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In recent history, an unacceptable increase in AMR has arisen, with 
evidence of bacteria becoming resistant to not only one, but multiple 
classes of antibiotics1. Once antibiotic-resistant strains emerge, they 
can spread rapidly around the globe and acquire resistance to addi-
tional drug classes (Table 1). Multidrug-resistant (MDR) strains are 
associated with an increase in morbidity and mortality2.

In most cases, antimicrobial resistance (Box 1) is the result of the 
select response mechanisms of pathogens to the presence of antimi-
crobial drugs, the use of which is globally widespread and often devi-
ates from guidance provided in the label. The emergence of bacterial 
antibiotic resistance generally occurs soon after the clinical introduc-
tion of new antibiotics. As such, resistance has been reported to be 
highest in regions that have high per capita use of these therapeutic 
drugs3. However, the impact of resistant organisms is evident even 
in countries in which per capita drug use is low. This resistance has 
dramatic consequences, such as clonal outbreaks of resistant organ-
isms impacting patient outcomes4. 

It is estimated that by 2050, 10 million lives a year may be lost to 
AMR, exceeding the 8.2 million lives a year currently lost to can-
cer5. To put this number in perspective, currently, at least 700,000 
people die of resistant infections every year globally, more than the 
combined number of deaths caused by tetanus, cholera and measles. 
This burden is also not far behind the mortality due to common 
afflictions such as diarrheal diseases or diabetes. There are a number 
of drivers responsible for this situation, such as increases in global 
antibiotic use6; lack of universally applied best practices in antibi-

otic stewardship and education6,7; inappropriate use of antibiotics 
in medical practice, such as underdosing and prescriptions to treat 
minor bacterial infections or viral infections8; and in addition the 
widespread and uncontrolled use in animals to increase meat pro-
duction9. 

It has been estimated that, if the AMR trend continues, the cumu-
lative loss to world economies might be as high as $100 trillion by 
2050 (ref. 5). While renewed efforts in research and development to 
discover the next wave of antibacterial drugs are vital in addition 
to globally practiced stringent antibiotic stewardship, vaccines are 
starting to be recognized as essential and highly effective tools to 
mitigate AMR10. The prophylactic use of bacterial vaccines prevents 
bacterial infections, thus reducing the need for antibiotic prescrip-
tions and minimizing the selective drug pressure that can result in 
resistant strains (Fig. 1). In addition, positive effects of vaccines 
on AMR have been observed with viral vaccines, such as those to 
prevent influenza11. Such vaccination can result in a reduction in 
inappropriate antibiotic prescriptions for a viral disease and also 
lower the frequency of bacterial superinfections that would require 
antibacterial therapy.

In the following sections, we will describe the epidemiology of 
bacterial AMR and discuss the roles vaccines can play in addressing 
AMR, giving select examples of vaccines already licensed to prevent 
infections with Haemophilus influenzae type b (Hib), Streptococcus 
pneumoniae and influenza. Furthermore, we will provide to the 
reader a brief review of vaccines in later stages of clinical develop-
ment that have the potential to further reduce AMR, if successfully 
developed, such as vaccines to prevent infection with respiratory 
syncytial virus (RSV), Clostridium difficile, Staphylococcus aureus 
and group B Streptococcus. Finally, we will touch on the need to 
develop vaccines to prevent infections with Gram-negative bacteria 
and Mycobacterium tuberculosis and will describe the barriers as well 
as prospects to developing such vaccines.
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bacterial antimicrobial resistance
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Antimicrobial resistance (AMR) and the associated morbidity and mortality due to bacterial pathogens have been 
increasing globally to alarming levels. The World Health Organization (WHO) has called for global action on AMR, 
supported worldwide by governments, health ministries and health agencies. Many potential solutions to stem AMR 
are being discussed and implemented. These include increases in antimicrobial stewardship, investment in research 
and development to design new classes of antibiotics, and reduction of antibiotic use in rearing of livestock. 
However, vaccines as tools to reduce AMR have historically been under-recognized in these discussions, even 
though their effectiveness in reducing disease and AMR is well documented. This review article seeks to highlight 
the value of vaccines as an additional modality to combat AMR globally, using select examples. It also will provide 
perspectives on how vaccines could be more effectively used in this effort.
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staphylococci14. C. difficile has developed resistance to the first-line rec-
ommended antibacterial agent metronidazole15, yet it remains suscep-
tible to vancomycin and fidaxomicin. Historically, routinely prescribed 
quinolone antibiotics were associated with the rapid global spread of a 
quinolone-resistant epidemic strain of C. difficile, resulting in the high 
morbidity and mortality associated with this disease16.

Among the WHO list of priority pathogens (http://www.who.int/
mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/), 
defined as the antibiotic-resistant pathogens posing the greatest threat 
to human health and for which the development of new antibiotics is 
urgently needed, are the Gram-negative Enterobacteriaceae, organ-
isms such as Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., 
Serratia spp., Proteus spp., Providencia spp. and Morganella spp. Their 
global levels of resistance to different classes of antibiotics are illustrated 
in Table 1. Enterobacteriaceae cause a wide range of infections, includ-
ing pneumonia, urinary tract infection, bacteremia and surgical site 
infection17. Even the clinically ubiquitous Gram-negative bacterium 
E. coli, an organism associated with routine outpatient urinary tract 
infections and bacteremia, has developed resistance to multiple classes 

Epidemiology of bacterial antimicrobial resistance
The introduction of penicillin in the 1940s allowed for the treatment 
of often fatal infections such as sepsis, cellulitis, pneumonia and endo-
carditis caused by organisms such as streptococcal species or S. aureus. 
S. pneumoniae was first noted to develop resistance to penicillin, by 
producing b-lactamases that render penicillin inactive, in South Africa 
in 1977 (Box 1). The resistance in this organism subsequently spread 
worldwide as the protein targets of the antibiotic continually mutated12. 
Pneumococci with increasing resistance to the third-generation cephalo-
sporins commonly used to treat meningitis were subsequently reported 
to the US Centers for Disease Control and Prevention (CDC) in the 
1990s13.

