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The importance of vaccines in combatting antimicrobial resistance (AMR) is commonly accepted. Although scientific reasoning supports the putative connection between vaccines and reduction of AMR, reliably measuring the magnitude and effect of vaccines on antimicrobial resistance is inherently challenging, especially in low resource settings. We review the intrinsic challenges in estimating the effect of vaccines on AMR and discuss the limitations and opportunities in current methods from the host, pathogen, and environment perspectives. We highlight advantages and pitfalls in different epidemiological study designs with a specific focus on impact studies in low resource settings and suggest how these perspectives could be considered in future research.
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Introduction

Antimicrobial resistance (AMR) is a serious public health threat with over 700,000 people worldwide succumbing to resistant infections per year (1). Low- and middle- income countries (LMICs) are facing an unequal impact due to higher infectious disease burden of resistance prone pathogens (2), lower vaccine coverage (3), and higher rates of inappropriate use of antibiotics (4, 5).

The severity of the global threat of AMR has resulted in high level concerted efforts including the creation of a Global Action Plan in 2015 (6) with strategic directions for how to combat AMR, and an action framework envisioned in 2020 for leveraging vaccines to reduce antimicrobial use (AMU) and prevent AMR (7), which complements the global immunization strategy – Immunization Agenda 2030 (8). Given the important role of vaccines in infection prevention it has repeatedly been highlighted as one of the key tools to combatting AMR (7, 9, 10). However, lack in funding for development of new vaccines and barriers to access for existing vaccines have recently been highlighted as critical gaps in the continued AMR response over the next 5 to 10 years (1).

Despite the widely publicized importance of vaccines in fighting AMR, as illustrated by the multitude of scientific perspectives and narrative review pieces published in recent years (1, 7, 9–20), the actual research evidence is sparse, and not yet well established in LMICs. This is in large part because measuring the magnitude and direct effect of vaccines on AMR is inherently challenging and a number of these challenges even more difficult in low resource settings.

In this paper, we review the intrinsic challenges in estimating the effect of vaccines on AMR and discuss the limitations and opportunities in currently applied methods from the host, pathogen, and environment perspectives (Figure 1). We briefly describe which vaccines can contribute to combat AMR and how AMR and/or relevant proxies can be measured. We highlight advantages and pitfalls in different epidemiological study designs with a specific focus on impact studies in low resource settings and suggest how these perspectives could be considered in future research.




Figure 1 | Measuring the link between vaccines and AMR at the host, pathogen, and environmental level. AST, Antimicrobial Susceptibility Testing; qPCR, quantitative polymerase chain reaction; ARG, Antimicrobial Resistance Genes.





Vaccines Against AMR

Vaccines are commonly considered to impact AMR either directly via preventing infection thereby reducing the risk of drug resistant infection and/or pathogen carriage, or through an indirect effect by preventing non-bacterial primary infections (e.g., viral), which are often wrongly treated with antibiotics. This indirect effect, in turn, reduces antibiotic misuse (21), which is considered an important driver of AMR (22) and/or prevents secondary (potentially drug resistant) bacterial co-infections.

There are four main categories of vaccines that may each prevent AMR in different ways:

Firstly, vaccines against bacterial pathogens causing (previously common) community acquired infections including diphtheria, tetanus, pertussis, Haemophilus influenzae type B (Hib) and Streptococcus pneumoniae and for which vaccines are currently administered as part of existing immunization programs have markedly reduced the incidence of infectious disease as well as the need for antimicrobial treatment (11). Within this category of vaccines, the direct association between vaccine and AMR reduction and associated medical complications has been best illustrated for Pneumococcal Conjugate Vaccine (PCV) and Hib vaccines (23–27).

Currently available licensed vaccines targeting the World Health Organization published list of “AMR priority bacterial pathogens” (2) are the pneumococcal conjugate vaccine (PCV), the Haemophilus influenzae type b (Hib) vaccine and the typhoid conjugate vaccine (TCV) (13).

