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Antimicrobial resistance (AMR) has emerged as a significant threat to global health security and threat-
ens the achievements of modern medicine. Research and successful development of new antibiotics, es-
pecially those with novel mechanisms of action vital to combat resistance, has slowed dramatically since
the 1980s. Surveillance for AMR is highly variable globally with significant limitations in many countries
impeding the ability to fully characterize the problem. Global efforts to control tuberculosis, malaria and
HIV are facing increasing difficulties from the emergence of resistance. Similarly, bacteria causing some
of the most common infections in communities or in hospitals such as Escherichia coli and Klebsiella
pneumoniae have shown high levels of resistance to third generation cephalosporins requiring treatment
with expensive carbapenems as last-resort. Additionally, Streptococcus pneumoniae has shown reduced
susceptibility to penicillin in many regions, exceeding 50% in some settings. The cost in lives from AMR
over the next 40 years could go as high as 10 million per year with the cost to economic development
as high as $3 trillion per year if current trends continue. In addition to ensuring appropriate use of an-
tibiotics and development of novel classes with new or enhanced mechanisms of action, many plans for
the global response call for new vaccines as integral to the fight against AMR. Vaccines and antibiotics
should be used together to produce synergistic gains in public health, and ultimately, vaccines will extend
the clinical utility of antibiotics. The decrease in cases of invasive pneumococcal disease and decrease in
prescriptions for antibiotics in some settings resulting from the introduction of broad access to, and uti-
lization of conjugate vaccines for Streptococcus pneumoniae exemplifies the synergy that can be achieved
in the fight against AMR.
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1. Background

Antimicrobial resistance (AMR) has emerged as a significant threat to global
health security [1,2]. The problem is so serious that it threatens the achievements
of modern medicine and a post-antibiotic era – in which common infections and
minor injuries can kill – is a very real possibility for this century. Furthermore, the
hard-won gains made in health and development, in particular those brought about
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through the health-related Millennium Development Goals, are put at risk by increas-
ing AMR and the sustainability of the public health response to many communicable
diseases, including tuberculosis, malaria and HIV/AIDS is jeopardized [3].

AMR develops when a microorganism (bacteria, virus, parasite and fungus) no
longer responds to a drug to which it was originally sensitive. Drugs for treating in-
fections lose their effect because the microbes change; either they mutate or acquire
genetic information from other microbes to develop resistance. The phenomenon is
accelerated by use, and especially misuse, of antimicrobial medicines whereby re-
sistant strains survive and aggregate. The problem can be further amplified when
antimicrobial agents of substandard or falsified quality are procured and used by
patients [4]. The situation translates into standard treatments no longer working –
infections are harder or impossible to control; the risk of the spread of infection to
others is increased; illness and hospital stays are prolonged, with huge added eco-
nomic and social costs [5]. By extension, the risk of death is greater – in some cases
twice that of patients who have infections caused by non-resistant bacteria [6].

To make matters worse, the research and successful development of new antibi-
otics, especially those with novel mechanisms of action vital to combat resistance,
has slowed dramatically since the 1980s [7,8]. For example, the number of antimi-
crobial agents approved by the FDA steadily dropped from 16 for the period 1983–
1987 down to three for the period 2008–2012. Though the number of approvals has
increased somewhat since 2012, most of all antibiotics approved for use in patients
today are derived from a limited number of types, or classes, of antibiotics that were
discovered by the mid-1980s [9].

The lack of development of new classes of antibiotics is even more concern-
ing than the decline of drug approvals because resistance to one antibiotic often
leads to resistance to multiple antibiotics within the same class. Many factors have
contributed to this decline, but it is primarily economic factors and regulatory con-
straints, including the rethinking of statistical principles of non-inferiority trial de-
signs in the 1990s, which disproportionately has affected trials for antibacterial de-
velopment [10].

2. Current global burden of AMR

In assessing the magnitude of AMR globally, the quality and capacity for surveil-
lance and the available information is highly variable across countries and regions.
Similarly, it is quite variable within the realm of infectious disease, with surveillance
for resistance being more advanced for diseases like tuberculosis (TB) and malaria
managed more as public health programs compared to resistance among bacteria
that cause common healthcare associated and community-acquired infections [11].
In response, the World Health Organization (WHO) has taken important steps to
characterize and measure the global magnitude of AMR with special emphasis on
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antibacterial resistance (ABR) to complement long-established surveillance efforts
in TB and malaria and more recent efforts for HIV.

