicobacter pylori,
especially in LMIC, was not evaluated because of
limited data, particularly regarding criteria other
than antibiotic use.
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Fig. B. The estimated and potential annual impact on AMR of vaccines with medium feasibility of

development and implementation

High impact Not assessed

Moderate impact |:| No direct impact

Low impact

Vaccine-

associated with with AMR

Vaccine and its characteristics

antibiotic use

hospital costs

Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted

averted deaths DALYs associated productivity

associated with losses associated

AMR

with AMR

EXPEC_3 | Vaccine against urinary tract EXPEC, given
to 70% of infants and the elderly, with
5-year efficacy of 70%

Ll

EXPEC_1 | Vaccine against bloodstream EXPEC, given
to 70% of infants and the elderly, with
5-year efficacy of 70%

KP_1 Vaccine against bloodstream

K. pneumoniae, given to 70% of infants
through maternal vaccination, with
6-month efficacy of 70%

GAS Vaccine against GAS, given to 70% of
infants, with 5-year efficacy of 70%

Shigella | Vaccine against moderate to severe
diarrhoea caused by Shigella, given to
70% of infants, with 5-year efficacy of 60%

LD

ETEC Vaccine against moderate to severe
diarrhoea caused by ETEC, given to 70% of
infants, with 5-year efficacy of 60%

PA_1 Vaccine against bloodstream and lower
respiratory tract P. aeruginosa, given to
70% of infants and the elderly, with 5-year
efficacy of 70%

NTS Vaccine against nontyphoidal
Salmonella, given to 70% of infants, with
5-year efficacy of 80%

3

cJ Vaccine against C. jejuni, given to 70% of
infants, with 5-year efficacy of 70%
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High impact Not assessed

Moderate impact |:| No direct impact

Low impact Vaccine- Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted
averted deaths DALYs associated antibiotic use hospital costs productivity
associated with with AMR associated with losses associated

Vaccine and its characteristics AMR AMR with AMR

infants, with 5-year efficacy of 70%

‘ HP Vaccine against H. pylori, given to 70% of

Norovirus | vaccine against norovirus, given to 70% of
infants, with 5-year efficacy of 50%

AMR: antimicrobial resistance; C. jejuni: Campylobacter jejuni; DALY: disability-adjusted life year; ETEC: enterotoxigenic
Escherichia coli; ExPEC: extraintestinal pathogenic Escherichia coli; GAS: Group A Streptococcus; H. pylori: Helicobacter
pylori; K. pneumoniae: Klebsiella pneumoniae; P. aeruginosa: Pseudomonas aeruginosa.

Categories of impact: low (orange), moderate (light green) and high (green). The categories of impact were assigned as follows:
for vaccine-averted deaths associated with AMR: low (<25 000), moderate (25 000-50 000), high (>50 000); for vaccine-averted
DALYs associated with AMR: low (<1 million), moderate (1-5 million), high (>5 million); for vaccine-averted antibiotic use (DDDs):
low (<10 million), moderate (10-30 million), high (>30 million); for vaccine-averted hospital costs associated with AMR (2019 US
dollars): low (<US$ 250 million), moderate (US$ 250 million - $US 1 billion), high (>USS$ 1 billion); for vaccine-averted productivity
losses associated with AMR (2019 US dollars): low (<US$ 1 billion), moderate (US$ 1-4 billion), high (>US$ 4 billion).
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1. Introduction

Summary of results: the estimated impact

on AMR of vaccines with low feasibility of

development and implementation

Certain vaccines pose significant challenges in
development (e.g. a vaccine against
Staphylococcus aureus) or delivery (e.g. a vaccine
against Acinetobacter baumannii), or both (Fig. C).
Given the challenges, the potential impact of these
vaccines on AMR was evaluated across all disease
syndromes and for various groups, including those
aft risk of infection or specific age demographics.

Among the vaccines with identified target
populations, three show noteworthy potential. It is
estimated that a vaccine against any type of EXPEC
(infection), if administered to infants and elderly
people, would have a high impact on AMR
[EXPEC_5]. Such a vaccine could potentially avert
62 000 deaths, 2.3 million DALYs, USS$ 7.2 billion in
hospital costs and US$ 1.4 billion in productivity
losses associated with AMR annually. Currently,
there are four ExPEC vaccines in clinical
development, but their efficacy in preventing various
disease syndromes remains to be established (6).

An enhanced vaccine against S. pneumoniae - if
improved to be non-serotype-specific and to offer
50% efficacy against lower respiratory infections
caused by S. pneumoniae and administered to

2. Methodology 3. Results by criterion

infants and elderly people - could significantly
impact AMR [SP_4]. Compared with the current
pneumococcal vaccines with high coverage in infants
and elderly people [SP_3], this enhanced vaccine
could additionally avert 47 000 deaths, 3.7 million
DALYs, US$ 929 million in hospital costs associated
with AMR and 27 million DDDs annually. However,
there are currently no vaccines in human trials that fit
this profile, reflecting the low feasibility of
development.

A vaccine targeting S. aureus for infants and elderly
people could also have a high impact on AMR
[SA_T]. However, the development of S. aureus
vaccines has proven difficult, with many candidates
failing during clinical trials (6).

Although most vaccines in this category have a
high potential impact on AMR, their development
feasibility is low because of challenges in
identifying and accessing vaccine target
populations, and in implementing these vaccines fo
effectively prevent infections; the ambitious
coverage target; and the long duration of
protection required.
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Fig. C. Estimated and potential annual impact on AMR of vaccines with a low feasibility of

development and implementation

High impact Not assessed

Moderate impact |:| No direct impact

Low impact

Vaccine and its characteristics

Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted
averted deaths DALYs associated

associated with associated with losses associated

KP_3 Vaccine against K. pneumoniae, given to
70% of all at risk of infection, with 5-year
efficacy of 70%

KP_2 Vaccine against K. pneumoniae, given to
70% of infants and the elderly, with 5-year
efficacy of 70%

EXPEC_6 | Vaccine against EXPEC, given to 70% of
all at risk of infection, with 5-year efficacy
of 70%

EXPEC_5 | Vaccine against EXPEC, given to 70%
of infants and the elderly, with 5-year
efficacy of 70%

EXPEC_2 | vaccine against bloodstream EXPEC,
given to 70% of all at risk of infection, with
5-year efficacy of 70%

[

EXPEC_4 | Vaccine against urinary tract EXPEC, given
to 70% of all at risk of infection, with
5-year efficacy of 70%

SP_4 Non-serotype-specific vaccine against
S. pneumoniae, given to 90% of infants
and the elderly, with 5-year efficacy

of 50% for LRI and 70% for invasive
pneumococcal disease

SA_2 Vaccine against S. aureus, given to 70%
of all at risk of ww, with 5-year efficacy
of 60%

SA_L Vaccine against S. aureus, given to 70%
of infants and the elderly, with 5-year
efficacy of 60%

AB_4 Vaccine against A. baumannii, given to
70% of all at risk of infection, with 5-year
efficacy of 70%

AB_2 Vaccine against bloodstream
A. baumannii, given to 70% of all at risk of
infection, with 5-year efficacy of 70%
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High impact Not assessed

Moderate impact |:| No direct impact

Low impact

Vaccine and its characteristics

Vaccine-
averted deaths DALYs associated
associated with

AMR

Vaccine-averted Vaccine-averted Vaccine-averted Vaccine-averted
antibiotic use hospital costs productivity
associated with losses associated
AMR with AMR

with AMR

AB_3 Vaccine against A. baumannii, given to
70% of infants and the elderly, with 5-year

efficacy of 70%

AB_1 Vaccine against bloodstream
A. baumannii, given to 70% of infants and

the elderly, with 5-year efficacy of 70%

Vaccine against bloodstream and LRI
P. aeruginosa, given to 70% of all at risk of
infection, with 5-year efficacy of 70%

EF_2 Vaccine against E. faecium, given to

70% of all at risk of infection, with 5-year
efficacy of 70%

EF_1 Vaccine against E. faecium, given to 70%
of infants and the elderly, with 5-year

efficacy of 70%

SPara Vaccine against S. Paratyphi A, given to
70% of infants in high typhoid burden

countries, with 5-year efficacy of 70%

Influenza_2 | Universal vaccine against type A

influenza, given to 70% of infants and the
elderly, with 5-year efficacy of 70%

Vaccine against C. difficile, given to 70% of
adults aged 45 years, with 5-year efficacy
of 70%

4 0

A. baumannii: Acinetobacter baumannii; AMR: antimicrobial resistance; C. difficile: Clostridioides difficile; DALY: disability-
adjusted life year; E. faecium: Enterococcus faecium; ExPEC: extraintestinal pathogenic Escherichia coli;

K. pneumoniae: Klebsiella pneumoniae; P. aeruginosa: Pseudomonas aeruginosa; S. aureus: Staphylococcus aureus;

S. Paratyphi: Salmonella Paratyphi; S. pneumoniae: Streptococcus pneumoniae.

Categories of impact: low (orange), moderate (light green) and high (green). The categories of impact were assigned as follows:
for vaccine-averted deaths associated with AMR: low (<25 000), moderate (25 000-50 000), high (>50 000); for vaccine-averted
DALYs associated with AMR: low (<1 million), moderate (1-5 million), high (>5 million); for vaccine-averted antibiotic use (DDDs):
low (<10 million), moderate (10-30 million), high (>30 million); for vaccine-averted hospital costs associated with AMR (2019 US
dollars): low (<US$ 250 million), moderate (US$ 250 million - US$ 1 billion), high (>USS$ 1 billion); for vaccine-averted productivity
losses associated with AMR (2019 US dollars): low (<US$ 1 billion), moderate (US$ 1-4 billion), high (>US$ 4 billion).
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Introduction

1.1 The burden of antimicrobial resistance

and its challenges

Antimicrobial resistance (AMR) occurs when bacterig, viruses, fungi and parasites change over time and no
longer respond to medicines. As a result of drug resistance, antibiotics and other antimicrobial medicines
become ineffective, which in turn means that infections become difficult or impossible to treat, increasing
the risk of disease spread, severe illness, disability and death. Resistant strains of pathogens (in humans,
animals, plants and the environment) continue to emerge, making it more challenging to manage
syndromes and diseases such as pneumonia, urinary tract infections (UTls), typhoid fever or sexually
transmitted diseases (7). In 2019, an estimated 4.9 million deaths were linked to bacterial infections caused
by resistant pathogens. Although the mortality burden of these drug-resistant infections is most pronounced
on the African continent, followed by South-East Asia and Eastern Europe (2), community mobility increases
the chance of fransmission of resistant pathogens to other continents. If unaddressed, AMR could impose a
global cost of up to USS 3.4 trillion annually by 2030, with the most severe impact expected in low- and
middle-income countries (LMIC) (3).