Secondly, there are vaccines that prevent viral infections, which are often mistakenly treated with antibiotics. These vaccines therefore reduce misuse of antimicrobials as well as potential secondary bacterial co-infections that can arise after some viral infections (e.g., influenza, SARS-CoV-2). Examples of existing vaccines with illustrated effect on antimicrobial use are those against rotavirus (28) and influenza (29–31). Early evidence also suggests a substantial overprescribing of antibiotics in association with hospitalized cases of COVID-19 not justified by the risk of bacterial co-infection (32).

Thirdly, vaccines to prevent hospital-acquired infections with (often already resistant) pathogens such as Acinetobacter spp, Staphylococcus aureus, and Pseudomonas aeruginosa. Such infections are associated with considerable treatment challenges, hospitalization cost and high fatality (33) and are listed as either high (vancomycin resistant) or even critical (carbapenem resistant) on the WHO AMR priority pathogen list (34). Unfortunately, development of vaccines for these have so far been limited or unsuccessful and there are currently no licensed vaccines (12, 13). Considering how vaccines are perhaps the most crucial and final option against pathogens that have already acquired complete resistance (14) this is truly an urgent research and development need (10).

Finally, vaccines to prevent infections in animals may reduce the risk of emergence of resistance and reduce the need for use of antibiotics in agriculture including the incentive for using antimicrobials as growth promotors (35), which accounts for the largest proportion of global consumption (36) and considered a major driver of AMR (22). A successful, early example has been the introduction of furunculosis vaccines in salmon aquaculture in Norway (37).



Measuring the Link Between Vaccination and AMR Reduction

The prerequisite to demonstrate a link between vaccination and AMR is a solid way to measure and/or characterize “antimicrobial resistance”. This can be approached from the pathogen angle by measuring genotypic or phenotypic resistance in microorganisms, at the population or individual level by quantifying antimicrobial use, or by measuring the antimicrobial resistome in individuals or in the environment. These three complementary approaches are outlined below.


Measuring Antimicrobial Resistance

The traditional way to measure AMR is via classic bacteriology with isolation, pathogen identification and antimicrobial susceptibility testing (AST), and although methods have been standardized, it involves complex steps, is labor intensive, time consuming, and requires technical expertise to interpret results consistently. Such phenotypic testing has been the mainstay in clinical bacteriology for almost a century but is gradually being replaced by simplified and/or automated systems (38).

New and more advanced methods include molecular methods such as PCR, DNA microarray, whole genome sequencing (WGS), metagenomics and genotypical testing for resistance genes. These are often faster and more sensitive and can also be used for surveillance of AMR (39) but the limitation is that the presence of resistance genes is not necessarily correlated with resistant phenotype and these methods can only test for already known resistance genes. Also, the cost and expertise for application of these methods make them less accessible in low resource settings. Therefore, phenotypic methods of AST often remain the detection method of choice. However, it is a slow diagnostic and because sampling is often not possible/done in clinical settings, empirical antibiotic treatment based on symptoms is the most common practice leading to potential antimicrobial misuse and overuse (40).

In recent years there has also been a focus on developing more rapid and/or point-of care diagnostics for AMR, however, despite a busy pipeline very few tools have made it to clinical testing and use (41).

Obtaining reliable measures of AMR is also substantially challenged by inconsistent or incomplete sampling practices (42) as well as inadequate quality bacteriology diagnostics that do not meet accepted quality standards, a particular issue in low resource settings (43). Collection of an appropriate clinical sample for microbiological culture depends upon infection site and can be difficult to correctly obtain and process without access to highly skilled health professionals (e.g., cerebrospinal fluid, deep seated abscesses). Additionally, samples like sputum and stool pose extra challenges in identifying and differentiating pathogens from commensal flora, thereby demanding advanced technical expertise for interpretation of culture results. Blood cultures are indicated in suspected bloodstream infection and in most cases only one organism is isolated. This makes the laboratory process involved in blood culture straightforward to differentiate between pathogen and contaminant and therefore WHO has also recognized it as the priority specimen for surveillance of AMR (44). Although blood culture is considered the gold standard to measure blood borne infections it is not always reliable or feasible in limited resource settings where quality and operational challenges such as contamination, limited availability of culture bottles, electricity and hence temperature control, and human capacity constraints are common (45). Thereby, manual blood culture systems are most frequently used in LMICs while automated systems are currently standard in high-income countries (44).