With respect to TB, malaria, and HIV, surveillance data demonstrate alarming
trends related to AMR. For example, multidrug resistant TB (MDR-TB) is a growing
problem and largely under-reported with the strong potential to compromise global
control of TB; in settings such as India, patients with totally drug resistant TB have
even been identified [12,13]. Related to malaria, foci of artemisinin resistance have
been identified in multiple countries in Southeast Asia; further spread or emergence
in other regions of this resistance could jeopardize important gains in malaria control
made since 2000 [14]. Finally, increasing levels of transmitted anti-HIV drug resis-
tance have been detected among patients starting antiretroviral treatment in low- and
middle-income countries; available data suggest that 10%–17% of patients without
prior history of ART in high income countries are infected with virus resistant to at
least one antiretroviral drug [15–18].

With respect to the magnitude of ABR, for its first global report in 2014, WHO
obtained information on resistance to antibacterial drugs commonly used to treat in-
fections from more than 100 member states of the United Nations (UN) [19]. For this
exercise, many gaps in information on pathogens of major public health importance,
including gaps in surveillance, and a lack of standards for methodology, data sharing
and coordination were identified. Nonetheless this was an important step forward on
measuring the burden of ABR. As an overall finding of great concern, very high rates
of resistance (� 50%) have been observed in bacteria that cause common healthcare
associated and community-acquired infections (e.g. urinary tract infection, pneumo-
nia) in all of the WHO regions.

More specifically, the assessment focused on resistance in seven bacteria of inter-
national concern causing some of the most common infections in different settings
such as the community, in hospitals or transmitted through the food chain includ-
ing Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Streptococcus
pneumonia, Nontyphoidal salmonella, Shigella species, Neisseria gonorrhea [20].
The main findings regarding antibacterial resistance from the WHO surveillance
project from 2014 are included in Table 1. Of note, oral treatment options for urinary
tract infections acquired in the community are becoming more limited. Additionally,
expensive and more toxic second-line drugs requiring additional expensive moni-
toring are increasingly being required to effectively treat patients for a variety of
infections and these drugs are often not widely available in many resource limited
settings. Finally, resistance to drugs of last resort for some infections such as Neis-
seria gonorrhea has been widely detected globally.

Finally, WHO has identified that major gaps exist in surveillance and data sharing
related to the emergence of antibacterial resistance in foodborne bacteria and its po-
tential impact on both animal and human health. Surveillance is hampered by insuf-
ficient implementation of harmonized global standards. The multi-sector approach
needed to contain antibacterial resistance includes improved integrated surveillance
of resistance in bacteria carried by food-producing animals and in the food chain, and
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Table 1
Summary of findings from WHO’s Antimicrobial resistance: Global report on surveillance 2014 focused
on seven bacteria of international concern causing common infections [95]†

Bacterial agent Finding Implication
Escherichia coli – High % of resistance to 3rd genera-

tion cephalosporins
– Treatment of severe infections in

many settings must rely on expen-
sive carbapenems as last-resort

– Limited options for oral agents to
treat community acquired infections
(UTIs)

Klebsiella
pneumoniae

– High % of resistance to 3rd genera-
tion cephalosporins

– Resistant to carbapenems in most
countries; resistance up to 54% in
some settings

– Treatment of severe infections in
many settings must rely on expen-
sive carbapenems as last-resort

Staphylococcus
aureus

– High rates of methicillin-resistant
(MRSA) among patients with se-
vere skin and wound infections

– Expensive 2nd-line drugs needed
for treatment with need to monitor
for severe side-effects

– Standard prophylaxis with 1st-line
drugs for orthopaedic and other sur-
gical procedures with limited effect

Streptococcus
pneumoniae

– Reduced susceptibility to penicillin
detected in all WHO regions; ex-
ceeded 50% in some reports

– Limited comparability of laboratory
standards and variation in how re-
duced susceptibility is reported

– Extent of problem and impact on
patients not clear given laboratory
issues

– Because invasive disease (e.g. pneu-
monia and meningitis) is common
and serious in children and elderly,
better monitoring of resistance is ur-
gently needed

Nontyphoidal
salmonella
(NTS) and
shigella species

– Fluroquinolone resistance compara-
tively lower than in Escherichia coli

– Some reports of high resistance in
NTS of great concern because re-
sistant strains associated with worse
patient outcomes

Neisseria
gonorrhea

– Decreased susceptibility to third-
generation cephalosporins (last re-
sort treatment) verified in 36 coun-
tries and growing problem

– Potential for global untreatable
venereal disease

†Information compiled from WHO AMR Report, 2014 – World Health Organization (2014) Antimicro-
bial resistance: global report on surveillance 2014. http://www.who.int/drugresistance/documents/surveil
lancereport/en/.

prompt sharing of data. Integrated surveillance systems would enable comparison of
data from food-producing animals, food products and humans [21].