S. aureus is another example of a pathogen that was noted to produce 
b-lactamases, resulting in the development of resistance to new gen-
erations and classes of antibiotics, including methicillin12. Treatment 
of methicillin-resistant S. aureus (MRSA) with vancomycin and 
increased empirical use of this antibiotic for suspected meningitis cases 
provided the antibiotic pressure associated with the emergence of van-
comycin-resistant enterococci and vancomycin-intermediate-resistant 

Box 1  Molecular mechanisms of antibiotic resistance
Antibiotics either kill bacteria (bactericidal) or stop them from growing 
(bacteriostatic). Antibiotic mechanisms of action are based on (i) prevention 
of DNA or RNA synthesis, (ii) prevention of folate synthesis, thereby blocking 
nucleic acid synthesis, (iii) destruction of the cell wall/membrane and (iv) 
prevention of protein synthesis by interfering with ribosome function.

Antibiotic resistance mechanisms elaborated by bacteria counteract the 
effectiveness of antibiotics. Resistance mechanisms can be acquired by 
horizontal transfer of plasmids or other genetic elements from bacteria that 
are colocalized with the pathogen. Alternatively, resistance can occur through 
vertical transmission by chromosomal mutations.

Resistance mechanisms may include expression of enzymes such as the 
b-lactamases, which inactivate b-lactams, or removal of the antibiotic by efflux 
pumps. Alternatively, the target of the antibiotic may be modified so that the 
antibiotic can no longer bind or interact with the target. Bacteria can also have 
bypass mechanisms that circumvent antibiotic toxicity. For example, they can 
modify the cell surface to prevent antibiotic entry. In addition, bacteria can 
directly modify antibiotics to prevent target engagement.

Antibiotic-
resistance

genes

Antibiotic-
degrading
enzyme

Antibiotic-
altering
enzyme

Antibiotic-efflux pump

Antibiotic Antibiotic

Antibiotic

Prevention of
antibiotic uptake

Chromosome

Plasmid

Bacterial
cell

Resistance
acquisition

Mechanisms of
resistance

Table 1  Global antibiotic resistance levels associated with major bacterial pathogens 

Pathogen

Resistance rate

United States S. Africa UK India Australia

S. pneumoniae 17–34 ND 7–8 ND ND

S. aureus 0–45 0–29 0–11 2–94 0–18

E. coli 1–55 0–84 0–66 11–92 0–55

Enterobacter spp. 5–88 3–100 ND ND 3–30

K. pneumoniae 8–22 2–68 0–14 2–80 0–9

P. aeruginosa 5–26 1–35 3–14 0–69 ND

A. baumannii 6–49 2–41 2–9 3–90 ND

M. tuberculosis 0–2.9 3–5.9 0–2.9 ND 0–2.9

N. gonorrhoeae 0.1–3 0.1–70 0–70 0.1–70 0.1–70

Antibiotic resistance data are presented from 2000–2014 and listed as the percentage of isolates tested that were resistant to each antibiotic class used for each 
pathogen. These antibiotics are pathogen specific. The table depicts the range of antibiotic resistance for each pathogen via available drugs and does not take into 
account the proportion of strains that are resistant to more than one antibiotic class. Data for all pathogens except M. tuberculosis and N. gonorrhea were obtained 
from the Center for Disease Dynamics, Economics and Policy (https://resistancemap.cddep.org/). Tuberculosis data were obtained from ref. 85. N. gonorrhea data 
were obtained from the WHO Gonococcal Antimicrobial Surveillance Programme (GASP), which covers strains analyzed between 2011 and 2014 (http://www.who.int/
reproductivehealth/topics/rtis/gonococcal_resistance/en/). ND, no data provided.
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This ‘identification first’ paradigm differs significantly from the current 
paradigm of treating once an infection is suspected and changing the 
antibiotic if the patient’s condition does not improve. Prophylactic vac-
cines, however, represent a change in the infectious disease paradigm, 
as they prevent the disease from occurring in the first place and are also 
species specific.

Vaccines work by training the immune system to recognize and 
respond to a pathogen by mounting a rapid and effective immune 
defense, preventing the establishment of an infection/disease or decreas-
ing disease severity19. Many vaccines also protect unvaccinated indi-
viduals or subjects who cannot be vaccinated in the population through 
a process called herd immunity (Fig. 2). Herd immunity is an added 
benefit when vaccines are broadly administered in the population for 
which the vaccine is licensed; not only are the vaccinated individuals 
protected from the disease, but, by preventing the disease, transmission 
of the pathogen is interrupted to groups of individuals for whom the 
vaccine is not licensed, those that cannot be immunized or individuals 
who are immunocompromised (i.e., patients with cancer undergoing 
chemotherapy)19,20. Herd immunity results in protection against infec-
tion of much larger numbers of individuals than those who have been 
vaccinated in the community. Some of the most successful vaccines, like 
the conjugate vaccines that protect against Hib and S. pneumoniae dis-
cussed below, lead to highly effective herd immunity as they also prevent 
pathogen colonization in individuals who are vaccinated.