Hence sufficient resources, standardized methods and quality assured clinical sampling and laboratory practices are important elements to ensure validity of bacteriology data when assessing the impact of vaccines on AMR.

In terms of quality assurance, although ISO (International Organization for Standardization) accreditation may not be feasible, and may not be required for research study laboratories, demonstration of technical and operational competence compatible with applicable local regulations can help improve the reliability of bacteriology data to assess changes in AMR patterns during vaccination campaigns and trials. Adherence to certain universally adapted quality guidelines and standards for antimicrobial susceptibility testing (AST) such as Clinical Laboratory Standard Institute (CLSI) and European Committee on Antimicrobial Susceptibility Testing (EUCAST) can help ensure this. The MICRO (Microbiology Investigation Criteria for Reporting Objectively) checklist is another welcome tool that can be used to ensure data quality when planning new studies (46).

Ultimately, assessing the presence and clinical significance of AMR relies on obtaining reliable information on vaccination status, clinical outcomes, and quality assured genotypic and phenotypic bacteriology data.



Measuring Antimicrobial Use

Antimicrobial use (AMU) is seen as one of the main drivers of AMR (22, 36) and certainly one of the most common proxy outcome measures used to study the potential impact of vaccines in reducing AMR (30, 31).

Measuring antimicrobial treatment can be done at the population level, which is often referred to as antimicrobial consumption (AMC) and can be assessed either at the most macro level using data sources such as import, production and export data or even national distribution records from regulatory authorities (47). Consumption can be assessed with more granularity when it captures information on procurement or supply at district or even health facility level. As such, consumption data is not able to distinguish treatment prescribed to individuals and hence these measurements in the association between vaccines and AMU are mostly relevant to ecological studies that consider correlations between trends in consumption in populations before and after introduction of vaccines.

An important caveat to keep in mind when considering population level assessments in LMICs is that national aggregate numbers may mask important local disparities in access, overuse and/or misuse (48, 49).

Nevertheless, population level measures of consumption can be useful in measuring the impact of newly introduced national vaccination campaigns on antimicrobial prescriptions among the target groups for vaccination.

Another way to use national data to obtain more granularity in the assessment is using standard national demographic and health surveys. A recent study used data from national household surveys across 77 countries (covering 944,173 children) between 2006 and 2018 to estimate the protection against antibiotic-treated episodes of acute respiratory infection conferred by selected vaccines (28). The study estimated that under the current global coverage levels rotavirus vaccines prevent 13.6 million episodes of antibiotic-treated diarrhea illness in children under 2 years of age, and pneumococcal vaccines prevent 23.8 million episodes of antibiotic-treated respiratory illness among children under five years of age in LMICs each year. Keeping in mind that the study relied on survey data on mother-reported disease outcomes and antibiotic use that has been criticized for yielding incomplete information of antibiotic treatment rates, especially in children with pneumonia (50), it still represents a significant step forward towards individual level assessments of the association between vaccines and AMU in low resource settings.

The findings from this study are also supported by similar observed trends illustrated at the individual level in high income settings where introduction of PCV correlated with reversing an otherwise steady increase in antibiotic prescriptions among children (25). However, this type of linkage and assessments of both vaccination status, illness episodes and antibiotic prescriptions at the individual level are currently only possible in very few high income countries with highly developed universal health care systems with long-standing and complete routine registration of health events (51). Therefore, using national standardized health surveys remains the most feasible choice elsewhere. Several publications provide guidance on how to ensure proper validation of assessments of respiratory infections (52) and diarrheal infections and treatment coverage among children in LMICs (53), which can be applied when designing individual level studies of vaccination and AMU in these settings.

Finally, the potential impact of antimicrobial use on the risk of environmental spread of AMR can be assessed by measuring antimicrobial residues in the environment and food samples. Although pollution with antibiotic residues is considered a growing area of concern across countries undergoing economic development where both production and use of antibiotics is substantial (54), data to determine the risk of residues in the environment are very limited and the link to development and transmission of antimicrobial resistance genes (ARG) only theoretical (55). Similarly, the implication of presence of ARGs in the environment on human health outcomes is also still largely unknown (56) and hence the measurement of this parameter not immediately applicable in vaccine studies.