Akey driver of AMR is the systematic misuse and overuse of antimicrobials in health care, animal health and
agriculture (7). The use of antimicrobial agents in animals is the largest contributor to the overall use of
antimicrobials globally. The World Organisation for Animal Health (WOAH) has estimated that 84 500 tonnes of
antimicrobials were used in the animal sector in 2019, but it found a 13% decrease in the use of antimicrobials in
animals in 2019 compared with 2017 (4). In contrast, global antibiotic consumption in humans increased by

65% from 2000 to 2015, mainly in LMIC, and is projected to triple by 2030 (when compared with 2015) without
appropriate interventions (5). A key challenge is ensuring improved, equitable access to antimicrobials,
especially in LMIC, where people are more at risk of dying from a lack of access to appropriate antimicrobials
than from resistant infections (6). There is a need for strategies that enable and improve sustainable patient
access fo antibiotics globally, especially in areas with the highest burden of infectious disease. In addition, there
is a need to tackle inappropriate antibiotic use, including in LMIC, resulting from insufficient diagnostic
capabilities and health care infrastructure, sale of non-prescription antimicrobials, excessive dispensation and
limited access to quality health care services and antimicrobial treatments.
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1. Introduction

Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use

AMR is a complex problem that cannot be
managed in isolation. Management of AMR
requires both sector-specific actions, in sectors such
as human health, food production, animals and the
environment, and a coordinated “One Health”
approach across these sectors. The World Health
Organization (WHO) has identified a core package
of interventions to manage AMR in human health
by putting people and their needs at the centre of
the AMR response (7) (Fig. 1.1). The proposed
interventions are embedded into four pillars:

prevention of infections, including access to
vaccines and expanded immunization; access to
essential health services; timely, accurate diagnosis;
and appropriate, quality-assured treatment. To
effectively introduce these interventions, two
foundational steps are critical: effective
governance, awareness and education; and
strategic information obtained through surveillance
and research. These steps are needed fo overcome
barriers that people and health systems face in
dealing with AMR.

Fig. 1.1. The WHO core package of interventions to manage AMR in human health

Pillar 2: Access
to essential
health services

Pillar 1: Prevention

6. Universal access to
WASH and waste
management to
miftigate AMR

7. Implementation of
IPC components to
mitigate AMR

8. Access to vaccines
and expanded
immunization to
manage AMR

9. AMR diagnosis and
management health
services are
affordable for all

10. Uninterrupted
supply of quality-
assured, essential
antimicrobials and
health products for
AMR

Reduced and slower development of AMR
Reduced mortality and morbidity due to AMR

Pillar 3: Timely,
accurate diagnosis

Pillar 4: Appropriate,
qualityassured

11. Good-quality treatment

laboratory system
and diagnostic
stewardship to
ensure clinical
bacteriology and
mycology testing

12. Up-to-date
evidence-based
treatment guidelines
and programmes
for antimicrobial
stewardship

13. Regulation to
restrict sales of
non-prescription
antimicrobials

for patient care and action on AMR

Foundational step: Strategic information through surveillance and research

3. National AMR surveillance network to generate good-quality data

4. Surveillance of antimicrobial consumption and use to guide patient care and action on AMR

5. AMR research and innovation including behavioural and implementation science

in collaboration with other sectors

Foundational step: Effective governance, awareness and education

1. AMR advocacy, governance and accountability in the human health sector,

2. AMR awareness-raising, education and behaviour change of health workers and communities

AMR: antimicrobial resistance; IPC: infection prevention and control; WASH: water, sanitation and hygiene; WHO:

World Health Organization.
Source: Reproduced with permission from WHO, 2023 (7).
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1. Introduction

Numerous calls for coordinated action against AMR
have led to significant global, regional and country
initiatives. In 2015, the World Health Assembly
adopted a global action plan to address AMR (8),
urging Member States to develop national action
plans. Soon after, WHO published a list of priority
pathogens for the discovery, research and
development (R&D) of new antimicrobials,
identifying key antibiotic-resistant bacteria and
tuberculosis (TB) as AMR priorities (9); that list has
recently been updated (70). In 2017, the United
Nations (UN) General Assembly passed a resolution
to accelerate global action on AMR (77). By March
2023, 122 countries had formulated national action
plans to combat AMR (72).

The Global action plan on antimicrobial resistance
emphasizes improving awareness, strengthening
knowledge, reducing infections, optimizing
antimicrobial use and developing sustainable
investment in new medical solutions (8). In 2027,
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WHO published the action framework Leveraging
vaccines to reduce antibiotic use and prevent
antimicrobial resistance (13). This framework calls
for actions to increase the use of existing vaccines,
accelerate the development of new vaccines and
foster data generation and knowledge sharing.
Recognizing the potential of vaccines to reduce
both infections and antibiotic use, as part of the
2023 Global research agenda for antimicrobial
resistance in human health (14), WHO recommends
assessment of the impact of vaccines on:

e preventing colonization and infection by
resistant pathogens (whether specifically
targeted by the vaccine or not); and

e reducing the overall use of antimicrobial
medicines, health care encounters and health
system costs, among adults and children and
across socioeconomic settings.

1.2 The role of vaccines in reducing AMR

1.21 Mechanisms through which
vaccines reduce AMR

Vaccines prime the immune system fo recognize and
respond fo pathogens that cause infection, thereby
saving millions of lives every year. A modelling study
suggests that, since 1974, vaccination against

14 pathogens in 194 WHO Member States has
averted a remarkable 154 million deaths, including
146 million deaths among children aged under

5 years (15). Goals, strategies and actions for
developing and using vaccines have been described
in Immunization Agenda 2030 (1A2030), a global
immunization strategy (76).

Vaccines can reduce the number of resistant
infections through several interacting mechanisms
or pathways (Fig. 1.2). The supporting evidence for
these mechanisms from clinical trials, observational
studies and modelling analyses was recently
summarized by the One Health Trust (17). Vaccines
directly reduce the incidence of disease caused by
both resistant and susceptible target pathogens.
For example, the introduction of pneumococcal
conjugate vaccines (PCVs) in the United States of
America in 2000 led, within 4 years, o a

57% reduction in strains of Streptococcus
pneumoniae resistant to multiple antibiotics,

2. Methodology 3. Results by criterion

significantly reducing the incidence of antibiotic-
treated illnesses in children (18).

Vaccinated people will have fewer infections and
thus will also be protected against potential
complications from secondary infections that may
trigger the use of antimicrobials or require admission
to hospital. For example, influenza vaccination
directly protects against influenza but also indirectly
protects against secondary bacterial infections such
as invasive pneumococcal disease, to which patients
with influenza are more susceptible (79).

For some pathogens, when a sufficiently high
proportion of a population is vaccinated, the
protection offered by vaccination can extend even
to those who are not vaccinated. This is because of
herd immunity, where vaccinated individuals do not
transmit a pathogen to others, reducing the overall
incidence of the disease in the community (13).

Another pathway by which vaccines reduce AMR is
by preventing people from becoming unwell and
seeking treatment, resulting in less antibiotic use. In
turn, this reduces selection pressure for the
emergence and transmission of resistance, not just in
the target pathogen but also in bystander members
of the normal bacterial flora. This pathway also

4. Results by pathogen 5. Conclusions
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encompasses inappropriate or unnecessary use of
antibiotics that are empirically prescribed for viral
infections (13). For example, following a universal
recommendation for free influenza vaccines in
Ontario, Canada, increased uptake of influenza
vaccination led to fewer antibiotic prescriptions for
respiratory infections, even among unvaccinated
groups, through herd immunity (20).

In addition to these pathways, vaccines can also
reduce AMR by reducing the opportunity for
bacteria to exchange genetic material, including
genes that confer resistance to antibiotics, with
each other (horizontal gene transfer), and by
decreasing the environmental or selective pressure
that often leads to the survival and dominance of
resistant strains over non-resistant ones (27).

In summary, the objective of vaccination is to
establish a healthier state with reduced circulation
of pathogens and diseases, minimizing reliance on
antibiotics. This benefits vulnerable populations; it
also ensures the prolonged effectiveness of
antimicrobials by mitigating the development of
resistance fo existing and new treatments.

1.2.2 Vaccines in the context of other
approaches to contain AMR

Vaccines usually prevent disease before it occurs,
and typically they do this regardless of the
antimicrobial susceptibility of the pathogen (23).
They rarely lead to resistance and, when resistance
does occur, it spreads slowly. This is because
vaccines are usually prophylactic, priming the
immune system early and limiting pathogen
replication and resistance development. Additionally,
by targeting multiple antigens on distinct molecules,
many of which are virulence factors in themselves,
vaccines can disrupt the pathogen’s ability to
replicate and thrive as a virulent organism, reducing
the likelihood that resistance will emerge (24).

Although vaccines are important in reducing AMR,
they must be integrated with other strategies, taking
into account the limitations and complementary roles
of each strategy. Access to vaccines and expanded
use of vaccination to manage AMR is a core
intervention of the prevention pillar of the
people-centred approach to addressing AMR in
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human health (7). Some pathogens cannot be
tackled solely through vaccination, for various
reasons: vaccines may be lacking for some
pathogens; antimicrobial prescribing is often
empirical; vaccine effectiveness may be limited and
wane over time; and vaccine delivery and uptake
can be challenging owing to individual suitability,
sociocultural factors (including the values and
preferences of the target population) and feasibility
(including logistic requirements, such as cold chain).
Therefore, vaccines need to be used together with
other interventions that fall under the four pillars
(prevention; access to essential health services;
timely, accurate diagnosis; and appropriate,
quality-assured treatment) (7).

Vaccines can be intfegrated and work synergistically
with other AMR interventions. In the context of access
to essential health services, vaccines ensure healthier
populations, reducing the demand for antimicrobial
treatments and preserving the efficacy of those
treatments. By preventing infections, vaccines
indirectly support the sustainability of antimicrobial
supplies, ensuring that these critical resources remain
effective and accessible for future generations. In
terms of diagnosis, vaccines play a supportive role
by reducing the prevalence of infectious diseases
that need differential diagnosis, thus possibly easing
the burden on diagnostic services; in turn, this allows
for more focused and efficient use of resources for
AMR surveillance and management. Lastly,
surveillance systems play a pivotal role in identifying
and monitoring AMR trends, which can inform
targeted vaccination and public health initiatives. By
keeping track of resistance patterns, public health
officials can prioritize the use of vaccines for
pathogens that pose the greatest risk of AMR and
adjust infection prevention and control (IPC)
measures and stewardship guidelines accordingly.