Eradication of disease or sustained global disease reduction often 
leads to an underappreciation of the power of vaccines to protect a 

of antibiotics, including most oral agents used for common treatment 
of urinary tract infections. On a global basis, M. tuberculosis has the 
highest burden of infected individuals of any single infectious disease, 
with approximately 2 billion people infected and with a devastatingly 
high prevalence in developing countries18. Tuberculosis (TB) is exacer-
bated in regions where there is an overlap in HIV infection. This can be 
due to reactivation of latent TB disease or rapid progression of primary 
infection due to waning T cell immunity. In addition, TB drug resis-
tance that already is substantial in some countries (Table 1) further 
compounds treatment efforts and leads to lower cure rates and longer 
time on therapy.

The power of vaccines to address AMR
Reliance on antibacterial antibiotics has been exacerbated by the devel-
opment of broad-spectrum antibiotics that can be applied to treat 
infections before diagnosis of the specific pathogen. In many cases, a 
broad-spectrum antibiotic is used for relatively minor infections even 
though the pathogen is never identified, or a broad-spectrum antibiotic 
may also be used in cases where the etiology of the infection may not 
have been a bacterial pathogen. While broad-spectrum antibiotics are 
straightforward to deliver, they have been a major driver for bacterial 
AMR. There has been a subsequent drive in research and development 
efforts to develop treatment approaches that are more pathogen specific 
using small molecules and monoclonal antibodies. However, these more 
specific treatments require the pathogen to be identified before treat-
ment, which can take several days and thus poses risks to the patient. 

Figure 1  Immunization against a bacterial pathogen and its effect on antibiotic use and spread of antibacterial resistance. (a) In a situation where a 
population is not immunized against a bacterial pathogen, most members of the population are susceptible to the pathogen. A susceptible individual who 
becomes infected can therefore rapidly spread the pathogen to other susceptible individuals, requiring them to take antibiotics to clear the infection. 
Widespread antibiotic use, however, drives an increase in antibiotic-resistant bacteria, which can rapidly spread resistance around the globe. (b) If large 
proportions of the population have been immunized against a pathogen, disease and the spread of disease are prevented. This results in much lower overall 
antibiotic use in the population, thus stemming the further development of antibiotic resistance.
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world23. In addition, a steady increase in Hib b-lactam resistance was 
observed since the early 1970s24, mediated by bacterial expression of 
b-lactamases and/or, to a lesser extent, modified penicillin-binding pro-
teins24. For example, one global surveillance study carried out from 1999 
to 2000 found that 16.6% of all Hib strains worldwide were b-lactamase 
positive, with large variation between countries25.

Fortunately, the development and deployment of effective Hib 
conjugate vaccines has turned the tide against antibiotic resistance26. 
Conjugate vaccines against Hib developed in the 1960s consisted of 
the Hib polysaccharide capsule conjugated to carrier proteins. Disease 
cases dropped precipitously after the introduction of routine use of Hib 
conjugate vaccines27. In addition, decreases in nasopharyngeal carriage 
after Hib vaccination were notable, and this was a prerequisite for herd 
immunity and extended protection of unvaccinated populations. For 
example, after Hib conjugate vaccine introduction and recommenda-
tion in Canada in 1988, rates of Hib disease dropped from 2.6 cases per 
100,000 (1986–1987) to 0.08 cases per 100,000 in (2011–2015; ref. 28). 
Similarly, vaccine introduction in the UK in 1992 resulted in near elimi-
nation of Hib disease in children <5 years of age within just a few years 
of vaccine introduction, and comparable successes were observed glob-
ally29. Shortly after Hib conjugate vaccine introductions, a significant 
decrease in b-lactamase-positive strains was also observed30, although in 
some countries (such as Japan31) the prevalence of these resistant strains 
may have been decreasing before vaccine implementation.

Pneumococcal vaccines. S. pneumoniae continues to be a leading global 
cause of serious illness among unvaccinated children and adults. In 2005, 
the WHO estimated that 1.6 million deaths were caused by this pathogen 

large proportion of the world’s population from disease and death. 
In fact, immunization prevents millions of deaths every year, and this 
number could increase further as global vaccination rates continue to 
improve21. For example, the current global coverage for the pneumo-
coccal conjugate vaccine is estimated to be only 37% and any increase 
in vaccination coverage would further decrease disease rates and use 
of antibiotics (http://www.who.int/mediacentre/factsheets/fs378/en/). 
Unbeknownst to many, however, vaccines also have an excellent track 
record in reducing AMR by preventing the spread of disease and, thus, 
antibiotic use. The consequent reduced use of antibiotics then results 
indirectly in reduction of AMR.

Prominent examples of how vaccines can assist in the fight against 
AMR are described below and include S. pneumoniae conjugate and Hib 
conjugate vaccines. The implementation of viral vaccines such as those 
to prevent influenza (discussed below) and varicella also have a proven 
role in reducing antibiotic use22.

