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IntroductionAU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:
Antimicrobial-resistant bacterial infections pose a significant challenge to health worldwide.

In 2019, there were an estimated 1.95 million deaths and 47.9 million lost disability-adjusted

life-years attributable to antimicrobial resistance (AMR) [1]. Over the last 30 years, there has

been a stall in the development of new antibiotics while incidence rates of AMR climb [2]. The

global AMR crisis is on-track to cause approximately 10 million deaths annually by 2050 [1].

Several pathogens contribute to this, including Escherichia coli, Klebsiella pneumoniae, Strepto-
coccus pneumoniae, Haemophilus influenzae, and Mycobacterium tuberculosis [1,3]. Targeted

interventions to combat AMR, such as vaccines, are essential in conjunction with the contin-

ued pursuit of antibiotic discovery and engagement with equitable antibiotic stewardship poli-

cies. Many bacterial vaccines are already included in publicly funded vaccination programs

and developing technologies in vaccine platforms has the potential to address AMR equitably

and effectively [4]. Vaccines have the potential to reduce antibiotic usage at the population

level, reduce the spread of bacterial resistance determinants, and decrease transmission of

resistant bacteria (Fig 1).

1. Why is vaccination an optimal strategy to combat antimicrobial

resistance?

Antibiotics are not being developed at the speed necessary to keep up with the evolution of

bacterial AMR, with only 13 new drugs in Phase III clinical trials as of a March 2021 report

[5]. More than 20 novel antibiotic classes were introduced into clinical practice prior to the

1960s with few new classes marketed since [6]. With this dwindling antibiotic armamentar-

ium, some have suggested that we are in a “post-antibiotic era” [5]. Strategies are needed to

preserve these drugs for when they are truly needed. Non-vaccine approaches include imple-

mentation of infection control and antibiotic stewardship policies for the optimal use of exist-

ing antibiotics. Antibiotics may be co-formulated with compounds such as β-lactamase

inhibitors, which enhance antibiotic activity by preventing hydrolysis via bacterial enzymes, or

streptazolin which enhances macrophage-mediated killing, potentiating antibiotic action by

targeting host cells [7]. In addition, there is a mounting interest in the use of phage therapy as

an alternative treatment to antibiotics [8].

Vaccination is an integral strategy to prevent AMR, and reduces infections caused by both

antibiotic-susceptible and -resistant bacteria, thereby reducing the overall usage of antibiotics.

The success of vaccines in reducing disease burden over the last century is clear; vaccines
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against Corynebacterium diphtheriae, Neisseria meningitidis, Haemophilus influenzae type b

(Hib), and Bordetella pertussis resulted in notable decreases in cases [9]. The introduction of

pneumococcal vaccines has resulted in a decrease in both invasive disease and a decline in

nasopharyngeal carriage of S. pneumoniae (including antibiotic-resistant isolates), demonstrat-

ing vaccination combating AMR in action [10]. Beyond human health, vaccines have been an

extremely effective intervention for animal health and have been demonstrated to reduce anti-

microbial consumption across many species, including fish, pigs, and poultry [11]. Vaccines

against resistant bacterial species also tackle AMR by reducing circulation of drug-susceptible

Fig 1. Vaccination as an ideal strategy to reduce antimicrobial resistance. Presently, antibiotics are often overprescribed and

overutilized, which leads to acquisition of resistance, and increased spread of resistant bacteria in the community, healthcare settings,

and globally. Vaccines targeting resistant bacteria would decrease (A) infections and thus antibiotic prescriptions and use, (B) lower the

spread of resistance genes, and (C) reduce transmission in the community, healthcare, and ultimately, globally. Created with BioRender.

com.

https://doi.org/10.1371/journal.ppat.1011379.g001
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strains that may acquire resistance through horizontal gene transfer [12]. This alleviation of

resistance spread sustains the efficacy of antibiotics in combination with antimicrobial stew-

ardship policy. Using one of the most effective medical interventions of the last century (vac-

cines) to rescue another (antibiotics) is a worthwhile endeavor to allow future generations to

benefit from both.