3. Global economic impact of AMR

Antibiotic-resistant infections add considerable and avoidable costs to the already
over-burdened healthcare systems. In most cases, antibiotic-resistant infections re-
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Table 2
Estimated annual costs from AMR in three regions [96]‡

EU Thailand US
Population 500 million 70 million 310 million
People infected
with bacteria
with AMR

− − ∼ 2,000,000

Deaths/year from
AMR

25,000 > 38,000 > 23,000

Added morbidity
from AMR

2.5 million extra hospital
days

> 3.2 million hospital
days

> 2.0 million illnesses

Overall societal
costs

– e 900 million, hosp.
days

– Approx. e 1.5 billion
per year

– $84.6–202.8 million,
direct

– $1.3 billion, indirect

– Up to $20 billion
direct

– Up to $35 billion
indirect

Source ECDC 2007 [97] Pumart et al. 2012 [98] CDC, 2013 [99]
‡Information compiled from WHO AMR Report, 2014 – World Health Organization (2014) Antimicro-
bial resistance: global report on surveillance 2014. http://www.who.int/drugresistance/documents/ surveil-
lancereport/en/ and slide deck on report provided in public domain by WHO.

quire prolonged and costlier treatments, extended hospital stays, and additional doc-
tor visits and healthcare use resulting in greater disability and death compared with
infections that are easily treatable with antibiotics.

Sources available from some countries help to illustrate the current situation in
terms of the economic impact of AMR as a baseline for gauging what the future
might hold (see Table 2). In the European Union (EU) alone, the additional bur-
den posed by resistance every year, focusing only on a limited group of healthcare-
associated bacterial infections, is in the range of 2.5 million hospital days, 25,000
deaths and economic losses on the order of e1.5 billion due to extra healthcare costs
and productivity losses [22]. According to a recent study in Thailand, in 2010 an-
timicrobial resistance was responsible for at least 3.2 million extra hospitalization
days and 38,481 deaths, and for losses amounting to $84.6–$202.8 million in direct
medical costs and more than $1.3 billion in indirect costs [23] In the United States
(US), where approximately 23,000 people die each year as a direct result of AMR,
estimates for the total economic cost of antibiotic resistance vary but have ranged as
high as $20 billion in excess direct healthcare costs, with additional costs from lost
productivity as high as $35 billion a year (2008 dollars) [24–26].

From the global perspective, the Independent Review on AMR commissioned by
the Government of the United Kingdom (UK) and led by the renowned economist
Jim O’Neill commissioned a study in 2014 to estimate the global costs of AMR until
2050 in the absence of any progress in addressing the challenge [27]. The results
from this analysis demonstrated that if current trends persist resulting in increasing
morbidity and mortality related to AMR, the costs in terms of healthcare, loss of
life, productivity, and by extension, global economic development are potentially
staggering at orders of magnitude higher than seen at present and render AMR as an
urgent public health crisis requiring immediate intervention [28].
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From the commissioned analysis, based on various conservative assumptions, on
average over a 40-year span, the world GDP loss runs between $53 billion to $3
trillion per year [29]. In some scenarios, up to 10 million lives per year could be
lost by 2050 (up from 700,000 estimated deaths presently occurring worldwide) and
a cumulative $100 trillion of economic output are at risk due to the rise of drug-
resistant infections if proactive solutions are not put into place now to slow down the
rise of drug resistance. As with all forecasts of this sort, it is possible that the analysis
represents an overestimate of the scale of the problem; however, it is even more likely
the analysis underestimates the potential future impact as the secondary effects of
antibiotics losing their effectiveness were not even considered [30]. Additionally,
new forms of resistance have already emerged much sooner than expected, such as
the highly disturbing discovery of transferable colistin resistance, reported in late
2015 [31].

4. The need for stewardship

A major contributor to the emergence of AMR has been poor management over
time of the use of existing antimicrobial agents. The problem is pervasive in both
developed countries and those of constrained resources. Demand for these agents
is poorly managed. Large quantities of antimicrobials are used globally on patients
who do not need them, while others who need them do not have access. Antibiotic
prescriptions are often not informed by up to date surveillance, and rapid diagnostic
testing that could guide prescribing more effectively is limited in many settings.