Vaccines proven to reduce AMR
Haemophilus influenzae type b vaccines. Hib conjugate vaccines were the 
first effective bacterial vaccines that not only showed high efficacy in 
preventing invasive disease in immunized infants and protecting older 
children by herd immunity, but also significantly reduced antibiotic use 
and hence the development of antibiotic resistance. Before Hib con-
jugate vaccines were first introduced in the late 1980s in the United 
States and then globally, Hib was a devastating pathogen in infants and 
young children. At that time, incidence rates of Hib disease (including 
bacterial meningitis and other invasive diseases) in children <5 years of 
age ranged from 3.5 to 601 cases per 100,000 in many countries of the 

Figure 2  The principle of herd immunity. (a) No immunization: the bacterial pathogen spreads uninhibited in a susceptible population. Infected individuals 
in the population spread disease to susceptible individuals, and over time a large proportion of the population is infected. (b) With immunization: broad 
immunization in the population interrupts transmission of the bacterial pathogen, and susceptible individuals, including those that have not or cannot be 
immunized (i.e., immunocompromised individuals), are now protected from disease.
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media was significantly reduced by 50.9% in children receiving influenza 
vaccine as compared to unvaccinated controls and, by inference, anti-
biotic use was similarly reduced in the vaccinated children39. A study 
conducted in Canada demonstrated convincingly that the rate at which 
influenza-associated antibiotics were prescribed was ~64% lower after 
the introduction of universal influenza vaccination in Ontario than in 
other Canadian provinces that limited the use of influenza vaccines to 
at-risk situations11. 

The second benefit of influenza vaccines for AMR reduction is the 
prevention of inappropriate antibiotic prescriptions for respiratory tract 
infections caused by viral pathogens. For example, in the United States, 
half of all antibiotic prescriptions are inappropriately written for respira-
tory illnesses associated with pathogens such as influenza that are not 
susceptible to antibiotics8. These examples illustrate the important role 
viral vaccines can play in reducing antibiotics use that drives bacterial 
resistance. Further research could deliver vaccines that address other 
viral diseases as well as improve upon existing influenza vaccines to 
provide higher efficacy in older adults and young children and increase 
the breadth of vaccine efficacy to an extended repertoire of viral strains.

Respiratory syncytial virus vaccines. RSV is the leading cause of bron-
chiolitis and viral pneumonia in infants and can lead to fatal respira-
tory distress, especially in very young infants, in infants with underlying 
cardio-pulmonary disease or in the absence of effective healthcare sys-
tems. Globally, by two years of age, nearly everyone has been infected 
with RSV40. Worldwide, RSV kills approximately 66,000–199,000 infants 
annually, with the vast majority of these deaths occurring in develop-
ing countries41. In the United States, RSV is the leading cause of infant 
hospitalization, with approximately 50,000 hospitalizations of children 
12 months of age and younger annually42. RSV is another example of a 
viral disease that, in a similar manner to influenza, contributes to AMR, 
given that antibiotics are often prescribed inappropriately for treatment 
of symptoms of a viral disease before the etiological agent for the infec-
tion has been determined. In addition, RSV infection is associated with 
bacterial infections such as otitis media and pneumonia requiring the 
use of antibiotics, hence increasing pressure for drug resistance43.

RSV also causes respiratory illness in older adults and is responsible 
for approximately 100,000 hospitalizations and 5,000 deaths annually in 
the United States in adults 65 years of age and older44–47. In the United 
States, RSV disease rates in older adults are approximately half those of 
influenza45. Like influenza, RSV infection is associated with the develop-
ment of bacterial superinfections48–50, and animal model studies have 
elucidated potential mechanisms for lethal synergy between the two 
infections51. Thus, RSV vaccines have the potential to further reduce 
the inappropriate use of antibiotics in RSV infections, prevent bacterial 
superinfections and facilitate appropriate antibiotic use in both children 
and the elderly.

RSV vaccine development has been riddled with many failures, 
mostly because of an incomplete understanding of the pathobiology 
of this important viral pathogen and technical difficulties in produc-
ing an effective vaccine. It is well established that the trimeric RSV 
F surface glycoprotein is the primary target of protective neutral-
izing antibodies and mediates the fusion of the viral membrane with 
the membrane of the host cell. Vaccine development has historically 
focused on the post-fusion form of RSV F, and this approach has 
failed multiple times in phase 3 studies in adults52–54. More potent 
RSV neutralizing antibodies are elicited to the pre-fusion F protein55, 
and several promising vaccine candidates based on pre-fusion F are 
currently under development. Given the medical need for an RSV 
vaccine, such vaccines, if successfully developed, will not just pre-
vent the viral disease itself, but will also curtail the inappropriate and 

annually (http://www.who.int/ith/diseases/pneumococcal/en/). In the 
1990s, before the introduction of a 7-valent pneumococcal conjugate 
vaccine (PCV7) in children, ~63,000 cases of invasive pneumococcal 
disease caused by vaccine serotype (serotypes covered by PCV7) and 
non–vaccine serotype (serotypes not covered by PCV7) pneumococ-
cus occurred each year in the United States32. Importantly, at this time, 
resistance to penicillin and other classes of antibiotics also spread in S. 
pneumoniae in the United States, with invasive pneumococci becoming 
resistant to three or more drug classes33,34.

Similar to Hib vaccines, pneumococcal polysaccharide conjugate 
vaccines have been a tremendous success, with >90% efficacy against 
invasive pneumococcal disease (IPD) observed in the primary target 
populations of children <5 years of age35. Not only was disease pre-
vented, but significant reductions in bacterial colonization in US chil-
dren were observed, contributing to herd immunity in individuals 
initially not targeted for routine immunization, in particular, in adults35.

Only seven years after the introduction of PCV7 in 2000, ~211,000 
cases of IPD caused by the seven serotypes covered by PCV7 (including 
antibiotic-resistant strains) were prevented not only in children but in 
individuals of all ages34,35 (Fig. 3). Second-generation pneumococcal 
conjugate vaccines with extended serotype coverage such as PCV10 (10 
valent) and PCV13 (13 valent) have increased direct protection and 
herd immunity to the pneumococcal serotypes covered by these vac-
cines with similar efficacy36,37. In addition, PCV13 reduced antibiotic 
use, and the prevalence of strains not susceptible to antibiotics decreased 
in parallel33,34,36.