This report focuses on vaccines infended for use in
humans; however, the use of vaccines in the animal
sector can also prevent infections, reduce antibiotic
use and reduce selection for and spread of resistant
genes. This is particularly important because most
of the global antimicrobial consumption is
happening in animal husbandry. To develop and
effectively use vaccines to reduce antibiotic use,
WOAH has identified a list of pathogens for which
new or improved vaccines could have a significant
impact on antibiotic use and animal health (25).
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Fig. 1.2. Impact of vaccines on AMR in humans: a schematic pathway
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1.3 The need to estimate the role of vaccines

in reducing AMR: a rationale for this report

So far, consideration of AMR-related value in
evaluations of vaccines has been limited. Key
questions that need to be answered are:

e Where do vaccines hold the greatest value in
tackling AMR?

e Which vaccines should be prioritized for
development, intfroduction and use alongside
other core AMR interventions?

This report - Estimating the impact of vaccines in
reducing antimicrobial resistance and antibiotic
use - is closely aligned with WHO’s action
framework for leveraging vaccines to reduce
antibiotic use and prevent AMR (13). It supports all
three of the framework’s priority areas by
providing robust economic valuations of the
potential impact of implementation or
development of a range of vaccines. Further, this
report addresses the broader benefits of
vaccination in reducing antibiotic use and AMR,
as part of assessments of the full value of
vaccines (26).

This report focuses on 24 pathogens and

44 vaccines that are either licensed by national
regulatory agencies, in clinical development or
hypothetical. By combining the knowledge of
international experts with data and a robust
methodology, the aim is to quantify the potential for
these vaccines to reduce AMR, its effects and
antibiotic use. Although this report focuses on
human vaccines, similar analyses could be
conducted to evaluate the role of animal vaccines in
reducing and managing AMR.

Importantly, the report does not compare the
relative impact across AMR interventions; rather, it
considers different vaccines to identify those with
the highest potential. As such, the findings will be
helpful in prioritizing vaccines in ferms of their
impact on AMR, rather than in prioritizing different
AMR interventions, including vaccines. The value
estimates contained in this report will be useful for
vaccine and AMR stakeholders (e.g. policy-makers,
funders and researchers), guiding them to prioritize
and channel their efforts effectively for maximum
global impact against AMR.

1.4 Structure and audience

The structure of the report is as follows:

e methodology, including the feasibility of
developing and delivering vaccines, and
limitations of the methodology (Chapter 2);

e results for each of the evaluated criteria
(Chapter 3);

o pathogen-specific results (Chapter 4); and

e conclusions and recommendations (Chapter 5).
The report is intended for use by funders, vaccine
developers, researchers, national decision-makers,

health workers, civil societies and regulators, as
outlined below.

2. Methodology 3. Results by criterion

For funders, this report underscores the critical need
to invest in vaccine R&D alongside other critical R&D
needs, such as antibacterial agents and diagnostics,
particularly for pathogens highly prevalent in LMIC.
The report’s findings highlight the substantial impact
that vaccines can have on reducing the burden of
AMR. Funders are encouraged to strategically
allocate resources to these high-impact areas,
recognizing the potential for significant health
benefits and the broader global impact of reducing
AMR. The report also suggests a need for diversified
funding that supports both promising candidates
and exploratory research for vaccines that are less
developed but potentially impactful.

Vaccine developers can draw from this report a
clear need to focus on pathogens with a significant
threat of AMR. The report provides a roadmap for

4. Results by pathogen 5. Conclusions

6. References



1. Introduction

prioritizing vaccine R&D efforts that can have the
greatest impact on AMR. It also underscores the
importance of considering the specific challenges
in vaccine development for LMIC and adapting
strategies to meet these unique needs. Thus, the
report acts as a guide for directing resources and
efforts for vaccine R&D in a way that aligns with
global health priorities.

Researchers can interpret this report as a call to
action fo tackle the gaps in vaccine development
for pathogens for which the feasibility of vaccine
development and implementation is currently low.
The report highlights the need for innovative
approaches in research, such as developing new
animal models and in vitro assays, and identifying
correlates of protection, which are critical for
advancing the field. Additionally, the report’s
emphasis on under-researched areas offers
researchers a direction for future studies,
particularly in enhancing our understanding of the
broader impact of vaccines on AMR.

For national decision-makers, the report aims to
provide valuable insights into how vaccines can
be a key tool in a comprehensive strategy to
combat AMR, alongside other critical
interventions. It suggests a need for policies that
facilitate the introduction and distribution of
impactful vaccines, such as those against
Salmonella Typhi, S. pneumoniae, malaria and
influenza, and their integration into the broader
framework of AMR mitigation strategies. The
report also provides a foundation for developing
or adjusting policies to optimize the impact of
vaccines on reducing AMR, ensuring that policy
decisions are grounded in robust evidence and
strategic considerations.

Health workers can see in this report the critical
role that vaccines play in reducing AMR and the
important role of health workers in this process. The
report underlines the need for health workers to be
well informed about the latest vaccine
developments and their implications for AMR,
antibiotic stewardship and rational prescribing. It
also suggests that health workers will be key
players in administering these vaccines, monitoring
their impact and educating patients about their
importance, emphasizing the need for ongoing

2. Methodology 3. Results by criterion
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training and awareness about vaccines, as well as
the comprehensive set of AMR interventions

(e.g. IPC and water, sanitation and hygiene) to
effectively combat AMR aft the clinical level.

Civil society organizations - including patient
advocacy groups, public health organizations and
nongovernmental organizations (NGOs) - can use
the findings of this report to advocate for greater
access to and development of vaccines as a way to
tackle AMR. By highlighting the potential impact of
vaccines on reducing the incidence of both drug-
resistant and drug-susceptible infections, civil
societies can raise awareness among the public and
policy-makers about the critical role vaccines play in
reducing AMR. They can mobilize resources and
support for vaccination campaigns, especially in
LMIC where the burden of AMR is highest and
vaccine access may be limited. Moreover, civil
societies can leverage the report’s recommendations
to push for inclusive policies that ensure equitable
vaccine distribution; and to foster collaborations
between governments, the private sector and the
international community fo accelerate vaccine R&D.
Through education and advocacy, civil societies can
also work to dispel myths and misconceptions about
vaccines, building public trust and vaccine uptake.

Regulators can use this report to make informed
decisions in prioritizing vaccine approvals,
especially for vaccines targeting pathogens with a
significant threat of AMR. The data in this report
can guide the assessment of vaccine dossiers,
ensuring that considerations of vaccine impact on
AMR are integral to the regulatory review process.
This approach not only helps in supporting the
approval of vaccines with a high potential to
mitigate AMR but also in establishing criteria for
clinical trial designs that include AMR-related
outcomes. Additionally, regulators can use the
report’s findings to advocate for global
harmonization in regulatory standards, speeding
up access to effective vaccines worldwide. By
integrating AMR considerations into their
regulatory frameworks, regulatory agencies
strengthen their role in public health protection,
ensuring that vaccine development and approval
processes contribute effectively to the global fight
against AMR.

4. Results by pathogen 5. Conclusions
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2.1 How was this report developed?

This report was developed in response fo the need to evaluate the contribution of various interventions,
including vaccines, in reducing AMR, expressed in the Political Declaration of the High-Level Meeting of the
General Assembly on Anfimicrobial Resistance (77). Two technical groups on vaccines and AMR were
established, each with a 2-year time frame, to support and offer strategic guidance to WHO to appropriately
evaluate, analyse and communicate the role of vaccines in reducing AMR. The methodologies included in the
report were identified and discussed during meetings of the technical advisory groups in February 2019,
December 2019, October 2020, November 2021 and January 2023. The inferim results were presented and
discussed in October 2020, November 2021 and January 2023. The communication strategy was discussed
during the meeting in January 2023. Perspectives from industry experts were sought during a public hearing in
March 2023. The report was shared with the technical advisory groups and other experts for initial review
between December 2023 and January 2024, and for a second review in April 2024. All analyses and results
were presented and discussed with the WHO Strategic and Technical Advisory Group for Antimicrobiall
Resistance in June 2023 and 2024, the Strategic Advisory Group of Experts on Immunization in September 2023,
and the Product Development for Vaccines Advisory Committee in December 2022 and 2023.
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2. Methodology

2.2, Pathogen scope and assessment of

feasibility to develop and deliver vaccines

The pathogens selected for evaluating the potential
impact of vaccines on AMR were based on the
WHO priority pathogens list for R&D of new
antibiotics (9), the AMR threat list published by the
United States Centers for Disease Control and
Prevention (CDC) (27) and the Indian Priority
Pathogen List (28). The final list of pathogens was
agreed upon by the WHO Technical Advisory Group
on Vaccines and AMR. Pathogens were selected
based on their high incidence of resistant infections,
high mortality associated with resistant infections or
the high volume of antibiotics used in treating
them. The final list comprised 24 pathogens:

19 bacteria, four viruses and the parasite
Plasmodium falciparum (Table 2.1). Fungi were not
included owing to a lack of data on the global
burden of fungal infections, a lack of supporting
data on the impact of vaccines on fungal infections
and the limited number of vaccines in development
for fungal infections.

For each of the 24 pathogens, a set of vaccine
characteristics was identified to specify the target
population, vaccine efficacy, coverage, duration of
protection and disease presentation or strain
prevented (Table 2.1). For the existing vaccines
against Haemophilus influenzae type b (Hib),

S. pneumoniae and S. Typhi, the analysis
considered expanded coverage of the vaccines to
meet the strategic priority on coverage and equity
in I1A2030 (76) or described an improved vaccine.
For vaccines in development, hypothetical
characteristics were identified based on preferred
product characteristics (PPCs), target product
profiles (TPPs), characteristics of advanced vaccine
candidates, modelling studies that demonstrate
vaccine impact, and expert consultations with the
WHO Technical Advisory Group on Vaccines and
AMR, and PATH. For pathogens with very early or
no vaccine candidates in development,
assumptions were made that such vaccines would
reach 70% coverage, have 70% efficacy and protect
for 5 years, unless experts indicated otherwise. All
vaccines and their characteristics were reviewed
by at least two pathogen and vaccine experts.
Some pathogens have multiple disease
presentations and would require different vaccines
to prevent different disease presentations; for such
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pathogens, more than one vaccine was evaluated
for its impact on AMR.

For vaccines with a highly diverse target population,
or where the feasibility of reaching the target
population is highly uncertain, the unrestricted use
of vaccines against most of the syndromes in all
individuals at risk of disease was evaluated. This
was the case for seven pathogens, mostly
nosocomial, for which the likeliness, feasibility and
acceptability of vaccines in populations at high risk
of nosocomial infections is challenging.

For each vaccine, an assessment was conducted to
understand the feasibility of developing and
delivering a vaccine. Three criteria were used to
assess feasibility:

o Biological feasibility - Is the understanding of
pathogen biology sufficient to develop a vaccine?

e Product development feasibility — Are there
sufficient tools and assays to develop a vaccine?

e Access and implementation feasibility - Once
developed, is there a sufficient pathway fo a
policy decision on the vaccine, introduction of
the vaccine and sustainable financing?