Some research from the US has shown that as much as 50% of the time antibiotics
are prescribed when they are not needed or they are misused which promotes an-
tibiotic resistance [32]. In European countries, systemic antibiotics are prescribed in
greatest volume to ambulatory patients, mostly for respiratory tract infections [33].
Recent studies from Eastern Europe have identified the inappropriate use of antibi-
otics for viral infections of the respiratory tract and sub-therapeutic dosing as com-
mon in both hospital and ambulatory settings (in one published report correct dosing
was reported in 38% of outpatient and 74% of medical charts of children with res-
piratory infections in hospital that were reviewed) [34,35] In Thailand, unnecessary
use of antibiotics is seen among both health professionals and the public [36–38]
One study in a tertiary care hospital revealed that only 7.9% of the upper respira-
tory tract infections (URIs) in the facility were caused by bacteria [39,40] Despite
this, in Thailand most URIs are treated with antibiotics by hospitals, health centers,
drug stores and patients themselves [41–45]. Liberal use of antibiotics endangers the
health of patients without observable clinical benefits, since it neither reduces the rate
of complications nor quickens recovery when the illness is caused by a virus [46,47].
Finally, the full extent of the wide usage of antibiotics in agriculture is unknown due
to a lack of surveillance, and antibiotics that are vital for human health are not re-
stricted from usage in animals.
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5. Examples of stewardship

Increasing awareness of antimicrobial resistance and promoting the rational use
of antibiotics among prescribers and the general public are key to combating the un-
necessary use of these drugs [48,49]. Antibiotics are a limited resource. The more
that antibiotics are used today, the less likely they will still be effective in the future.
Therefore, doctors and other healthcare professionals around the world are increas-
ingly adopting the principles of responsible antibiotic use, often called antibiotic
stewardship. Stewardship is a commitment to always use antibiotics only when they
are necessary to treat, and in some cases prevent, disease; to choose the right antibi-
otics; and to administer them in the right way in every case [50]. Effective steward-
ship ensures that every patient gets the maximum benefit from the antibiotics, avoids
unnecessary harm from allergic reactions and side effects, and helps preserve the
life-saving potential of these drugs for the future. Efforts to improve the responsi-
ble use of antibiotics have not only demonstrated these benefits but have also been
shown to improve outcomes and save healthcare facilities money in pharmacy costs.

One global example of antibiotic stewardship that is working well is the Green
Light Committee (GLC) Initiative undertaken to combat the growing epidemic of
MDR-TB [51]. The initiative was established as a public-private partnership nearly
20 years ago by WHO in response to difficulties experienced by countries in finding
and funding stable supplies of high-quality anti-TB drugs and to address the grow-
ing emergence of resistance resulting from poor quality drugs being used in many
countries. The goal was to promote access to and rational use of second-line anti-TB
drugs for the treatment of MDR-TB. Stakeholders included academic institutions,
civil society organizations, bilateral donors, Governments, and the private sector.
The effectiveness of the partnership emerged in part from its ability to link access,
rational use, technical assistance, and policy development. Data from research design
to evaluate the mechanism and its guiding principles demonstrate the impact and ef-
fectiveness of the initiative since its launch. In one large multinational prospective
cohort study evaluating treatment approaches and comparing outcomes for MDR-TB
patients in countries using the GLC mechanism versus those that did not showed that
treatment success among patients in countries using the mechanism was substantially
greater [83% versus 60%, respectively; (p < 0.001)] and by extension the initiative
was shown to have reduced further emergence of anti-TB drug resistance [52]. The
GLC mechanism may be useful in the development of other partnerships needed in
the rational allocation of resources and tools for combating AMR more broadly.

Other examples at the country level of important stewardship programmes that
have been launched in developed countries include “Strama” in Sweden [53]; the Get
Smart: know when antibiotics work programme of the US Centers for Disease Con-
trol and Prevention [54], and several national public campaigns in Europe [55,56].
In the context of country settings of more limited resources, the Antibiotics Smart
Use (ASU) program was introduced in Thailand in 2007 as an innovative model to
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promote the rational use of medicines and counteract antimicrobial resistance build-
ing on interventions undertaken prior to 2007 that had only been partially successful
and it is showing great promise [57].

6. Global response

In 2014, the UK Prime Minister commissioned a wide reaching independent
review [58], led by the internationally renowned economist Jim O’Neill and co-
founded and hosted by the world’s second largest medical research foundation, the
Wellcome Trust, to explore the economic issues surrounding antimicrobial resis-
tance. After 18 months of consultation, Jim O’Neill presented ten key elements to
tackle AMR in a global way in May 2016 including public awareness, sanitation and
hygiene, antibiotics in agriculture and the environment, vaccines and alternatives,
surveillance, rapid diagnostics, human capital, new drugs, global innovation fund,
and an international coalition for action [59].