Preventing AMR using viral vaccines
Influenza vaccines. Influenza vaccines not only prevent influenza 
infections and disease, but also decrease the likelihood of secondary 
bacterial infections, such as pneumonia and otitis media38. There are 
two major mechanisms by which even moderately effective influenza 
vaccines reduce antibiotic use. First, they prevent secondary bacterial 
infections and thus reduce the use of antibiotics to treat such infec-
tions. In one study conducted in Turkey, the incidence of acute otitis 
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diarrhea that develop after antibiotic use and associated disruption of 
the normal gut microflora and is the most commonly recognized cause 
of infectious diarrhea in healthcare settings56. C. difficile is carried in 
approximately 1–3% of healthy adults and approximately 16–35% of 
hospital inpatients on antibiotic treatment. Fifty percent  or more of 
hospital patients colonized by C. difficile are asymptomatic carriers56. 

In the United States alone, approximately half a million cases of C. 
difficile infection (CDI) are diagnosed annually, with 29,000 associated 
deaths. Given this burden of CDI and the rapid global spread of epidemic 
and antibiotic-resistant strains, the CDC has classified C. difficile as an 
urgent threat16. Once an infection occurs, the patient is often caught in 
a vicious cycle in which CDI recurs, requiring additional antibiotic use. 
Thus, vaccine development is of high priority given the large unmet 
medical need for this type of infection.

CDI is mediated by toxins that can be neutralized by toxin-neutraliz-
ing monoclonal or polyclonal vaccine-elicited antibodies57,58. The clear 
mechanism of action/pathogenesis of this toxin-based disease and an 
understanding that vaccine-induced generation of toxin-neutralizing 
antibodies has proven successful for a number of other toxin-based 
diseases (such as tetanus, diphtheria and anthrax) further provided the 
rationale that a vaccine for protection against C. difficile should be tech-
nically feasible. Having met essentially all of the vaccine development 
requirements listed above, two C. difficile vaccines are now in phase 3 
clinical development59,60. Because CDI incidence increases with age, the 
vaccines are being developed to protect adults 50 years and older. Once 
licensed and universally recommended, they would provide additional 
highly effective tools in preventing AMR, as vaccinated individuals 
should not contract CDI, thus reducing the spread of spores and bacte-
ria, the associated antibiotic use and the generation of MDR bacterial 
species.

appropriate (to treat bacterial superinfections) use of antibiotics and 
the resulting development of AMR.

Current vaccines under development with potential to reduce AMR
Vaccine development is a lengthy process; thus, careful consideration 
has to take place with regard to which vaccines should and actually 
can be developed. Before attempting to develop vaccines, a number 
of requirements should be met. Considerations include foremost the 
extent of the unmet medical need, i.e., the prevalence of the disease. 
Furthermore, it is necessary to have a scientific understanding of the 
immune responses required to protect against the pathogen so that the 
vaccine can be appropriately configured. In addition, there needs to be 
the technical knowhow to design and produce an appropriate vaccine 
with the desired stability characteristics. Another hurdle to overcome 
is the identification of a patient population with high enough disease 
incidence to test a vaccine under development.

Usually, most of these requirements have to be met to ensure suc-
cessful vaccine development, which explains why not every bacterial 
AMR pathogen is a candidate for vaccine development. Current vac-
cine research and development focuses on many of the organisms with 
increased antibiotic resistance or associated with high antibiotic use, 
such as those listed in Table 2. In the following sections, we discuss 
select examples of vaccines under development that have met all the 
requirements described above, that in every case target pathogens with 
demonstrated propensity to acquire antibiotic resistance and that thus 
hold promise in further reducing AMR.

Clostridium difficile vaccines. C. difficile, a Gram-positive anaerobic, 
spore-forming bacillus, is the main cause of nosocomial infectious 
diarrhea in industrialized countries. It accounts for 20–30% of cases of 

Table 2  Vaccine candidates in clinical development with the potential to prevent diseases caused by pathogens highlighted in this review
Vaccine Composition Latest trials

C. difficile

PF-06425090 (Pfizer)58 Genetically/chemically inactivated C. difficile toxins A and B

ClinicalTrials.gov identifier NCT03090191
Phase 3

ACAM-CDIFF (Sanofi)86 Formalin-inactivated wild-type toxoid (A and B)

ClinicalTrials.gov identifier NCT01887912
Phase 3

VLA84 (Valneva)87 Recombinant fusion protein consisting of truncated toxin A and B

ClinicalTrials.gov identifier NCT02316470
Phase 2

S. aureus

SA4Ag (Pfizer)88 CP5/CP8-CRM197, P-Y variant ClfA, MntC

ClinicalTrials.gov identifier NCT02388165
Phase 2b

4C-Staph (GSK)89 Csa1A (Sur2), FhuD2, EsxA/EsxB, HlAH35L

ClinicalTrials.gov identifier NCT01160172
Phase 1

Group B Streptococcus

Trivalent GBS vaccine (GSK)90 Capsular epitopes of GBS serotypes Ia, Ib and III conjugated to CRM197

ClinicalTrials.gov identifier NCT02270944
Phase 2

Bivalent GBS protein vaccine 
(Minervax)91 N-terminal domains of the Rib and alpha C surface proteins Phase 1