For each criterion, indicators were identified with
corresponding thresholds and definitions of very
low, low, medium, high or very high feasibility

(Fig. 2.1). The indicators and their thresholds were
developed by PATH, the London School of Hygiene
& Tropical Medicine and the WHO Technical
Advisory Group on Vaccines and AMR. The
assessments of feasibility were made by experts in
the relevant pathogen. Although efforts were made
to align ratings by sharing a common methodology
and agreed thresholds, some subjectivity is
inevitable. Different amounts of information are
available for different pathogens, and challenges
differ, although synergies also exist.

For each vaccine, a short name was developed;
this short name, given in brackets [ ], is used

consistently in graphs and tables throughout this
report and in the data on the WHO website (29).

4. Results by pathogen 5. Conclusions

6. References

9



1. Introduction

Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use

2.21 What was not evaluated?

The potential impact of the severe acute respiratory
syndrome coronavirus 2 vaccines on antibiotic use
was not evaluated owing to the dynamic nature of
the virus at the time of writing, changes in
treatment guidelines and dynamic changes in
social behaviours that affect the spread of infection
and, subsequently, antibiotic use.

The potential impact of Group B Streptococcus
(GBS) vaccines on AMR was not evaluated because
most GBS isolates remain susceptible to penicillin
treatments. Although the use of penicillin
treatments may have a bystander effect

(i.e. increasing resistance in other bacteria), such
evaluation was outside the scope of this report.

The impact of vaccines against dengue virus was
not evaluated owing to limited evidence of
antibiotic use associated with dengue infection and
the disease burden being limited to specific
regions. However, since the selection of pathogens
for analysis, data have been published that
demonstrate significant use of antibiotics in treating
dengue infection (30), modelling analyses of the
impact of a dengue vaccine on AMR have been
published (37), and dengue disease incidence and
outbreaks have increased (32). Therefore, detailed
analyses to understand the impact of dengue
vaccines on antibiotic use and prevalence of AMR
in bacteria should be conducted.

Fig. 2.1. Definition of feasibility of developing and delivering a vaccine based on biological,
product development and access and implementation feasibility
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Indicators and thresholds were developed for each of these criteria, and vaccines were rated from very low to very

high feasibility.

Source: Reproduced with permission from WHO,
2022 (33).
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Table 2.1. Pathogens and their associated vaccines for which the impact on AMR was evaluated

Pathogen Vaccine description and short name Feasibility of vaccine
development and
implementation

Bacteria

Acinetobacter Avaccine against bloodstream A. baumannii infection given to 70% of infants and Low

baumannii elderly people, with 5-year efficacy of 70% [AB_1]

Avaccine against bloodstream A. baumannii infection given to 70% of all peopleat  Low
risk of infection, with 5-year efficacy of 70% [AB_2]

Avaccine against A. baumannii infection given to 70% of infants and elderly Low
people, with 5-year efficacy of 70% [AB_3]

Avaccine against A. baumannii infection given to 70% of all people at risk of Low
infection, with 5-year efficacy of 70% [AB_4]

Campylobacter Avaccine against C. jejuni infection given to 70% of infants, with 5-year efficacy Medium

jejuni of 70% [CJ]

Clostridioides Avaccine against C. difficile infection given to 70% of adults aged 45 years, with Low

difficile 5-year efficacy of 70% [CD]

Enterococcus Avaccine against E. faecium infection given to 70% of infants and elderly people, Low

faecium with 5-year efficacy of 70% [EF_1]

Avaccine against E. faecium infection given to 70% of all people at risk of infection, Low
with 5-year efficacy of 70% [EF_2]

Enterotoxigenic A vaccine against moderate to severe diarrhoea caused by ETEC infection given to Medium

Escherichia coli 70% of infants, with 5-year efficacy of 60% [ETEC]

(ETEC)

Extraintestinal Avaccine against bloodstream ExPEC infection given to 70% of infants and elderly =~ Medium

pathogenic people, with 5-year efficacy of 70% [EXPEC_1]

Escherichia coli . . . . . .

(EXPEC) Avaccine against bloodstream ExPEC infection given to 70% of all people at risk of Low

infection, with 5-year efficacy of 70% [EXPEC_2]

Avaccine against urinary tract ExPEC infection given to 70% of infants and elderly  Medium
people, with 5-year efficacy of 70% [EXPEC_3]

Avaccine against urinary tract EXPEC infection given to 70% of all people at risk of Low
infection, with 5-year efficacy of 70% [EXPEC_4]

Avaccine against EXxPEC infection given to 70% of infants and elderly people, with  Low
5-year efficacy of 70% [EXPEC_5]

Avaccine against EXxPEC infection given to 70% of all people at risk of infection, Low
with 5-year efficacy of 70% [EXPEC_6]

Group A Avaccine against GAS infection given to 70% of infants, with 5-year efficacy of 70% Medium

Streptococcus [GAS]

(GAS)

Haemophilus Avaccine against Hib infection given to 74% of infants (2019 coverage), with 5-year ~ High

influenzae efficacy of 93% [Hib_1]

type b (Hib) . o . . ' :

Avaccine against Hib infection given to 90% of infants, with 5-year efficacy of 93% High
[Hib_2]

Helicobacter A vaccine against H. pylori infection given to 70% of infants, with 5-year efficacy of Medium

pylori 70% [HP]

Klebsiella Avaccine against bloodstream K. pneumoniae infection given to 70% of infants Medium

pneumoniae through maternal vaccination, with 6-month efficacy of 70% [KP_1]

Avaccine against K. pneumoniae infection given to 70% of infants and elderly Low
people, with 5-year efficacy of 70% [KP_2]
Avaccine against K. pneumoniae infection given to 70% of all people at risk of Low

2. Methodology
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Pathogen Vaccine description and short name Feasibility of vaccine
development and
implementation

Mycobacterium Avaccine against pulmonary M. tuberculosis disease given to 70% of infants, with High

tuberculosis 10-year efficacy of 80% and subsequent boosting to ensure lifelong protection [TB_1]

Avaccine against pulmonary M. tuberculosis disease given to 70% of children aged High
10 years, with 10-year efficacy of 50% and subsequent boosting to ensure lifelong
protection [TB_2]

Neisseria Avaccine against N. gonorrhoeae infection given to 70% of adolescents, with 10-year ~ High

gonorrhoeae efficacy of 70% [NG]

Nontyphoidal Avaccine against nontyphoidal Salmonella infection given to 70% of infants, with Medium

Salmonella 5-year efficacy of 80% [NTS]

Pseudomonas Avaccine against bloodstream and lower respiratory tract P. aeruginosa infection Medium

aeruginosa given to 70% of infants and elderly people, with 5-year efficacy of 70% [PA_1]

Avaccine against bloodstream and lower respiratory tract P. aeruginosa infection Low
given to 70% of all people at risk of infection, with 5-year efficacy of 70% [PA_2]

Salmonella Avaccine against S. Paratyphi A infection given to 70% of infants in countries with a Low

Paratyphi A high typhoid burden, with 5-year efficacy of 70% [SPara]

Salmonella Typhi A vaccine against S. Typhi infection given to 70% of infants in countries with a high High

typhoid burden, with 15-year efficacy of 85% [ST]

Shigella Avaccine against moderate to severe diarrhoea caused by Shigella infection givento  Medium

70% of infants, with 5-year efficacy of 60% [Shigella]

Staphylococcus Avaccine against S. aureus infection given to 70% of infants and elderly people, Low

aureus with 5-year efficacy of 60% [SA_1]

Avaccine against S. aureus infection given to 70% of all people at risk of infection,  Low
with 5-year efficacy of 60% [SA_2]

Streptococcus A serotype-specific vaccine against S. pneumoniae infection given to 51% of infants  High

pneumoniae (2019 coverage), with 5-year efficacy of 25% for lower respiratory tract infections

and 58% for invasive pneumococcal disease caused by any serotype [SP_1]
A serotype-specific vaccine against S. pneumoniae infection given to 90% of infants, High
with 5-year efficacy of 25% for lower respiratory tract infections and 58% for
invasive pneumococcal disease caused by any serotype [SP_2]
A serotype-specific vaccine against S. pneumoniae infection given to 90% of infants High
and elderly people, with 5-year efficacy of 25% for lower respiratory tract infections
and 58% for invasive pneumococcal disease caused by any serotype [SP_3]
A non-serotype-specific vaccine against S. pneumoniae infection given to 90% of Low
infants and elderly people, with 5-year efficacy of 50% for lower respiratory tract
infections and 70% for invasive pneumococcal disease [SP_4]

Parasite

Plasmodium Avaccine against clinical P. falciparum (malaria) infection given to 70% of infants, High

falciparum with 4-year efficacy of 40% [Malaria]

Viruses

Influenza A seasonal maternal vaccine against influenza infection given to 70% of pregnant High

women to protect neonates and infants, with 1-year efficacy of 70% [Influenza_1]
A universal vaccine against type A influenza infection given to 70% of infants and Low
elderly people, with 5-year efficacy of 70% [Influenza_2]

Norovirus A vaccine against norovirus infection given to 70% of infants, with 5-year efficacy of Medium

50% [Norovirus]

Rotavirus An oral, live attenuated vaccine against rotavirus infection given to 90% of infants, High

with 2-year efficacy of 60% [Rotavirus]

Respiratory Avaccine against severe RSV infection given to 70% of infants through maternal High

syncytial virus vaccination, with 6-month efficacy of 70% [RSV_1]

RSV,
(RSV) Avaccine against severe RSV infection given to 70% of infants, with 2-year efficacy High

Bold font is used to highlight the differences between vaccines targeting the same pathogen. AMR: antimicrobial resistance.
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2.3 Potential impact of vaccines on AMR

health burden

2.31 AMR burden data

The bacterial AMR burden estimates from the
Global Research on Antimicrobial Resistance
(GRAM) Project were used; these extensive
estimates provided data for age-specific deaths
and disability-adjusted life years (DALYs) associated
with and attributable to AMR, by pathogen,
infectious syndrome and region, for 2019 (2).
Statistical predictive modelling of data from
systematic reviews, surveillance systems, hospital
systems and other sources was used to generate
these estimates of bacterial AMR burden for

88 pathogen-drug combinations for 204 countries
in 2019. The AMR burden estimates for Neisseria
gonorrhoeae include only morbidity, not mortality.
Deaths attributable to AMR are those that could be
averted if all drug-resistant infections were
replaced by drug-sensitive infections. Data for the
burden associated with AMR are presented; that is,
deaths and DALYs that could be averted if all
drug-resistant infections were replaced by no
infections. Given that vaccines prevent both
drug-resistant and drug-susceptible infections, it
was decided that the AMR-associated burden is the
appropriate metric for measuring the potential
impact of vaccination on AMR burden.