Measuring antimicrobial use at the individual level can be done using data sources such as prescription data and/or records of dispensed antibiotics to individual patients, which ideally includes both patient- and clinical information on diagnoses and health outcomes (57). Such granular assessments of AMU are difficult due to complexities in considering multiple system levels and data sources. Therefore, gathering this very detailed level of information is challenging in most healthcare settings and often not obtained in standard surveys/surveillance.

Currently, the most feasible methods in use to asses antimicrobial treatment at the individual level in LMICs include hospital-based assessments such as point prevalence surveys (58), (hospital) pharmacy sales data (59, 60) and cross sectional survey data often available through standard national health surveys (such as Multiple Indicator Cluster Surveys and Demographic and Health Surveys) (48), however as mentioned above the latter ones may not catch the sufficient level of information and may also be associated with substantial recall bias.

Even if designing and conducting separate surveys to capture the relevant information directly as part of a vaccine introduction study, the limitation of self-reporting in community-based assessments in antimicrobial use remains and should therefore include validation measurements in urine (61).

The best way to assess AMU also requires careful consideration of setting and (vaccinated) population. There is large heterogeneity in antibiotic consumption across and within countries (5). Choosing settings where there is already a high level of misuse, and preferably also a high variation in use, would yield the highest statistical power to conduct studies on the effect of vaccine introduction on AMU. Triangulation of different data sources may also present an opportunity to ensure covering information on use including self-medication and medicine procured from unregulated outlets (62).

Finally, the methodological challenges of assessing AMU among children adds further uncertainty to the measurements between the currently available vaccines against priority pathogens and AMU as these are all administered primarily in very young children. Applying the Access, Watch, Reserve (AwaRe) categorization (63) rather than standard Anatomical Therapeutic Chemical (ATC) and Defined Daily Doses (DDD) methodology (64), which does not capture use in children well, represents a relevant alternative (5, 65).

Although AMU remains one of the most feasible ways to measure the potential (in-direct) impact of vaccines on AMR, the association can be difficult to reliably assess and is also subject to influences from various other parameters that need to be considered in parallel.



Measuring Antimicrobial Resistome

Measuring AMR has traditionally relied on assessing phenotypic resistance of clinically relevant bacteria in symptomatic patients visiting a health-care facility (66). Recently, measuring the resistome in humans, animals and/or the environment as a proxy for AMR has emerged as an option for population-based studies due to its putative link to resistance spread.

The resistome represents the collection of all antimicrobial resistance genes (ARGs) present in a certain ecological niche, in particular where microbial communities exist. Example of such niches are soil (often seen as the source of many ARGs), rivers (important for dissemination), wastewater (hotspot for proliferation of bacteria and ARGs, interface between humans and the environment), sites of agriculture/aquaculture (important exchange route for ARGs from human and animals to the environment, and back to human) or the gut microbiota of animals and humans (67). The human and animal gut resistomes are interim reservoirs, which contribute to ARGs dissemination and spread to the environment (68, 69) between individuals, and between bacteria within a single individual.

At the individual level, unequivocally linking the presence of a particular ARG in the human gut resistome to a bacteria species, a resistant phenotype or a clinical presentation is not straightforward. However, the possibility of horizontal ARGs transfer between bacteria, and in particular between commensal and pathogenic bacteria (70, 71), suggests that the resistome is associated with past and/or future spread of resistance (72). Therefore, defining the abundance and diversity of the resistome is often seen as a proxy for AMR in populations of interest, and could be an attractive readout for AMR in epidemiological and vaccine-studies.

Recent advances in culture-independent sequencing technologies have vastly improved the ability to detect ARGs and characterize the resistome of the gut microbiota using DNA from fecal samples (69, 72). Quantitative PCR and microarray hybridization have been widely used to screen for genes of interest and measure the presence, abundance and diversity of ARGs in the microbiota. However, these techniques give little clue about the genetic context, functionality, or host of the detected ARGs, and these methods can only detect known ARGs.