E. coli

EcoXyn-4V (GlycoVaxyn)92 E. coli bioconjugate vaccine

ClinicalTrials.gov identifier NCT02289794
Phase 1

FimH adhesin vax93

(Sequoia)
Protein-based vaccine Phase 1

JNJ63871860 (Janssen)94 E. coli bioconjugate vaccine Phase 2

M. tuberculosis

Multiple vaccines http://www.aeras.org/pages/global-portfolio Phases 1–3

RSV

Multiple vaccines http://who.int/immunization/research/vaccine_pipeline_tracker_spreadsheet/en/ Phases 1–3
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women for GBS recto-vaginal colonization and then treating carriers 
with antibiotics during labor, a process known as intrapartum antibiotic 
prophylaxis (IAP). In the United States, approximately 25% of pregnant 
women are reported to undergo IAP, and even higher rates are seen in 
other countries such as Canada71. Although resistance to penicillin is 
low, approximately 10% of the maternal population report penicillin 
allergies, leading to the administration of macrolide antibiotics instead. 
However, the prevalence of macrolide resistance in GBS has been rising 
in recent years, ranging from 15% in the United States to over 60% in 
Asia, leaving physicians to use vancomycin for mothers with macrolide-
resistant GBS. In addition, the routine application of IAP (at least in the 
United States for ~30% of pregnancies) poses a dilemma because antibi-
otic exposure during late-stage pregnancy and early in life has recently 
been linked to a range of adverse health outcomes later in life, which 
could be avoided with the implementation of an effective vaccine72.

GBS capsular polysaccharide conjugate vaccines under development 
(Table 2) are designed to induce functional antibodies when adminis-
tered as maternal vaccines to pregnant women. These antibodies are 
then transferred to their babies during the last trimester of pregnancy 
and provide a potential basis to protect them from GBS disease. Current 
vaccine development is focused on capsular polysaccharide conjugate 
vaccines (Table 2), as capsular-serotype-specific antibodies have been 
shown to kill GBS via complement-mediated phagocytosis.

Vaccines to prevent Enterobacteriaceae infections. As described above, 
Enterobacteriaceae are on the WHO list of priority pathogens given 
their antibiotic resistance73. Of the organisms in this family, E. coli and 
K. pneumoniae pose the greatest concerns because they have high levels 
of resistance to third-generation cephalosporins and extended-spectrum 
b-lactam antibiotics. E. coli infections are also associated with high levels 
of fluoroquinolone resistance, and K. pneumoniae is highly resistant to 
carbapenems. Both species are part of the normal flora in the intestine 
in humans and animals. E. coli is the most frequent cause of urinary 
tract infections (including pyelonephritis acquired outside of a hospital 
setting (community acquired) and inside a hospital (nosocomial)). It is 
also the most frequent cause of bloodstream infection at all ages and is 
associated with intra-abdominal infections such as peritonitis. E. coli is a 
cause of meningitis in neonates and is one of the leading causative agents 
of foodborne infections worldwide. K. pneumoniae poses a similar prob-
lem; however, it tends to infect more vulnerable individuals, includ-
ing preterm infants and individuals with impaired immune systems, 
diabetes or alcohol abuse issues, as well as those receiving advanced 
medical care.

MDR Enterobacteriaceae have achieved greater attention recently 
owing to the rapid global spread of an NDM-1 metallo-b-lactamase-
producing strain. This strain illustrates how the world is increasingly 
connected, given that it was isolated in patients in Europe who had pre-
viously traveled to India for surgical proceedures74,75. Today, NDM-1 is 
present worldwide and has also spread to other Gram-negative species, 
rendering them resistant to all agents except colistin and tigecycline. 
With the introduction of MCR-1 plasmid-1 into E. coli isolates confer-
ring resistance to the last-line antibacterial colistin, there is concern 
that strains containing both MCR-1 and NDM-1 may emerge and turn 
routine outpatient urinary tract infections untreatable76.

Some Gram-negative organisms present clinical development chal-
lenges with regard to identifying an appropriate patient population with 
high enough disease incidence to perform prophylactic vaccine clinical 
studies capable of producing the data to satisfy regulatory approval and 
recommendation. However, for a pathogen such as E. coli, such patient 
populations can be identified and promising vaccine approaches focus-
ing on lipopolysaccharides (or O antigens) are being evaluated clinically 

Staphylococcus aureus vaccines. S. aureus is a major cause of invasive 
disease including bacteremia, infectious endocarditis, osteomyelitis, 
pneumonia, and various skin and soft tissue infections in hospital and 
community settings. Surgical site infections (SSIs) account for over 
40% of nosocomial infections in surgical patients. These infections cur-
rently have an estimated annual incidence of 300,000–500,000 in the 
United States61,62, a large percentage of which are caused by S. aureus63. 
Infections can be complicated by bacterial resistance to b-lactams and 
other classes of antibiotics. Infections caused by MRSA are harder to 
treat than those due to methicillin-sensitive strains and are associated 
with prolonged hospital stays and increased morbidity and mortality. 
MRSA contributes to over 70,000 cases of invasive disease per year in 
the United States alone. Both the CDC and WHO have recently placed 
MRSA on their AMR watchlists, highlighting the significance of AMR 
in S. aureus.