2.3.2 Evaluated vaccines

This analysis focused on 16 pathogens —
Acinetobacter baumannii, Enterococcus faecium,
Escherichia coli (both enterotoxigenic E. coli [ETEC]
and extraintestinal pathogenic E. coli [EXPEC]),
Group A Streptococcus (GAS), Hib, Klebsiella
pneumoniae, Mycobacterium tuberculosis,

N. gonorrhoeae, nontyphoidal Salmonella,
Pseudomonas aeruginosa, Salmonella Paratyphi A,
S. Typhi, Shigella spp., Staphylococcus aureus and
S. pneumoniae. The analysis included bacteria that
are WHO priorities for AMR or that have a high
AMR burden or a high mortality associated with
AMR. For each pathogen, vaccine characteristics
(the vaccine target population, efficacy, coverage,
duration of protection and disease presentation
prevented) were identified (Table 2.1 and the WHO

website (29)). For the existing vaccines against Hib,
S. pneumoniae and S. Typhi, the analysis
considered expanded coverage of the vaccines to
meet the strategic priority on coverage and equity
in 1A2030 (76). For vaccines that are not yet
available, hypothetical characteristics were
identified based on PPCs, TPPs, characteristics of
advanced vaccine candidates and consultations
with expert working groups and pathogen experts
(Table 2.1 and the WHO website (29)).

For pathogens with a highly diverse vaccine target
population or highly uncertain feasibility of vaccine
delivery, the estimated potential impact of the
vaccines assumed that all individuals at risk would
be vaccinated to protect against most of the
syndromes. This was applicable to vaccines against
A. baumannii, E. faecium, ExPEC, K. pneumoniae
(all syndromes), P. aeruginosa and S. aureus. For
S. pneumoniae, the high-potential scenario was
explored; that is, administering a vaccine to elderly
people with the highest disease burden.

2.3.3 Modelling process

A static proportional impact model was developed
to estimate the vaccination impact in terms of
reduction in age-specific AMR burden estimates for
2019 from the GRAM Project. A counterfactual’
pre-vaccination scenario was estimated for
diseases with existing vaccines and was adjusted
for disease type specification before applying the
vaccine impact. The reduction in pre-vaccination
AMR burden after vaccination was calculated in
direct proportion to efficacy, coverage, target
population for protection and duration of protection
of existing and potential future vaccines (34).

For people of ages that lie within the duration of
protection since the time of vaccination, the
following equation was used:

AMR burden averted at age i = AMR burden at
age i x pre-vaccination vaccine efficacy x vaccine
coverage

' A counterfactual being something that has not happened or is not the case.
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Vaccine-preventable deaths and DALYs attributable
to and associated with AMR were estimated by
region, infectious syndrome and pathogen, with
95% uncertainty intervals (Uls). The vaccine-
preventable burden was estimated from the age of
vaccination, under the assumption that vaccine-
derived immunity would be sustained for the
duration of protection of the corresponding
vaccine. Vaccine waning dynamics were not
considered because of limited evidence.

2.3.4 Estimating vaccine-
preventable AMR burden of the
target age group

The AMR burden data from the GRAM Project were
disaggregated by age into the categories of early
neonatal (first week after birth), late neonatal

(2-4 weeks of age), postneonatal (5 weeks to <1 year),
1-4 years, 4-9 years ... 90-94 years and 95 years and
over. The reduction in AMR burden was estimated in
direct proportion to efficacy, coverage, target
population for protection and duration of protection of
existing and potential future vaccines. It was
considered that vaccinated individuals would gain
vaccine-derived immunity 2 weeks after vaccination.

2.3.5 Estimating pre-vaccination
burden for pathogens with existing
vaccines

For the existing Hib vaccines and PCVs, the pre-
vaccination (i.e. no vaccination) burden associated
with and attributable to AMR in 2019 was estimated,
using estimates of coverage and efficacy. The 2019
WHO/United Nations Children’s Fund (UNICEF)
Estimates of National Immunization Coverage
(WUENIC) (35) and demography data from the
United Nations World Population Prospects (36)
were used to estimate vaccine coverage for Hib and
PCV at the regional level. Vaccine efficacy estimates
for the first dose, second dose and third dose
scheduled at 6, 10 and 14 weeks for the Hib vaccines
(37, 38) and PCVs (39, 40) were used. Applying the
vaccine efficacies and regional coverage fo the
AMR burden data in 2019 made it possible to
estimate the increase in AMR burden for the
counterfactual scenario of no vaccination in direct
proportion to efficacy, coverage, target population
for protection and duration of protection.

The global and regional coverage of typhoid
conjugate vaccine (TCV) and the post-vaccination
impact were minimal in 2019 (47); thus, TCV did not
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warrant additional estimation for the
counterfactual scenario of no vaccination.

2.3.6 Disease type specification of
the AMR burden

The GRAM Project estimates of AMR burden for
H. influenzae were not stratified by serotype. Hib
was responsible for about 95% of all infections
from invasive H. influenzae among children aged
under 5 years before the introduction of vaccines
(42). This 95% Hib proportion was applied to the
total H. influenzae burden in the counterfactual
scenario of no vaccination, to estimate the
vaccine-preventable proportion of Hib-specific
AMR burden of the total H. influenzae AMR
burden in 2019.

The GRAM Project’s AMR burden estimates do not
differentiate between E. coli strains. Instead, the
AMR burden estimates were stratified by
symptoms. As ETEC and ExPEC are the two major
E. coli strains that cause diarrhoeaq, the
proportional contribution of ETEC to the AMR
burden from E. coli causing diarrhoea was
calculated, then the impact of the ETEC vaccine
on reducing this burden was estimated.

2.3.7 Estimating the aggregated
vaccine-preventable burden

To produce the aggregate estimates for the
impact of vaccines by region and by infectious
syndrome, the impact of all listed vaccines was
estimated, provided the effects did not overlap
(fo avoid double counting). For situations where
multiple vaccines target the same disease,
infectious syndrome and age, the vaccines with
greater efficacy were chosen for the estimates.
However, for vaccines against S. pneumoniae, the
analysis used the efficacy of the existing vaccine
with increased coverage that met the strategic
priority on coverage and equity in I1A2030.

2.3.8 Uncertainty analysis

A Monte Carlo simulation of 400 runs (sufficient for
results to converge) was conducted fo propagate
the uncertainty in the AMR burden, vaccine efficacy
and coverage through the model simulations, to
estimate the uncertainty in the projected outcomes
of vaccination impact. Summary estimates are
provided for vaccine-preventable deaths and DALYs

4. Results by pathogen 5. Conclusions
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attributable to and associated with AMR by region,
infectious syndrome and pathogen, with 95% Uls.

The estimates account for the uncertainties around
AMR burden, efficacy and coverage. Based on data
examination, the log-normal distribution was
applied fo the mean and the 2.5th and 97.5th
percentiles of the AMR burden, to generate the
randomly drawn values. For vaccine efficacy and
coverage, the fruncated normal distribution was
used. For hypothetical vaccines, a variation of plus or

2. Methodology

minus 20% was applied fo the vaccine efficacy and
coverage. For existing vaccines, confidence intervals
(Cls) of the vaccine efficacy from studies were used,
and a variation of plus or minus 5% was applied to
the vaccine coverage (i.e. coverage of existing
vaccines increased fo meet the strategic priority on
coverage and equity in 1A2030). When estimating
the impact of the existing vaccines with current
coverage (i.e. based on WUENIC estimates), only the
uncertainty in efficacy was included because point
estimates of actual coverage were used.

2.4 Potential impact of vaccines on

antibiotic use

2.41 Summary

The potential impact of vaccines on antibiotic use
was estimated for 23 pathogens and 43 vaccines.
The impact on antibiotic use of a vaccine against
N. gonorrhoeae was not evaluated because of
limited data.

First, the total antibiotic use for each of 122
syndromes in the community and hospital settings
was estimated. Second, the pathogen-attributable
fraction for each of these syndromes was estimated
(i.e. the proportion of each syndrome caused by a
given pathogen). Finally, the proportional reduction
in antibiotic use that could be achieved by
vaccinating against each syndrome-pathogen
combination was estimated.

2.4.2 Antibiotic use

The total antibiotic consumption in ferms of
defined daily dose (DDD) per 1000 people per
year was extracted from the global study on
antibiotic consumption and usage in humans from
2000 fo 2018 (43). This global study infegrated
data from multiple sources, including proprietary
data provided by IQVIA (44), published data from
a 2018 WHO report on antibiotic use across 65
countries in 2015-2016 (45), public data from the
European Surveillance of Anfimicrobial
Consumption Network (46) and other studies (43).
Estimates of the proportion of antibiotics
consumed in hospital versus retail settings were
obtained for each year in 2000-2018 for all
countries directly from the study authors (43);

2. Methodology 3. Results by criterion

these proportions had been estimated as part of
the study but were not published.

2.4.3 Antibiotic use in communities

A systematic review and meta-analysis of
indications for antibiotic prescriptions in primary
care setftings was conducted following Preferred
Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guidelines to determine
antibiotic use in community settings. The systematic
review included 82 studies with data on indications
for antibiotic use in primary care settings
(unpublished, available on request from the
Product and Delivery Research [PDR] unit within the
Immunization, Vaccines and Biologicals [IVB]
Department at WHO). Data on “sick child”
observations from service provision assessments for
antibiotic use in children aged under 5 years were
also included (47). These observations were
categorized into a hierarchy of indications for
antibiotic use and were nested into several levels of
detail; for example, wounds, burns and trauma
were classified as injuries, which in turn fall under
the broader category of skin, soft tissue, bone and
joint-related indications.

Using the extracted and categorized data, a
hierarchical Bayesian statistical model was fitted to
the observations, using covariates for disease
incidence from the Global Burden of Disease
(GBD) study (48) as predictors for the incidence of
the different antibiotic-treated syndromes. Using
GBD data enabled incidence estimation of
antibiotic use for countries not covered by the

4. Results by pathogen 5. Conclusions
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review. Specifically, the Bayesian hierarchical
model fit the incidence of each antibiotic-treated
syndrome using fixed effects for each indication
overall, by subregion and by country. Estimating
effects by subregion and overall (i.e. globally)
allowed estimates for the incidence of each
antibiotic-treated syndrome to be pooled by
subregion and globally, which in tfurn enabled
antibiotic use estimates for countries excluded
from the systematic review.