In 2014, US President Barack Obama signed an Executive Order directing key
Federal departments and agencies to take action to combat the rise of antibiotic-
resistant bacteria [60]. The US Administration also released its National Strategy on
Combating Antibiotic-Resistant Bacteria. In addition, the President’s Council of Ad-
visors on Science and Technology (PCAST) released a related report on Combating
Antibiotic Resistance. In addition, the Biomedical Advanced Research and Devel-
opment Authority (BARDA) established the Broad Spectrum Antimicrobials (BSA)
Program in April 2010 to boost the development of novel antibacterial and antiviral
drugs to treat or prevent diseases caused by biological threats [61].

In Europe, the Innovative Medicines Initiative’s (IMI) public-private partnership
model is based on a partnership between the European Commission and the Euro-
pean Federation of Pharmaceutical Industries and Associations (EFPIA). In March
2012, IMI launched its first call for proposals under the ‘New Drugs for Bad Bugs’
(ND4BB) program, a major public-private partnership effort to address bottlenecks
in the discovery and development of new antibiotics. http://www.who.int/phi/imple
mentation/1_infobrief_innovative_medicines_initiative_ND4BB_models_of_collab
oration.pdf [62]. In October 2014, the ND4BB launched the DRIVE-AB Project.
DRIVE-AB aims at developing options for novel economic models of antibiotic re-
search and development (R&D) and responsible use of antibiotics.

In January 2016, a Declaration by the Pharmaceutical, Biotechnology and Diag-
nostics Industries on Combating Antimicrobial Resistance called on governments to
work with industry to develop new and alternative market structures that provide
more dependable and sustainable market models for antibiotics, and to commit the
funds needed to implement them [63]. The Declaration was signed by 100 pharma-
ceutical, biotech and diagnostics companies and 13 associations. It sets commitments
to further action on drug resistance by its signatories, across three broad areas: re-
ducing the development of drug resistance, increasing investment in R&D that meets
global public health needs, and improving access to high-quality antibiotics for all.
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In the last two years, AMR has gained prominence on the agenda of G7 leaders
who have publically referred to this issue as one of the most important global threats.
During the German presidency, AMR was mentioned in the leaders’ declaration from
Schloss Elmau summit in June 2015 [64] and the Berlin G7 Health Ministers decla-
ration in October 2015 [65]. Germany’s engagement on AMR was continued under
the Japanese presidency with the launch in May 2016 of the G7 Ise-Shima Vision for
Global Health [66], the vision is composed of four pillars:

1. Reinforcing the global health architecture to strengthen responses to public
health emergencies.

2. Attaining UHC with strong health systems and better preparedness for public
health emergencies.

3. AMR.
4. R&D and innovation.
Finally, for the first time, the G20 will discuss a health issue; the Chinese G20

summit which will be held in September 2016 will discuss global solutions to combat
AMR.

7. WHO engagement

On May 2015, the World Health Assembly (WHA) of the WHO endorsed the
AMR Global Action Plan (GAP). The GAP is composed of five strategic objectives:

1. Objective 1: Improve awareness and understanding of antimicrobial resistance
through effective communication, education and training.

2. Objective 2: Strengthen the knowledge and evidence base through surveillance
and research.

3. Objective 3: Reduce the incidence of infection through effective sanitation,
hygiene and infection prevention measures.

4. Objective 4: Optimize the use of antimicrobial medicines in human and animal
health.

5. Objective 5: Develop the economic case for sustainable investment that takes
account of the needs of all countries, and increase investment in new medicines,
diagnostic tools, vaccines and other interventions.

The WHA also called Members States to develop their own national action plans
based on the GAP and report on progress at the WHO WHA in May 2017. The
WHO also released last April a worldwide country situation analysis on AMR which
showed that only 34 out of 133 participating in the survey have a comprehensive
national plan to fight resistance to antibiotics and other antimicrobial medicines. The
situation varies sensitively depending on the region. After the adoption of the GAP,
countries are now entering an “implementation phase”: some countries are already
well advanced in the development of their action plans, while others need support
and guidance.
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As a follow-up to the request made in resolution WHA68.7 [67], WHO is in the
process of establishing a global development and stewardship framework to sup-
port the development, control, distribution and appropriate use of new antimicrobial
medicines, diagnostic tools, vaccines and other interventions. The framework should
also provide guidance to member states preserving existing antimicrobial medicines,
and promote affordable access to existing and new antimicrobial medicines and di-
agnostic tools.