More recently, next generation sequencing methods have been applied to fully characterize the composition of the microbiota, and at the same time detect and quantify ARGs (70). However, ARG detection needs to be supported by downstream functional validation techniques such as functional metagenomics to better define the link between genotype (the presence of a gene) and phenotype (the realization of the resistance in the host bacteria). In addition, a deeper understanding of intra-population gene transfer is warranted, as the most worrisome event is the transfer of an ARG to a pathogenic bacterium.

The resistome can also be characterized in the environment, using molecular techniques similar to the ones applied to humans and animals by sampling sewage/wastewater including from well-defined outlets from particular buildings (73, 74). When an effect on AMR is expected in a defined population attached to a particular geographical area, measuring the wastewater resistome in a catchment area of interest (e.g., countries, states, neighborhoods, buildings, etc.) could provide valuable information in addition to other measures of AMR. Examples include ecological studies, impact assessment of interventions targeting defined geographical regions, cluster-randomized trials, or regional vaccine introductions. Longitudinal sampling could clarify the effect on AMR over time. In turn, understanding the link between the local environmental resistome and clinical presentation of bacterial infections in that same region should be an important research priority.

Due to both inter- and intra-individual variations, and difficulties in sample handling in general, which can challenge the accuracy, reliability and relevance of resistome ascertainment (75), individual samples may not be the ideal for resistome measurements. Therefore, pooling samples or sampling reservoirs representative of large populations and assessing differences in resistomes between populations (e.g., vaccinated and non-vaccinated) may be a more robust approach. Combining several sampling sources and modalities could be the answer.

While working with resistome data, it is important to keep in mind that not only pathogenic, but also commensal bacteria, harbor significant levels of ARGs. Delineating the clinically relevant ones and assessing their impact on health of individuals is difficult. However, it is safe to assume that higher prevalence of resistance plasmids in commensal bacteria increases the risk of horizontal transmission of resistance to pathogenic bacteria upon infection, and ultimately promotes the spread of AMR in pathogenic bacteria as well. Also, it is important to keep in mind that any effect on AMR might take time to be reflected in the resistome of a population/region, suggesting that realistic timelines must be defined to maximize the chance of capturing an effect on AMR by measuring the resistome of populations. Finally, as mentioned, the direct link between detection of ARGs in populations or the environment and impact of human health is uncertain (56). But if transmission is expected to ultimately impact health, it is likely to be more pronounced in places with poor sanitation and hygiene infrastructure and consequently more opportunities for contamination.

Despite the limitations outlined above, measuring the resistome is emerging as an attractive proxy measurement to complement other AMR or AMU measurement methods. This can be done in groups of individuals (such as intervention study arms) or catchment areas of interest during epidemiological studies (including pilot vaccine introduction or other vaccine effectiveness studies). The benefits of a non-invasive method (sample is stool), a simpler ethical framework (at least for sewage sampling), and the possibility of frequent measurements need to be balanced with the limitations such as data aggregation and the difficulty to link the presence of a gene to a pathogen or clinical syndrome.




Context and Study Design Considerations

In addition to the important methodological considerations for outcome measurements discussed above, contextual factors including setting, population, vaccine uptake and study design are also important to consider (76).

With regards to setting, it is important to consider the existing burden of infectious disease and the current prevalence of drug resistance. As such the priority settings to perform studies should be areas of relatively high prevalence of drug resistant infections where good epidemiological data are available. Further, not only detection of single pathogens but also clinical endpoints should be considered. Common clinical syndromes such as fever, gastroenteric-, urinary- and respiratory symptoms are non-specific and often of viral (or parasitological) etiology and hence most often associated with inappropriate antibiotic prescriptions (77) and/or self-medication, especially in LMICs (78).

Additional issues to pay special attention to when assessing health outcomes such as clinical syndrome and infection rates in LMICs is to ensure representativeness when healthcare coverage and utilization may challenge complete capture of cases. Appropriate prior census taking and ensuring sufficient follow up of the populations under study through comprehensive disease surveillance coverage is vital.

For all assessments, and for population level assessments in particular, it is also crucial to consider current vaccine deployment and coverage (3).