As data on antibiotic use for TB in primary care
settings were limited, a separate model was
developed to estimate antibiotic use for treating TB.
Data from WHO'’s global TB database (49) and the
GBD study (48) for 2000-2019 for all countries were
used to derive age-specific TB incidence and were
combined with WHO's consolidated guidelines on
treatment regimens for TB (50). Using these data,
notified TB cases for each country and each year of
the analysis were estimated as the sum of the
reported number of new cases, relapse cases and
cases with unknown previous TB treatment history,
and the reported number of retreatments of
previously treated patients (excluding relapse
cases), as reported in WHO TB nofifications data.
Interpolation was done for the missing years for
some countries, using the trends in TB incidence
from the GBD study. For the age distribution of
these cases, the reported age distributions for new
and relapse cases in the WHO TB notifications
dataset were used. Where age distributions were
missing or coarse, GBD age-specific and country-
specific incidence data were used to fill in the
distributions. For resistance types, drug-susceptible
infections were distinguished from multidrug-
resistant TB or rifampicin-resistant TB (MDR/RR-TB)
infections, because guidelines for treatment of
MDR-TB and RR-TB infections are similar, and the
proportion of cases that were extensively drug-
resistant (XDR) or pre-XDR was negligibly low. Each
notified TB case was assumed fo be treated
according to WHO guidelines for the infection’s
susceptibility profile (drug-susceptible TB versus
MDR/RR-TB) to calculate the volume of antibiotics
used for TB treatment.

The etiology of selected community syndromes
was compiled from existing systematic reviews and
microbiological databases categorized by global
region (unpublished, available on request from
IVB/PDR). The syndromes were mapped to
etiologies by feasibility; this mapping process was
guided by the vaccines and their characteristics as
evaluated in this report. For pneumonia, a

1. Introduction 2. Methodology 3. Results by criterion

published systematic review of incidence and
causative pathogens for childhood pneumonia
was used (57). For gastrointestinal infections,
evidence was synthesized from the Global Enteric
Multicenter Study on the incidence and etiology of
clinically attended, antibiotic-treated diarrhoea
among children aged under 5 years in LMIC (52).
For ofitis media, evidence was synthesized from a
published systematic review of prevalence and
AMR of bacteria in children with acute otitis media
and ear discharge (53). For pharyngotonsillitis,
evidence was synthesized from increased
identification of GAS in a prospective case—control
study in primary health care settings in Kronoberg
County, Sweden (54). For skin and soft tissue
infections, evidence was synthesized from the
SENTRY Microbiology Visualization Platform of
specimens recovered from skin and soft tissue
infections in prevalence mode from children aged
0-4 years (55). For UTls, evidence was synthesized
from a published systematic review and meta-
analysis of etiological studies of community-
acquired UTls (56). For malaria, evidence was
synthesized from the World malaria report

2023 (57), which included the proportion of malaria
cases attributable to Plasmodium vivax for
2000-2020 by WHO region. For typhoid and
paratyphoid fever, evidence was synthesized from
the GBD study (48), which included the relative
incidence of typhoid and paratyphoid fevers (48).
All TB cases were attributed to M. tuberculosis.

2.4.4 Antibiotic use in hospitals

The Global Point Prevalence Survey of Antimicrobial
Consumption and Resistance (Global-PPS) was
used to calculate antibiotic use in hospital
settings (58). The Global-PPS reports the
prevalence of antimicrobial use for more than
500 participating hospitals in 89 countries. A
Bayesian hierarchical statistical model, similar to
the model used to estimate antibiotic use in the
community, was fitted to observations of the
number of patients using antibiotics across

47 diagnostic codes used by the Global-PPS. To
estimate etiologies for hospital conditions, data
from the Global-PPS that provided the proportion
under each diagnostic code for which a
microbiological diagnosis was made, based on
identification of one or more of 53 microbial
pathogens, were used. This made it possible to
directly estimate the etiology across the

47 syndromes, based on the pathogens that were
isolated from patients with each diagnosis.
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2.4.5 The impact of vaccines on
antibiotic use

Vaccine profiles that defined the pathogen,
syndromes, age group, coverage and efficacy for
each vaccine were developed through WHO
technical advisory group consultations (Table 2.1).
Triangulation of data on antibiotic use in
community and hospital settings and the
estimates of vaccine-preventable AMR health
burden were synthesized in a static model, to

2. Methodology

estimate the proportional reduction in antibiotic
use achievable by vaccination against each
syndrome-pathogen combination. Specifically, the
reduction in antibiotic consumption for a given
age group, syndrome, pathogen and population
was calculated as VE x C x D, where VE is the
vaccine efficacy for the given syndrome, C is the
proportion of the age group vaccinated and D is
the number of DDDs consumed for treatment of
the specific syndrome or syndromes and
pathogen in a given age group and setting.

2.5 Potential impact of vaccines on AMR

cconomic burden

2.5.1

The economic burden per case of disease caused
by infection associated with AMR was estimated.
The methodology was developed based on
previous scientific frameworks (59). To quantify the
potential vaccine-preventable economic burden,
these estimates were combined with the
estimates of AMR health burden (Sections 2.3 and
3.1) for each pathogen and region of inferest. The
analyses focused on hospital costs (due to cases)
and labour productivity losses (due to excess
deaths) associated with AMR; that is, the
economic burden of an AMR infection compared
with the economic burden of no infection.

Summary

The analysis was based on dafa and cost
estimates from a variety of countries and settings,
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presented in different currencies and from
different years. Therefore, all monetary values
were inflated based on the relevant country’s
gross domestic product (GDP) and converted fo
a figure in 2019 US dollars.

This impact of vaccines on AMR economic burden
is reported following the Consolidated Health
Economic Evaluation Reporting (CHEERS)
guidance for health economic evaluations (60).
The analysis focuses on key bacterial pathogens
for which there is known literature on the health
and economic burden associated with AMR and
for which the impact on AMR health burden was
evaluated (Sections 2.3 and 3.1) (67). The evaluated
pathogens, syndromes and antibiotic classes are
listed in Table 2.2.

4. Results by pathogen 5. Conclusions
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Table 2.2. Pathogens, syndromes and antibiotic classes evaluated

Pathogen

Syndromes

Resistance pattern or patterns

Acinetobacter baumannii

Enterococcus faecium

Escherichia coli (ETEC and EXPEC)

Group A Streptococcus

Haemophilus influenzae

Klebsiella pneumoniae

Mycobacterium tuberculosis

Pseudomonas aeruginosa

Salmonella (Paratyphi A, Typhi and
nontyphoidal)

Shigella spp.

Staphylococcus aureus

Streptococcus pneumoniae

BSI, bacterial skin infections, cardiac
infections, LRI, thorax infections and UTI

BSI, bone and joint infections, cardiac
infections, IAl and UTI

BSI, bacterial skin infections, bone and
joint infections, CNS infections, cardiac
infections, diarrhoea, IAl, LRI, thorax
infections and UTI

BSI, bacterial skin infections, bone and joint
infections, and cardiac infections

CNS infections, LRI and thorax infections

BSI, bacterial skin infections, bone and
joint infections, CNS infections, cardiac
infections, IAl, LRI, thorax infections and UTI

Tuberculosis

BSI, bacterial skin infections, bone and joint
infections, cardiac infections, IAl, LRI, thorax
infections and UTI

BSlI, cardiac infections, typhoid, paratyphoid
and iNTS

Diarrhoea

BSI, bacterial skin infections, bone and
joint infections, CNS infections, cardiac
infections, IAl, LRI, thorax infections and UTI

LRI, thorax infections, BSI, CNS infections
and cardiac infections

3G cephalosporins, carbapenems and
fluoroquinolones

Fluoroquinolones and glycopeptides

3G cephalosporins, carbapenems and
fluoroquinolones

Macrolides

3G cephalosporins

3G cephalosporins, carbapenems and
fluoroquinolones

Multidrug resistance

3G cephalosporins, carbapenems and
fluoroquinolones

Fluoroquinolones or MDR in Salmonella

Fluoroquinolones

Fluoroquinolones, glycopeptides,
macrolides and penicillins

3G cephalosporins, carbapenems,
fluoroquinolones, macrolides and
penicillins

3G: third-generation; BSI: bloodstream infections; CNS: central nervous system; ETEC: enterotoxigenic Escherichia coli;
EXPEC: extraintestinal pathogenic Escherichia coli; IAl: intra-abdominal infections; iNTS: invasive nontyphoidal Salmonella;
LRI: lower respiratory tract infections; MDR: multidrug resistance; spp.: species; UTI: urinary tract infections.

2.5.2 Hospital unit costs

Interventions that are Cost-Effective), relative to the

country where a study was conducted (63).

The hospital unit costs (informed by an overall

hospital cost per case or length of hospital stay)
associated with AMR for the selected bacteriq,

The aim was to collect data on hospital costs or
length of stay associated with AMR for each

1. Introduction

antibiotic classes and WHO regions were identified
by a rapid review of systematic reviews. A fotal of
180 studies reporting 365 estimates of hospital costs
or length of hospital stay were identified (62). For
the selected pathogens and six WHO regions, the
reviews focused on penicillin and glycopeptide
resistance in gram-positive bacteria, third-
generation cephalosporin (3GC) and carbapenem
resistance in gram-negative bacteria and MDR in
TB (Table 2.2). To convert the estimates of hospital
length of stay info hospital costs associated with
AMR, each data point for hospital length of stay
was multiplied by the estimated bed-day cost
provided by WHO-CHOICE (CHOosing

2. Methodology 3. Results by criterion

drug-pathogen combination for each country. If
such data were not available, this was done using
costing estimates for the same drug-pathogen
combination from another country within the same
WHO-CHOICE classification. If this information was
not available, the analysis used estimates from the
same WHO region or World Bank Income Group;
failing this, global average values were used.
Where estimates for drug-pathogen combinations
were not available, the analysis used estimates of
costs for a pathogen of the same antibiotic class
resistance (gram-positive or gram-negative) and
same syndrome, prioritizing cost estimates from
the same WHO-CHOICE classification. All extracted

4. Results by pathogen 5. Conclusions
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estimates were pooled using random-effects
meta-analysis. Later, 1000 random samples of
length of stay were drawn from the uncertainty
distribution of the pooled estimate (assuming a
normal distribution) and combined with

1000 random samples drawn from the distribution
of hospital bed-day costs (assuming log-normal
distributions) to estimate the mean and 95% Ul.

A numerical indicator of the strength of evidence
behind each outcome was created by weighting
the number of studies used in the meta-analysis by
proximity to the country of interest (64).

National estimates for hospital costs were averaged
to WHO regions, weighted by 2019 population
values (65). All monetary values are reported in
2019 US dollars. To convert cost estimates of
different currencies and years into 2019 US dollars,
the World Bank data for purchasing power parity
exchange rates and local currency unit exchange
rates were used. The inflation and exchange rate
conversion process converted cost estimates from
study currency to national or local currency, inflated
based on national GDP deflation data (or Eurozone
equivalents if applicable), and subsequently
converted them into US dollars. If data were
missing, US dollar values and US GDP deflation
estimates were used.