Finally, the UN Secretary General and the WHO Director General will co-host a
High Level Meeting (HLM) on AMR in September 2016 in the margins of the UN
General Assembly. The meeting aims at increasing political awareness, engagement
and leadership on antimicrobial resistance.

With respect to the response to AMR by the private sector, in the Declaration
by the Pharmaceutical, Biotechnology and Diagnostics Industries on Combating
Antimicrobial Resistance, pharmaceutical companies expressed the commitment to
work to reduce the development of AMR through its support to continued education
for clinical professionals on appropriate use and strengthened infection control via
improved hygiene, vaccination, and preventive treatments and through measures to
reduce environmental pollution from antibiotics, along with a ‘one health’ approach
towards prudent and responsible use, including a global reduction of unnecessary
antibiotic use in livestock.

8. Role of vaccines in the global fight against AMR

In the face of the alarming trends in AMR and the projected economic impact, in
addition to ensuring the appropriate use of antibiotics and the development of novel
classes with new or enhanced mechanisms of action, vaccines are critical tools in
the fight against infectious diseases and AMR. Vaccines can prevent infections and
therefore lower the demand for therapeutic treatment with antimicrobials and, in turn,
reduce disease with antimicrobial strains and also attenuate further increases in drug
resistance. Vaccines protect the vaccinated individual by direct immunization and
can protect others through indirect immunization (assuming the overall vaccination
rate is high enough). Vaccines and antibiotics should be used as complementary tools
to produce synergistic gains in public health. Ultimately, vaccines can extend the
clinical utility of antibiotics by reducing infections and limiting their transmission,
this impact in turn allows antimicrobials to be used more sparingly and under closer
supervision. For example, a Finnish study found that the introduction of a pneumo-
coccal vaccine covering more strains reduced antibiotic purchases by 8% [68].

Nevertheless, this positive synergy can be reversed if either component – vaccines
or drugs – are not used well. When compliance with vaccine schedules is compro-
mised and/or adherence to policy recommendations is rejected, optimal prevention
of infection is not achieved, and infection rates may increase. As a result, more and
more antimicrobials will need to be used. Even when the antimicrobials are used
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carefully, emergence of resistant pathogens still occurs, but when they are used in-
discriminately, as is too often the case, then the problem is made worse. From an
investment standpoint, if vaccines are underutilized, there is less incentive to de-
velop new ones; and if antimicrobials are over utilized, their effective commercial
life becomes shorter and there is less incentive to develop replacements. Better pub-
lic health policies to emphasize increased compliance with vaccine schedules and
better stewardship of antibiotic drugs are essential. From a public health policy per-
spective, the recent focus on the failure of markets to ensure access, conservation,
and innovation in the antimicrobial drug marketplace should be broadened to in-
clude incentives for vaccines that can help meet the end goal of reducing the need
for antimicrobial treatment while making sure the drugs are effective when they are
needed [69]. The role of national vaccination programs were reviewed in a recent
study [70]. That study showed decreased antibiotic use associated with initiation of
vaccination programs or increased uptake of available vaccines (e.g. influenza and
pneumococcal vaccines). Reductions in antibiotic use ranged from 5 to 10% in ran-
domized controlled trials, to a relative reduction of disease incidence of 64% in epi-
demiological studies. This suggests that vaccination programs may reduce antibiotic
utilization and, consequently, antibiotic resistance.

9. Value of conjugated vaccine technologies

In the battle against evolving resistance, conjugate vaccine technology is espe-
cially valuable. This vaccine technology has enabled the production of several com-
mercially and medically important vaccines (various capsule types of Haemophilus
Influenzae, N. meningitidis and Streptococcus pneumoniae. The potential to add pro-
tection against additional strains (e.g. PV7 to PV13 in the case of Streptococcus
pneumoniae) is ideally suited to the realities of infectious diseases. As additional an-
tibiotic resistance strains emerge, conjugate technology will allow the development
of new safe and protective vaccines against these strains.

There are several examples of available vaccines having a positive impact on pre-
venting emergence of antibiotic resistance in targeted bacteria. Infections caused by
the gram positive cocci Streptococcus pneumoniae are frequent causes of morbidity
and mortality worldwide. Infections caused by Streptococcus pneumoniae include
otitis media and sinusitis, as well as more severe invasive disease such as pneu-
monia, sepsis, and meningitis (invasive pneumococcal disease or IPD). The WHO
estimates that more than 1.6 million people – including more than 800,000 children
under five years old – die every year from pneumococcal infections [71]. This also
includes elderly persons and those with underlying diseases who are also susceptible
to severe infections caused by Streptococcus pneumoniae [72].