Several different epidemiological designs can be applied to assess the efficacy and effectiveness of vaccination on important outcome measures. Rarely will a vaccine study focus on AMR alone but rather this is often one among many parameters assessed as part of the overall vaccine evaluation. Different types of study designs hold different opportunities and limitations for the assessment of direct and indirect effects on AMR.

As an initial step, ecological studies can be valuable to generate hypotheses and compare rates of AMR prevalence and AMU between different regions with different vaccine coverage. However, such comparisons require robust and reliable AMR surveillance systems, which is currently lacking in most low resource settings (79).

The highest level of evidence from intervention studies are traditionally gained form randomized controlled trials. Randomization allows us to assume that all potential confounders such as AMU, non-targeted bacterial and viral infections, and other individual level risk factors, are randomly distributed and hence do not influence estimates. When new vaccines are introduced, this is often done through smaller individual efficacy trials and sometimes through larger cluster effectiveness trials. Although logistical and financial challenges mean we are only able to study limited number of participants, these randomized vaccine trials generate strong evidence since we can obtain more detailed and controlled measurements from individual participants and/or clusters. Including an antimicrobial readout (AMR, AMU and/or resistome) in vaccine trials of interest could generate additional evidence on the effect of vaccines on AMR. Which readout to include would depend on the trial design and setting. One caveat to be aware of will be the use of comparator vaccines, which might attenuate the association seen for non-pathogen specific AMR effects of the vaccine.

Assessing the impact of vaccines in non-randomized longitudinal intervention designs present several other advantages including ability to study larger populations, and in elimination campaigns also more complete immunization coverage, while allowing repeated host and environmental assessments both before, during and after vaccination. This design also has the added benefit of allowing longer follow up time, which is needed when assessing differences in AMR prevalence, which may take some time to appear and be measurable. The caveat here is that the longitudinal comparison assumes there are no other environmental, societal or disease burden changes that significantly affect the rates of resistant infections and presence of resistance markers in the environment or population of interest during the observation time. This might often be very difficult to ascertain in developing regions where other interventions and/or general improvements in livings standards normally would be associated with improved sanitation and hygiene, advances in health care quality and infection control. Measurements of such potential confounding parameters at both the individual and contextual levels would therefore be important to include so they can subsequently be considered in multilevel adjustment models estimating effect measures.

Cluster-randomized trials represent a particularly interesting opportunity, because most parameters, secular trends and living conditions can be assumed to be constant across the whole study region. In theory, only vaccination status would vary between clusters, limiting the risk of confounding. In addition, despite some unavoidable inter-cluster mobility, one can assume that the population of each cluster spends most of the time in their respective cluster, offering the possibility to triangulate multiple readouts such as AMR in pathogens, AMU for population and resistome for population and/or environment in each cluster. This multi-pronged approach (pathogen, population, geographic area) may generate more credible data on AMR and increase the likelihood to detect vaccine-associated changes in resistance patterns.

Choosing the appropriate population and vaccine within settings with well-defined resistance and disease burden and vaccine coverage patterns, while ensuring multiple different types and levels of outcome measurements that allows triangulation and cross validation of the different assessments, will allow for more scientifically rigorous assessments while improving the reliability of individual methods. Coupled with applying different design modalities across different settings would further minimize the influences of the biases inherent in individual ascertainment methods and study designs.

Finally, after quantifying the impact of vaccine introductions on both short and long-term resistance-related health outcomes, measuring the associated health sector as well as broader socioeconomic costs of these and comparing this to other non-vaccine interventions will be a crucial element to ascertaining the cost effectiveness and societal benefits of vaccines in prevention of AMR (80).



Conclusion

As highlighted in this paper, there are multiple reasons why the evidence base for the association between vaccines and AMR is still very limited including limited availability of vaccine candidates that target priority pathogens, and technical challenges in proper assessment and measurements of both direct effects on reduction of drug resistant infection rates as well as indirect effects on drug use and presence of resistance genes in both host and environment. The described systemic obstacles in low resource settings add further complexities.

However, we argue that carefully considering these challenges and taking a holistic approach in study design by including multiple assessments of several of these parameters simultaneously, while also carefully considering the relevant setting and design, will allow studies to further build the evidence base for the employment of vaccines as a crucial tool in combatting AMR.
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