S. aureus has the propensity to develop resistance even to newly intro-
duced antibiotics, such as linezolid, a drug that inhibits protein syn-
thesis in Gram-positive bacteria introduced in 2000, and daptomycin, 
a drug that disrupts the membrane of Gram-positive bacteria intro-
duced in 2003 (ref. 64). S. aureus glycopeptide resistance is currently a 
source of concern, as this class of antibiotics, including vancomycin, is 
one of the main recourses for combating infections caused by MRSA. 
Reduced susceptibility to vancomycin was first described in 1996 in 
Japan65. Thereafter, an S. aureus isolate with acquired heterogeneous 
resistance to vancomycin was characterized66. Thus far, strains of MRSA 
with acquired resistance to vancomycin are rare; however, widespread 
and often uncontrolled empirical vancomycin use, particularly during 
elective surgeries, could further drive resistance. This has already been 
documented in the emergence of vancomycin-resistant enterococci and 
Vancomycin-intermediate Staphylococcus aureus (VISA)12,67,68. Given 
the disease burden and adaptability of S. aureus to develop resistance to 
many classes of antibiotics, a strong rationale exists to develop effective 
vaccines to protect individuals against this species and to reduce AMR.

A more complete understanding of S. aureus has yielded several new 
candidate S. aureus vaccines currently in development69,70. The most 
advanced is a 4-antigen S. aureus vaccine candidate (SA4Ag) that is 
being evaluated in a phase 2/3 efficacy study for prevention of invasive 
S. aureus disease in patients undergoing elective spinal surgery. SA4Ag 
was shown to be safe and well tolerated in early-stage clinical trials, and 
was found to induce high levels of bacteria-killing antibodies in healthy 
adults, leading to a fast-track designation by the US Food and Drug 
Administration (FDA). In addition, a separate 4-component S. aureus 
vaccine (4C-Staph) formulated with a Toll-like receptor 7 (TLR7)-
dependent adjuvant is being tested in phase 1 trials. Initially, these vac-
cines are being developed for prevention of invasive S. aureus infections 
in patients undergoing elective surgeries.

Group B Streptococcus vaccines. Streptococcus agalactiae, also known as 
group B Streptococcus (GBS), is an encapsulated Gram-positive bacte-
rium that asymptomatically colonizes the vagina (women) and rectum 
(women and men) of approximately 25% of the population and can cause 
serious invasive infections, including pneumonia, meningitis, bactere-
mia and sepsis, across all age groups. Pregnant women and their babies 
are vulnerable to disease resulting from this organism, as asymptomatic 
maternal carriage is a prime risk factor for diseases in the mother, such 
as urinary tract infections, endometritis, chorioamnionitis, sepsis, pre-
term labor and still birth, and in the baby. Infant disease as a result of 
GBS infection presenting within the first 90 days of life is particularly 
devastating.

In the United States and some other high-income countries, GBS-
related disease incidence has been reduced by screening pregnant 
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mechanisms of immune protection and to develop new technologies to 
induce the desired responses are needed to address AMR issues associ-
ated with this pathogen.

Barriers to maximizing licensed vaccine use
Vaccines have been very effective in reducing incidence of infectious dis-
eases and use of antibiotics and AMR in some relevant pathogens such as 
S. pneumoniae and Hib; yet, there remain a number of hurdles to global 
access, implementation and use. While vaccine access in developed 
countries has reached high rates of population coverage for vaccines 
such as Hib and pneumococcal conjugate vaccines, global implemen-
tation is dramatically lower, with coverage rates of only 19–45% of the 
population20. Global coverage could be improved by simultaneous 
licensure in developed and developing countries, faster rollout in coun-
tries with the largest birth cohorts such as China and India, improving 
logistics to bring vaccines to remote locations, increasing funding and 
lowering population reticence to vaccination. Regulatory oversight of 
clinical studies and other studies often required by regulatory agencies 
after vaccine licensure (postmarketing commitment studies) provide 
very robust vaccine benefit–risk assessments; however, these usually 
extensive data sets are at times not fully taken into consideration by vac-
cine-recommending bodies in many countries; thus, widespread access, 
reimbursement of costs associated with vaccines and their administra-
tion by healthcare providers, and use of vaccines may be delayed.

Advocacy on the safe and effective use of vaccines for medical profes-
sionals and the general public is provided by academic and public-health 
institutions and is complemented by organizations such as Vaccines 
Europe, a European Union (EU)-wide vaccine industry stakeholder 
group of major innovative research and development–based vaccine 
companies. Vaccines Europe provides information to the public regard-
ing the vaccine innovation and manufacturing process and highlights 
evidence meticulously developed on the safe and effective use of vac-
cines. However, even in developed countries such as the United States 
and in Europe, coverage with some vaccines such as influenza vaccines 
remains suboptimal and could be greatly improved for licensed vac-
cines by stronger recommendations and more education on the use of 
these vaccines. Optimal implementation and use could have a profound 
impact on disease burden and the inappropriate use of antibiotics.

Future prospects
At a time when the global community is just starting to mobilize 
resources to develop therapeutics to counteract AMR, ongoing vaccine 
research and development programs have the potential to address AMR 
prevention by decreasing overall antibiotic prescription pressure, espe-
cially when coupled with educational interventions to limit antibiotic 
use. Much remains to be done to provide global access to already licensed 
vaccines, and prospects are favorable for additional vaccine approaches 
to continue to provide global public-health benefits. To provide maximal 
public-health benefits, there must be efforts to steadily increase vaccine 
coverage as well as complete study and licensure proceedings for new 
vaccines addressing important bacterial and viral pathogens for which 
vaccines did not previously exist.