In the year 2000, pneumococcal conjugate vaccines (PCVs) were introduced in
the US; they have since then been introduced in the national childhood vaccination
programs in many countries worldwide. Since its introduction to US infants and
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toddlers, heptavalent pneumococcal conjugate vaccine (PCV7), licensed in the US
as a four-dose schedule (a three-dose primary series at two, four, and six months
with a booster dose at 12–15 months, aptly named a “3 + 1 schedule”) [73], has
virtually eliminated US childhood IPD caused by the seven pneumococcal serotypes
contained in PCV7 [74]. The subsequent introduction of 13-valent PCV (PCV13)
in 2010 added protection against an additional six pneumococcal serotypes that: 1)
were not previously covered by PCV7; and 2) become increasingly prevalent after
PCV7 was introduced [75].

Zhou et al. reported that the use of PCV7 against drug-resistant Streptococcus
pneumoniae (DRSP) has led to a decrease in prescriptions for antibiotics, which is
likely to lead to less antibiotic use [76]. This well-documented case suggests the role
vaccines can play in decreasing antibiotic resistant infections. Additionally, Dagan
et al reported that use of PCVs has led to the reduction of DRSP [77]. Whitney et al
reported that the PCV not only reduces the incidence of invasive antibiotic-resistant
pneumococcal infections in young children receiving the vaccine, but it also reduces
transmission of these strains to their younger siblings and to adults [78]. Klugman
et al. showed in a 2001 study that PCVs have shown a high degree of success in
preventing pneumococcal bacteremia in children [79]. They also reduce the acqui-
sition of carriage of vaccine serotypes in the nasopharynx, and reduce otitis media
caused by those serotypes. Klugman also stated that PCVs interrupt the transmis-
sion of antibiotic-resistant pneumococci and thus decrease the burden of antibiotic
resistance in immunized children and in their contacts. Kyaw et al reported in a 2006
study that the rate of antibiotic-resistant invasive pneumococcal infections decreased
in young children and older persons after the introduction of the conjugate vaccine.
While there was an increase in infections caused by serotypes not included in the
vaccine, the net effect was a reduction in number of infections and lower use of
antibiotics [80].

The first PCV (PCV7) was licensed in the US for use in infants and children in
2000. A recent US study showed that between 1998 and 2008, there were a 64%
decrease in antibiotic-resistant pneumococci among children and a 45% decrease
among adults over 65 [81]. Data from a South African study showed that since that
country’s introduction of a PCV in 2009, in addition to the expected reduction in the
overall incidence of invasive pneumococcal disease by about two-thirds in infants
(the age group vaccinated) and in adults, there was also a reduction in penicillin-
resistant infections in both vaccinated groups [82]. This is the first time such benefits
have been observed outside the developed world.

Thus the evidence is mounting that vaccines can serve as an effective tool for re-
ducing disease caused by drug-resistant strains as a complement to rational use of
antibiotics. Unfortunately, continued widespread antibiotic use has resulted in an in-
crease in disease by serotypes not covered by the PCV7 vaccine, such as serotype
19A, which has become the leading cause of the remaining invasive pneumococ-
cal infection. The new PCV13 was approved in 2010 and was developed to provide
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immunity against this and other serotypes not covered by PCV7. Thus, we must con-
tinue to rely on the effectiveness of existing and new antibiotics to control infections
caused by the emergence of new strains not covered by existing vaccines.

PCV13 provides an opportunity to prevent even more resistant infections of pneu-
mococcal disease. In a recent study done by the CDC an examination of the US
Streptococcus pneumoniae isolates from 10 Active Bacterial Core Surveillance sites
demonstrated a decrease of multidrug – resistance in the PCV13 covered strains [83].
The study specifically showed that there was a 93% and 86% reduction of isolates
that were resistant to either single or multiple antibiotics, respectively. The study
also showed an increase in antibiotic resistance for Streptococcus pneumoniae iso-
lates that were not covered by the vaccine.

Strains of the gram negative bacillus Haemophilus influenzae are found as both
respiratory tract commensals and respiratory and invasive pathogens. The major dis-
eases caused by Haemophilus influenzae include childhood pneumonia, meningitis,
and bacteremia, (primarily caused by type b strains), and community-acquired pneu-
monia (CAP) in adults, acute otitis media (AOM), acute sinusitis, and acute exacer-
bations of chronic bronchitis (AECB).

Prior to introduction of Haemophilus influenzae type b (Hib) vaccines in 1977,
meningitis and pneumonia caused by Hib was responsible worldwide for roughly
three million serious infections and 386,000 deaths per year. Furthermore almost
95% of these infections, and 98% of deaths, occurred in developing countries [84].