2. Who would vaccines against antimicrobial-resistant bacteria

benefit most?

As the global burden associated with AMR grows, interventions must be directed towards pop-

ulations at highest risk of infection and death, including those in low- and middle-income

countries (LMICs), immunocompromised and other individuals with comorbidities, and chil-

dren, who are often excluded from studies investigating novel antimicrobials. Preventing

infections is key; in regions, limited access to antibiotics and/or lack of strong antibiotic regu-

lation challenges successful treatment of drug-sensitive infections [13]. In 2019, the estimated

all-age mortality rate attributable to AMR was 98.9 deaths per 100,000 in western sub-Saharan

Africa, a rate nearly double that of high-income nations [1]. In this region, K. pneumoniae was

responsible for the largest portion of deaths attributable to AMR, at 19.9% of deaths attributed

to AMR [1]. Urgent development of vaccines targeting resistant pathogens associated with

high morbidity and mortality should be prioritized for development [14].

Individuals with comorbidities have higher risk of infection not only as a direct result of

their disease and treatments of it, but through increased hospital exposure, frequent invasive

procedures, and as a result, increased antimicrobial usage [15]. Diabetes mellitus is a key

example of this, with a notable association with increased susceptibility to E. coli infection with

a larger bacterial burden [16]. People with diabetes may have impaired granulocyte function

and high glucose levels impact epithelial barrier functions, predisposing these individuals to

increased E. coli burden in the bladder [16]. Drug-resistant E. coli contribute to the most

deaths of any resistant bacterium worldwide and the increased risk of E. coli infection in peo-

ple with diabetes is just one example of a scenario where vaccines against resistant bacteria

should be prioritized for specific groups.

Special formulations of antibiotic drugs intended for pediatric use are often developed after

the antibiotic has been marketed in adults, leaving children behind in accessing effective anti-

biotics. Pediatric antimicrobial development includes several hurdles, with different dosages

and/or formulations needed that lead to technological and regulatory challenges [17]. Yet, it

has been noted that children are some of the highest antibiotic users in any age group, outside

of the elderly [17]. Vaccination against bacterial AMR is particularly useful for those groups

who struggle to access antimicrobials or face higher rates of bacterial infections due to both

geographical and personal health factors.

3. How do antimicrobial-resistant bacteria challenge vaccine

development?

While vaccination is an optimal strategy to combat AMR in many ways, bacteria can challenge

vaccine development through their high genetic diversity, a range of potential antigens and the

ability to cause a variety of infections with differing outcomes depending on the status of the

host. The genetic heterogeneity of many bacterial pathogens leads to a diversity of structures

in protein and polysaccharide antigens, rendering vaccine development difficult and strain

cross-protection unlikely [18]. Multicomponent vaccines are commonly used for bacteria to

target many antigens to broaden coverage of the vaccine and prevent vaccine resistance due to

mutations; however, identifying multiple conserved and immunogenic antigens is challenging.
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Consider the example of K. pneumoniae, a major cause of sepsis with increasing rates of AMR

[19]. With more than 70 capsular serotypes worldwide, adequate strain coverage with a cap-

sule-based vaccine (as has been used for other bacteria such as S. pneumoniae) may not be fea-

sible [18]. Bacillus Calmette–Guerin (BCG) has been used as a vaccine against M. tuberculosis
(TB) for nearly a century and is effective in protecting very young children [20]. However, its

effectiveness in older children and adults is variable (0% to 80%). This variety in effectiveness

may be explained in part by the heterogeneous nature of disease caused by TB, with the opti-

mal immune response to clear infection differing between children and adults. Thus, when

vaccines are developed with the goal of combatting AMR both host and pathogen need to be

considered. Identification of the target population for the vaccine and an understanding of

protective immune responses within that population are vital. In addition, an understanding

of which strains have the highest burden, high-quality molecular epidemiology studies, and

appropriate antigen selection methods are required.