Newer vaccines under development such as vaccines to prevent  
C. difficile or S. aureus infection, pneumococcal conjugate vaccines with 
extended serotype coverage or vaccines to prevent infections with Gram-
negative bacteria hold a profound promise to not only address these life-
threatening diseases but also help to further curb antibiotic use and thereby 
prevent AMR. In addition, there is no limit to the number of vaccines that 
can be given to an individual, as humans are exposed on a continuous basis 
to a myriad of infectious disease agents and the immune system has been 
developed to deal with an almost infinite number of pathogens.

(Table 2)77,78. Additional approaches are in preclinical or early clinical 
stages of development79,80.

Other Gram-negative pathogens. Three additional Gram-negative patho-
gens that warrant discussion are carbapenem-resistant Acinetobacter 
baumannii, carbapenem-resistant Pseudomonas aeruginosa and third-
generation cephalosporin–resistant, fluoroquinolone-resistant Neisseria 
gonorrhoeae. All three are included on the WHO priority pathogen list. 
A. baumannii and P. aeruginosa infections are both associated with 
healthcare settings and, although they do not cause high rates of infec-
tion, they are characterized by high levels of antibiotic resistance and 
associated morbidity; there are no vaccines currently in development for 
these pathogens. A vaccine for N. gonorrhoeae would need to improve 
upon the ineffective human adaptive immune response to wild-type 
infection that allows for multiple reinfections. A further obstacle to vac-
cine development efforts is the lack of robust animal models for this 
species of Gram-negative bacteria. Antigenic variation also confounds 
N. gonorrhoeae vaccine discovery, as was observed in the case of a pilin-
based vaccine trial81.

Mycobacterium tuberculosis vaccines. TB has the highest global burden 
of any single infectious disease, with almost 2 billion people latently 
infected and an associated approximately 1.8 million deaths annually82. 
Co-infection with tuberculosis in individuals with HIV is estimated to 
occur in 15 million people and, given the progressive T cell dysfunction 
in HIV, TB can occur early on in infection and be a significant cause 
of morbidity and mortality in HIV-infected people. Globally, approxi-
mately 5% of the 10.4 million newly diagnosed TB cases were MDR in 
2015, and AMR leads to longer treatment regimens, prolonged periods 
of contagiousness and higher mortality in those affected with TB. Thus, 
the development of vaccines may have a profound impact on disease 
morbidity and mortality and assist in stemming AMR.

Vaccines could induce protection against TB by a number of 
mechanisms, including by preventing the initial infection, reducing 
the reactivation of latent infection or potentiating immunity to TB in 
immunocompromised hosts. The Bacillus Calmette–Guérin (BCG) vac-
cine, in use for almost 100 years, is composed of an attenuated strain 
of Mycobacterium bovis and is used to vaccinate >90% of newborns in 
endemic countries. This vaccination program is based on studies that 
have demonstrated that vaccination results in a reduction of dissemi-
nated disease and mortality in the youngest children. Readministering 
BCG does not provide additional protection after a childhood dose, 
and BCG will not prevent the reactivation of latent TB to pulmonary 
disease in the nearly one-third of the human population who are already 
infected and at risk. Given these shortcomings of BCG, a number of 
more modern vaccine approaches are being pursued18,83.

Examples of such approaches include elicitation of better priming 
with genetically modified BCG, use of other whole-cell mycobacterial 
preparations or alternatively developing subunit vaccines. The subunit 
vaccine that has advanced furthest in clinical trials used a vectored 
approach with modified vaccinia virus Ankara expressing recombi-
nant antigen 85A (MVA85A). However, the vaccine failed to provide 
protection against TB infection or prevent progression to active disease 
in infants in South Africa or in HIV-1-infected adults in South Africa 
and Senegal. An inactivated whole-cell Mycobacterium vaccae vaccine 
administered with five intradermal doses had a vaccine efficacy of 39% 
(i.e., it resulted in 39% less TB cases than control) that reached statistical 
significance in preventing culture-confirmed TB84. As discussed above, 
TB is an example of an infectious disease where the vaccine development 
requirements have largely not been met. While there is a clear medical 
need for a vaccine, future scientific advances to fully understand the 
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The prospects for new antibiotics and classes of antibiotics are bet-
ter than ever today, given the increased scientific understanding of 
bacterial pathology, and will benefit from novel public- and private-
sector collaborations through funding from the European Innovative 
Medicines Initiative and a newly formed US funding entity, CARB X 
(http://www.imi.europa.eu/content/nd4bb and https://www.bu.edu/
law/faculty-scholarship/carb-x/). AMR mitigation efforts will benefit 
from a combined effort to prevent infections with new vaccines and 
develop new therapeutics for infections that were not prevented. As a 
note of caution, just as was observed in the context of research and devel-
opment efforts to discover new antibacterial drugs, vaccine research 
and development organizations have seen dramatic consolidation over 
the last decade, hence limiting the pool of experienced human talent 
required and available to deliver on the scale needed for complex clinical 
and basic science programs95. The incentive to develop new vaccines 
would benefit from innovation in regulatory sciences to improve upon 
the speed of future vaccine development and to bring new preventative 
measures for AMR to the clinic sooner. In parallel, sustained investments 
in developing human talent would provide an experienced workforce 
to innovate across research and development. These investments are 
needed to provide future leadership to thoughtfully advance vaccines 
into the clinic. Additionally, the importance of maintaining and creating 
new markets for vaccines cannot be overstated. This is vital to provide 
incentives to vaccine companies to develop vaccines that are of public 
interest but may not be commercially viable. Given the importance of 
vaccines in reducing AMR, not addressing these trends could become 
a matter of national concern across the globe.
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