2.5.3 Labour productivity unit costs

Labour productivity costs were estimated using the
human capital method (66). Mean nominal monthly
earnings of employees and employment-to-
population ratios (from 1990 to 2019) were extracted
from the International Labour Organization and
aggregated by sex and age (67). Monthly earnings,
adjusted by employment ratios, were calculated for
the working population and used as proxies of
productivity costs per working day lost. It was
assumed that the working population was aged
15-64 years. Mean annual growth rates were
considered for both wage and employment ratio
estimates, where 2019 values were not available.

2.5.4 Burden of drug-resistant
infections and potential impact of
vaccination

The included combinations of drug, pathogen,
syndrome and country were those included in the
health impact analysis of pre- and post-vaccination
scenarios for each country in 2019 (67). Point
estimates of pre- and post-vaccination scenarios
were used. These included the combinations of

2. Methodology 3. Results by criterion
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drug, pathogen, syndrome and country listed in
Table 2.1, focusing on the AMR-associated burden
(where no infection is the counterfactual).

Data on hospital costs or length of stay were
limited for Salmonella, Shigella or AMR associated
with gastrointestinal-related illnesses, GAS and
Hib. Instead, a desk review was conducted to
evaluate the length of stay in hospital for all
patients with Salmonella infections associated with
AMR. Results of an expert elicitation exercise
examining the impacts on length of stay of AMR
bacteria linked to gastrointestinal-related illness,
GAS and Hib were used.

When combining health impact and economic
outcomes, length of stay estimates were sampled
from a truncated normal distribution and
combined with WHO-CHOICE unit costs. To use all
available data in estimating the associated burden
of AMR, in cases where unit costs for associated
AMR burden were not available, but attributable
AMR burden estimates were available, adjustment
factors were calculated by converting excess length
of stay with a susceptible infection when compared
with no infection. These adjustment factors were
then used to adjust the attributable AMR burden to
the associated AMR burden. To estimate the
potential impact of vaccines on hospital costs, the
analysis first estimated the proportion of cases
treated in hospitals from region-syndrome-specific
data in previous global AMR analyses and expert
elicitation (2). These estimates were then combined
with the unit hospital costs associated with AMR at
the country level.

Labour productivity losses were calculated by first
combining deaths reported by WHO region and
age group, and data reporting average length of
life per WHO region (to estimate working life years
lost), then with unit costs per person per year,
calculated as above (68, 69).

The time horizon was one year, with the impact of
cases and deaths in 2019 being modelled (the
lifetime horizon impact of those deaths is
incorporated in labour productivity calculations).
Bed-days and potential working life years lost
(undiscounted and not considering employment
rates) were also calculated, allowing for the
quantification of unadjusted or maximum potential,
direct capacity impacts. Medians and interquartile
ranges of the hospital economic burden were
estimated. Point estimates were calculated for
labour productivity because only point estimates in
both the unit costs and incidence were available at
the time of analysis.

4. Results by pathogen 5. Conclusions

6. References



20

1. Introduction

Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use

2.6 Limitations

The findings of this report are primarily based on
modelling analyses rather than direct observations,
which presents inherent limitations. A significant
constraint is the reliance on estimates from the
GRAM Project for determining the bacterial AMR
burden. Despite being the most detailed source to
date, the GRAM Project’s data, especially from
LMIC, are notably limited, affecting the robustness
of these estimates. Specifically, the GRAM Project
lacks data on TB associated with HIV, creating a
significant gap in understanding the full scope of
AMR. Similarly, DALYs reported by the GRAM
Project often do not encapsulate the full morbidity
associated with evaluated pathogens. Some
examples include wasting and stunting caused by
enteric pathogens, invasive nontyphoidal
Salmonella associated with malaria, rheumatic
heart disease after an infection with GAS, or
infertility and ectopic pregnancy caused by an
infection with N. gonorrhoeae. Hence, if morbidity
outcomes were fully accounted for, the true impact
of vaccines on DALYs associated with AMR could be
markedly higher.

The approach to estimating the impact of vaccines
on AMR is static, focusing solely on the direct effects
and not accounting for indirect vaccine benefits,
such as herd immunity. This methodology probably
leads to an underestimation of the frue impact of
vaccines on AMR. The choice of modelling
approach was dictated by a need to analyse and
compare multiple vaccines, which needed a
standardized approach and did not allow for
incorporation of pathogen-specific characteristics
and disease dynamics into the model.

The analyses of vaccine impact on AMR used 2019
WUENIC coverage (for existing vaccines) or
assumed moderate fo high coverage of vaccines
(for new vaccines). This assumption probably
overestimates vaccine impact on AMR given the
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increasing number of available vaccines,
challenges that countries are facing with financing
and delivering vaccines, and increasing vaccine
hesitancy. The analyses only modelled the impact
of routine vaccination on AMR. Additional analyses
evaluating the impact of vaccination campaigns on
AMR would probably increase the estimated
impact of vaccines on AMR.

The report probably underestimates the impact of
vaccines on AMR because it does not explore how
the vaccine-averted reduction in antibiotic use
impacts future AMR prevalence, nor does it
consider the effects of vaccines on AMR for
pathogens not directly tfargeted by vaccines

(e.g. an influenza vaccine to protect against
bacterial infections with S. pneumoniae). These
effects were not considered because of the
complexities involved in such analyses, requiring a
different methodological approach that was
beyond the scope of the report.

This report evaluates the impact of vaccines on
averting antibiotic use. Except in the case of

M. tuberculosis, the report did not evaluate the
impact of vaccines on antimicrobial use (e.g.
antiviral or antiparasitic medicines). Also, the report
did not evaluate the effect of vaccine-averted
secondary infections that result in empirical
antibiotic treatment. Had these two issues been
included, they would probably have increased the
estimated vaccine impact on AMR.

Finally, the report does not address the impact of
vaccines on drug-susceptible pathogens. This is
because vaccine impact models have already been
conducted for some drug-susceptible pathogens
and vaccines. As such, the results presented here
need to be considered in the context of the overall
vaccine effect, including herd protfection and
vaccine impact on drug-susceptible pathogens.
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3.1 Potential vaccine impact on AMR
health burden

Vaccines can reduce the number of infections caused by drug-susceptible and drug-resistant pathogens,
disease and deaths; hence, they can reduce the overall pathogen burden in a population in which
appropriate vaccine coverage is achieved. This reduction in pathogen burden and clinical infection will, in
part, mitigate the impact of AMR on that population.

The GRAM Project estimated the deaths and DALYs attributable to and associated with AMR. The study
estimated that 1.27 (95% Ul: 0.91-1.7) million deaths and 47.9 (95% Ul: 35-64) million DALYs were attributable
to bacterial AMR, and that 4.95 (95% Ul: 3.6-6.6) million deaths and 192 (95% Ul: 146-248) million DALYs
were associated with bacterial AMR in 2019 (70). The term “burden attributable to AMR” refers to deaths
and DALYs that could be averted if all drug-resistant infections were replaced by drug-susceptible
infections, whereas “burden associated with AMR” refers to deaths and DALYs that could be averted if all
drug-resistant infections were replaced by no infections.

As vaccines prevent diseases, this chapter reports on the potential impact of vaccines on deaths and DALYs
associated with AMR rather than attributed to AMR. Using the GRAM Project data from 2019, it presents
estimates of the vaccine-preventable bacterial AMR health burden (deaths and DALYs) for existing and
future vaccines by pathogen and by infectious syndrome at the regional and global levels. Analyses to
understand the potential impact of vaccines on AMR health burden from viruses, fungi or parasites were
not conducted owing to a lack of data. Data accompanying this chapter can be viewed on the WHO
website (29). The findings have been peer-reviewed and published (67).

1. Introduction 2. Methodology 3. Results by criterion 4. Results by pathogen 5. Conclusions 6. References
|



22

1. Introduction

Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use

311 Methodology

The vaccine-preventable bacterial AMR burden
was estimated for a total of 34 different vaccines
against 16 bacterial pathogens. For each vaccine,
the associated short name is given in brackets [ ];
this short name is used consistently in graphs and
tables throughout this document, and in the data
on the WHO website (29). The potential impact of
existing and future vaccines at the regional and
global levels, by pathogen and infectious
syndrome, was estimated using a static
proportional impact model (Fig. 3.1), in which the
reduction in AMR burden after vaccination was
calculated as being proportionate to the efficacy
of the vaccine, the coverage level achieved in the
target population and the duration of protection
from existing and potential future vaccines (67).
Because vaccines reduce the burden from both
drug-resistant and drug-susceptible pathogens,
the AMR-associated burden was used in this
report as the metric for measuring the impact of
vaccination on AMR. The health burden caused
by drug-susceptible pathogens and averted by
vaccines is presented on the WHO website (29).

Table 2.1in Chapter 2 presents the key
characteristics for vaccines against 16 bacterial
pathogens. These characteristics are vaccine
efficacy, duration of protection for vaccine-derived
immunity, vaccine coverage levels, farget
population or populations and the indication
targeted by the vaccine. Vaccine characteristics
were identified through published PPCs (where
available), modelling studies that help inform the
use and value of a vaccine, late-stage vaccine
candidates currently in development, and analyses
of clinical trials and post-licensure studies for those
vaccines that are already licensed. Final consensus
for the range of vaccine characteristics was
reached through expert consultation.

2. Methodology 3. Results by criterion

As discussed in Chapter 2, the analysis was
conducted for 16 pathogens to evaluate the effect
of primary vaccination of specific age groups
against specific syndromes; however, for seven of
those pathogens, the vaccine impact was also
evaluated for all age groups and against alll
infectious syndromes combined (Table 3.2 and
Table 3.3). This high-potential scenario was
evaluated for vaccines where delivery platforms or
target groups are highly uncertain; for example, for
pathogens that cause nosocomial infections.

3.1.2 Potential vaccine impact on
AMR health burden

Based on the identified vaccine characteristics,
vaccines against the 16 pathogens may prevent
510 000 (95% Ul: 490 000-540 000) deaths and
28 (95% Ul: 27-29) million DALYs associated with
AMR (Fig. 3.2) (vaccines indicated with a
superscript “b” in Tables 3.1-3.3). When the use of
vaccines is expanded to all target populations at
risk of infection, an additional 1.2 (1.18-1.23) million
deaths and 37 (36-39) million DALYs associated
with AMR could be averted. The non-serotype-
specific vaccine against S. pneumoniae [SP_4],
with increased efficacy against lower respiratory
tract infections, would have the highest impact on
both AMR-associated deaths and DALYs. Similarly,
an infant vaccine against M. tuberculosis [TB_1]
would have a significant impact on AMR-
associated deaths and DALYs. The current

S. pneumoniae vaccine given to children and
elderly people, with 90% global coverage in both
populations [SP_3], would have a significant
incremental impact on averting DALYs, in addition
to a measurable impact through averting AMR-
associated deaths.