4. Which vaccine platforms have been used for bacterial vaccine

development and where might they lead?

Several approaches exist in bacterial vaccines that are currently included in routine immuniza-

tion schedules, including whole inactivated bacteria, live-attenuated, and subunit vaccines

including toxoid and conjugate vaccines. These approaches can include monovalent or multi-

valent formulations targeting more than 1 antigen. Other platforms have been investigated in

recent clinical studies, including the application of nanoparticles, such as outer bacterial mem-

brane vesicles (OMVs), and nucleic acid vaccines that may include DNA-based plasmids or

RNA-encoding target antigens [21]. The introduction of mRNA technology to immunization

programs with COVID-19 vaccines has the potential to revolutionize the vaccinology field.

mRNA vaccines take advantage of host cells for antigen expression making them easily

adapted to new pathogens and/or antigens [21]. However, the expression of bacterial proteins

in a eukaryotic cell after mRNA vaccination has yet to be investigated in clinical trials. It is

likely only a matter of time before this has been addressed, with mRNA-based vaccine candi-

dates targeting Group A or Group B Streptococci demonstrated to be effective at conferring

protection in mouse models [22]. Ultimately, the ideal vaccine approach for a specific patho-

gen must be tailored to the pathology of the specific bacterium.

5. Which types of bacterial antigens have been investigated for

vaccine development and can they be applied in AMR vaccines?

Current bacterial vaccines are demonstrably effective at reducing disease burden and conse-

quently address AMR via reduction of antibiotic usage. Both pneumococcal and Hib vaccines

target the capsular polysaccharides (CPS) of their bacterial species, S. pneumoniae and H. influ-
enzae, respectively [3]. The pneumococcal conjugate vaccine is estimated to be 86% to 97%

effective against invasive pneumococcal disease, and rates of Hib cases have significantly

decreased globally since the introduction of Hib vaccination into the routine childhood immu-

nization programs [3]. Thus, the CPS is one of the most widely targeted and efficacious bacte-

rial antigens in vaccine development. As of 2021, several vaccines for bacterial species with

high AMR burden targeting CPS were in clinical trials, such as the 12-valent vaccine against

extraintestinal pathogenic E. coli (ExPEC) [23]. Bioinformatics pipelines allow identification of

conserved antigens across heterogeneous populations that may not be selected through tradi-

tional vaccinology techniques using whole-genome sequencing of pathogens or convalescent

postinfection samples. This approach has been successful for N. meningitidis and is being used

for other vaccines and could help address the high diversity of AMR strains.
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Conclusion

As we look to the future, there are several vaccines in the global vaccine development pipeline

that the WHO has identified as having high potential to reduce global AMR [23]. This includes

licensed vaccines, some of which have been mentioned above, against Salmonella enterica
Typhimurium, Hib, and S. pneumoniae. Vaccines that are currently being tested in Phase III

clinical trials include those against extraintestinal pathogenic E. coli, Salmonella enterica Para-

Typhi A, and N. gonorrhoeae. These vaccines target bacteria that have increasing rates of resis-

tance and will reduce both susceptible and resistant infections. Unfortunately, based on the

current lack of progress in vaccine development, the WHO has identified several resistant

pathogens for which vaccine development is currently thought to have lower feasibility and

recommends resources be focused on other tools for the prevention and control of AMR in

these bacteria.

AMR is one of the most complex and pressing issues facing modern medicine; vaccines will

be a critical part of our strategy to combat rising AMR-associated morbidity and mortality and

will be more successful against some pathogens over others. Most vaccines that protect against

bacterial infections target common antigens such as the capsular polysaccharide. Moving for-

ward, newly developing technology in vaccine platforms and novel antigen discovery should

continue to be explored in preclinical and clinical models. The scientific community must

maintain equitable production and distribution as a fundamental element of the vaccine devel-

opment pipeline. This will ensure that vaccines targeting bacterial AMR will reach the popula-

tions who need it most.
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