Haemophilus influenzae are known to contain resistance to several clinically re-
levant antibiotics including-lactam antibiotics, macrolides, ketolides, azalides, quino-
lones, tetracyclines, chloramphenicol, trimethoprim and sulfamethoxazole [85].
Widespread and systematic vaccination with the Hib vaccine has virtually eliminated
Hib disease in most industrialized nations, and the Hib vaccine had been introduced
in 192 countries by the end of 2014 [86].

With respect to the impact of Hib vaccination on antibiotic resistance, several
studies have seen a positive correlation between use of the Hib vaccine and a re-
duction in resistance to one or more antibiotics. In a large 10-year Italian study,
investigators demonstrated a marked 50% decrease in β-lactamase – mediated resis-
tance to ampicillin and related β-lactam antibiotics [87]. Similarly, a Spanish study
showed that antibiotic resistance in Haemophilus influenzae decreased in Spain from
1997 to 2007, due to a Hib vaccine – related reduction in the use of several an-
tibiotics [88]. Citing one example from that study, while community consumption
of trimethoprim-sulfamethoxazole decreased by 54%, resistance to those antibiotics
decreased from 50 to 34.9% [89]. A US study also demonstrated a decrease in preva-
lence of β-lactamase producing respiratory tract isolates of Haemophilus influenzae
in the US [90]. Finally, a longitudinal European surveillance study showed that the
overall resistance of Haemophilus influenzae to amoxicillin in Europe to decline
(1997/98 and 2002/03), due to a decreasing number of β-lactamase – producing
strains [91].
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In addition to the demonstrated, positive effects that bacterial vaccines have on
reducing antibiotic resistance, a similar effect is seen with certain viral vaccines, es-
pecially in terms of secondary infections. For example in the case of primary viral
influenza infections, we often see bacterial respiratory infections due to associated
Streptococcus pneumoniae and Haemophilus influenzae, especially in the elderly.
While it is within the scope of practice to prescribe antibiotics to treat these in-
fections, prior immunization with the viral influenza vaccine can prevent secondary
bacterial infections and thereby reduce the need for antibiotic usage. For example,
in a Canadian study, the introduction of universal influenza vaccination, resulted in a
64% decrease in influenza associated respiratory disease antimicrobial prescriptions
in the province of Ontario [92]. This effect has been corroborated by others [93].

In the case of varicella virus infection (chickenpox), secondary infection by
Staphylococcus aureus is common and causes an estimated 150,000 infectious ev-
ery year, each requiring the administration of antibiotics [94]. The same report also
reported a 42.9% to 47.0% reduction in days of antibiotic use after influenza vac-
cination in healthy working adults. More widespread usage of the varicella vaccine
would be expected to reduce secondary infections caused my Staphylococcus au-
reus, thus reducing the need for antibiotics administration against this often resistant
pathogen.

10. Conclusions

AMR represent a major threat to global health security with the potential to have
devastating effects on global economic development. If current trends in AMR con-
tinue unchecked, upwards of 10 million lives per year and trillions of dollars of losses
to the global economy could occur annually by 2050. Surveillance that generates re-
liable data is the essential basis of sound global strategies and public health actions
to contain AMR, and is urgently needed around the world. Furthermore, the sup-
ply of new anti-microbial agents is insufficient to keep up with the increase in drug
resistance as older agents are used more widely and non-judiciously and microbes
further evolve to resist them. As no truly new class of antibiotics has been developed
for decades, new drugs to replace the ones that are not working anymore because of
resistance are urgently needed. Stewardship programs to avoid non-evidence based
use of antibiotics and to promote appropriate dosing are key to preventing further
emergence of antibiotic resistance and poor outcomes for patients. Countries must
review carefully how they buy and price antibiotics, to reward innovative new drugs
without encouraging unnecessary use of new antibiotics.

Vaccines can prevent infections and lower the demand for therapeutic treatments
leading to reduced usage of antimicrobials and in turn slowing the rise of drug re-
sistance. The experience with vaccination programs for Streptococcus pneumoniae
and Haemophilus influenzae are prime examples of what can be achieved. By re-
ducing infections and limiting their transmission, vaccines allow drugs to be used
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more sparingly and under closer supervision thereby extending their utility. There-
fore, vaccines should be used more widely and used together with antibiotics to pro-
duce synergistic gains in public health. As such, vaccine development for infectious
diseases is a critical part of the solution to AMR and should be eligible for the same
incentives being recommended for antibiotic development.
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