4. Results by pathogen 5. Conclusions
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Fig. 3.1. A model to estimate vaccine impact on AMR health burden®

i

Pre-vaccine AMR burden

@O Reduction in AMR burden in direct proportion
to vaccine efficacy and coverage

Post-vaccine AMR burden

AMR health
burden

—>
Birth ;

I Age I

Age of Age of
vaccination vaccination
(infant) Reduction in AMR burden (elderly)
due to vaccination
Duration of Duration of
vaccine vaccine
prevention prevention

AMR: antimicrobial resistance.

@ Static proportional impact model to estimate the reduction in AMR burden after vaccination in direct proportion to efficacy,
coverage, target population for protection and duration of protection from existing and potential future vaccines. The AMR
burden among infants may be higher or lower than the AMR burden among elderly people and depends on the pathogen.
For example, the AMR burden for Streptococcus pneumoniae and Haemophilus influenzae is higher among infants than
among elderly people, whereas the AMR burden for Staphylococcus aureus and Acinetobacter baumannii is lower among
infants than among elderly people.

Source: reproduced with permission from Kim et al. 2023 (67).
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Fig. 3.2. Potential vaccine impact on AMR health burden by vaccine®

(a) Vaccine-preventable deaths associated with AMR, globally, in 2019
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(b) Vaccine-preventable DALYs associated with AMR, globally, in 2019
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AB: Acinetobacter baumannii; AMR: antimicrobial resistance; DALY: disability-adjusted life year; EF: Enterococcus faecium;
ETEC: enterotoxigenic Escherichia coli; EXPEC: extraintestinal pathogenic Escherichia coli; GAS: group A Streptococcus;

Hib: Haemophilus influenzae type b; KP: Klebsiella pneumoniae; NG: Neisseria gonorrhoeae; NTS: nontyphoidal Salmonella;
PA: Pseudomonas aeruginosa; SA: Staphylococcus aureus; SP: Streptococcus pneumoniae; SPara: Salmonella Paratyphi A;

ST: Salmonella Typhi; TB: tuberculosis.

@ The figure shows the global estimates (median and 95% uncertainty interval) of vaccine-preventable deaths and DALYs

associated with bacterial AMR in 2019. See Tables 3.1-3.3 for vaccine characteristics.
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3. Results of vaccine impact modelling on AMR by criterion

3.1.3 Potential vaccine impact on

AMR health burden by syndrome

Fig. 3.3 shows the vaccine-preventable deaths and
DALYs associated with bacterial AMR for various

infectious syndromes at the global level in 2019.

Vaccine-preventable mortality associated with

bacterial AMR was highest for lower respiratory tract

and thorax infections, with 160 000 (95% Ul: 140 000-
170 000) deaths and 11 (9.6-11) million DALYs averted,;
this was followed by TB, with 118 000 (107 000-131 000)

deaths and 4.6 (4.2-5.0) million DALYs, and
bloodstream infections, with 110 000 (100 000-120 000)
deaths and 5.6 (5.1-6.3) million DALYs averted in 2019.
The pathogens S. pneumoniae, S. aureus and

K. pneumoniae account for most of the estimated
vaccine-preventable AMR burden associated with
lower respiratory tract and thorax infections, whereas
K. pneumoniae, A. baumannii and E. coli account for
most of the vaccine-preventable AMR burden
associated with bloodstream infections (Fig. 3.4).

Fig. 3.3. Potential vaccine impact on AMR health burden by syndrome®
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AMR: antimicrobial resistance; BSI: bloodstream infections; CNS: central nervous system; DALY: disability-adjusted life year;
IAl: intra-abdominal infections; INTS: invasive nontyphoidal Salmonella; LRI: lower respiratory tract infections; UTI: urinary
tract infections.

@ The figure shows the global estimates (median and 95% uncertainty inferval) of vaccine-preventable deaths and DALYs
associated with bacterial AMR in 2019.

1. Introduction

2. Methodology

3. Results by criterion

4. Results by pathogen

5. Conclusions

6. References

25



26 Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use

Fig. 3.4. Estimated potential vaccine-preventable deaths associated with AMR by infectious
syndrome and pathogen in 2019°
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A. baumannii: Acinetobacter baumannii; AMR: antimicrobial resistance; BSI: bloodstream infection; CNS: central nervous
system; E. coli: Escherichia coli; E. faecium: Enterococcus faecium; H. influenzae: Haemophilus influenzae type b; iNTS:
invasive nontyphoidal Salmonella; K. pneumoniae: Klebsiella pneumoniae; LRI: lower respiratory tract infections; M.
tuberculosis: Mycobacterium tuberculosis; P. aeruginosa: Pseudomonas aeruginosa; S. aureus: Staphylococcus aureus; S.
pneumoniae: Streptococcus pneumoniae; UTI: urinary tract infections;
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3.1.4 Potential vaccine impact on
AMR health burden by region

The greatest impact of vaccines on reducing the
burden of bacterial AMR in 2019 was seen in the
WHO African Region, with an estimated

170 000 (95% Ul: 150 000-180 000) deaths and

3. Results of vaccine impact modelling on AMR by criterion

12 (11-13) million DALYs averted annually. In the WHO
South-East Asia Region, vaccines were estimated to
have prevented 160 000 (150 000-180 000) deaths
and 7.5 (6.8-8.5) million DALYs annually. Together,
these two regions could account for about two
thirds of the global reduction in vaccine-
preventable AMR burden in 2019 (Fig. 3.5).

Fig. 3.5. Potential vaccine impact on AMR health burden by WHO region in 2019°
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AFR: WHO African Region; AMR: WHO Region of the Americas; DALY: disability-adjusted life year; EMR: WHO Eastern
Mediterranean Region; EUR: WHO European Region; SEAR: WHO South-East Asia Region; WHO: World Health

Organization; WPR: WHO Western Pacific Region.

@ The figure shows the estimates (median and 95% uncertainty interval) of vaccine-preventable deaths and DALYs

associated with bacterial AMR in 2019.
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28 Estimating the impact of vaccines in reducing antimicrobial resistance and antibiotic use
3.1.5 Potential "'npc":1 of eX|s’r|ng 12 500 deaths. Vaccination against Hib [Hib_1] in
vaccines on deaths and DALYs 2019 is estimated to have averted 11500 (9690-
associated with AMR 13 000) deaths and 1.0 (0.9-1.2) million DALYs
associated with AMR. If coverage were scaled up to
Vaccination against S. pneumoniae [SP_1] in 2019 90% globally [Hib_2], a further 1500 deaths and
was estimated to have prevented about 44 500 0.12 million DALYs associated with AMR could have
(95% Ul: 37 000-51500) deaths and 3.8 (3.3-4.5) been averted. Wider introduction and scale-up of
million DALYs associated with AMR (Table 3.1). By vaccination against S. Typhi [ST] could have
reaching the WHO-recommended coverage level averted 34 500 (26 000-44 000) deaths and 2.8
of 90% globally [SP_2], an additional 14 500 deaths (2.2-3.6) million DALYs associated with AMR in 2019.
and 1.3 million DALYs associated with AMR could This highlights the critical need fo scale up existing
have been averted. Expanding the coverage to vaccines fo high and equitable vaccination
elderly populations [SP_3] would increase the coverage and fo accelerate the intfroduction of
vaccination impact by averting a further TCV in high-burden countries.
Table 3.1. Potential impact of existing vaccines on deaths and DALYs associated with AMR®
Vaccine-averted Vaccine-averted DALYs
Pathogen Vaccine description and short name deaths associated with  associated with AMR in
AMR in 2019 (95% UI) 2019 (95% UI)
Haemophilus Avaccine against Hib infection given to 74% of infants 11500 (9690-13 000) 1.0 (0.9-1.2) million
influenzae (2019 coverage), with 5-year efficacy of 93% [Hib_1]
t b (Hib
ype b (Hib) Avaccine against Hib infection given to 90% of infants, 13000 (11 000-15 000) 1.1 (1.0-1.3) million
with 5-year efficacy of 93% [Hib_2]°
Salmonella Avaccine against S. Typhi infection given to 70% of infants 34 500 (26 000-44 000) 2.8 (2.2-3.6) million
Typhi in countries with a high typhoid burden, with 15-year
efficacy of 85% [ST]P
Streptococcus A serotype-specific vaccine against S. pneumoniae 44500 (37 000-51500) 3.8 (3.3-4.5) million
pneumoniae infection given to 51% of infants (2019 coverage), with
5-year efficacy of 25% for lower respiratory tract infections
and 58% for invasive pneumococcal disease caused by
any serotype [SP_1]
A serotype-specific vaccine against S. pneumoniae infection 59 000 (50 000-69 000) 5.1 (4.5-6.0) million
given to 90% of infants, with 5-year efficacy of 25% for
lower respiratory tract infections and 58% for invasive
pneumococcal disease caused by any serotype [SP_2]°
A serotype-specific vaccine against S. pneumoniae 71500 (62 500-81500) 5.3 (4.7-6.1) million
infection given to 90% of infants and elderly people,
with 5-year efficacy of 25% for lower respiratory tract
infections and 58% for invasive pneumococcal disease
caused by any serotype [SP_3]
AMR: antimicrobial resistance; DALY: disability-adjusted life year; Ul: uncertainty interval.
° Differences between vaccine characteristics for the same pathogen are highlighted in bold.
® Indicates vaccines that were included in the calculation of the total vaccine-avertible AMR health burden.
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3.1.6 Potential impact of new
vaccines in late-stage clinical
development on deaths and DALYs
associated with AMR

Vaccines in late-stage clinical development with
clear characteristics, or published PPCs or TPPs,
such as those for EXPEC and M. tuberculosis, have
the potential to prevent a significant proportion of
the AMR burden (Table 3.2). A vaccine against

M. tuberculosis that meets WHO's PPC criteria of
80% efficacy and is given to 70% of infants, with
lifelong immunity or boosting [TB_1], would have
averted 118 000 (95% Ul: 107 000-131 000) deaths
and 4.6 (4.2-5.0) million DALYs associated with AMR
in 2019. Another vaccine against M. tuberculosis
given to adolescents and older populations at
70% coverage and with 50% efficacy and lifelong
immunity or boosting [TB_2] could have averted

3. Results of vaccine impact modelling on AMR by criterion

about 70 500 (64 000-78 000) deaths and

2.6 (2.3-2.8) million DALYs associated with AMR in
2019. Importantly, analyses from WHO show that if
the length of protection is limited to 10 years, and no
vaccine boosters are given, the TB vaccine targeting
adolescents would have a significantly higher
impact than a vaccine given to infants (71). As these
vaccines progress through clinical development,
AMR endpoints (e.g. reduction in antimicrobial
prescribing or vaccine efficacy against drug-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>