The global landscape of antimicrobial resistance: challenges and emerging strategies 
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Abstract

Antimicrobial resistance (AMR) impacts the delivery of safe and effective healthcare. There has been strong political focus on AMR, with the 2024 UNGA High level Meeting providing clear commitment to reducing mortality and improving antibiotic use. This review summarises recent political action, policy prioritisation and identification of future threats. We consider infections that are caused by drug-resistant pathogens, review currently available and new antibiotics that may address unmet medical needs. Despite increasing political engagement, the global AMR landscape remains imbalanced. In high-income hospital settings, diagnostics, antimicrobial stewardship and infection prevention and control are improving and may be further enabled by artificial intelligence and information systems. The development and use of new antibiotics is a major focus. In contrast, in low-and-middle-income countries, there is limited access to most of these advances. In all settings, empirical prescribing of essential antibiotics remains the cornerstone of treatment and conserving their efficacy is critical to effective healthcare. Targeted prevention and optimal treatment strategies are required to mitigate AMR across all settings.


Introduction 

Antibiotics are fantastic enabling agents. They facilitate evermore daring biomedical advances, are relatively cheap, generally safe, and among the most clinically effective drugs ever developed. They patch deficiencies in healthcare systems that are under increasing pressure; bridge periods of diagnostic uncertainty; treat common infections that were historically lethal and provide a holding function to enable underlying diseases to be identified and treated. Antimicrobial resistance (AMR) places each of these functions in jeopardy. 

AMR is not a new phenomenon. Resistance to penicillin was observed almost immediately following its discovery and phylogenetically ancient mechanisms of resistance have since been described.1,2 With greater understanding of the size, scale and importance of drug resistance, AMR is increasingly recognised as both a biological and sociopolitical problem. In AMR, complexity arises from attempting to balance competing interests of multiple stakeholders and outcomes. There is an inevitable tension between deploying antibiotics empirically versus pursuing diagnostic certainty to maximise therapeutic precision; between treating pathogens residing at the site of infection (e.g. the lung) and harming the 1011 unassuming bacteria residing in the human gut; and between the rights of an individual to access the best available agent to treat their infection versus the requirement to preserve those same agents as critical societal assets. Balancing these tensions represents a significant challenge for the delivery of safe and effective healthcare because there is a never a completely satisfactory converged solution for any outcome of interest. 

AMR affects patients in different healthcare systems in different ways. In high income countries (HICs), secondary and tertiary care may enable extensive characterisation of multi-/ extensively drug-resistant (MDR/XDR) pathogens, diagnostic-driven antibiotic use, and access to new antibiotics. In contrast, antibiotic use in low-and-middle-income countries (LMICs) and in primary care settings throughout the world is constrained by an absence of underpinning laboratory infrastructure, prescriptions directed by presumptive clinical infection rather than a specific microbiological diagnosis, and clinical care delivered using a relatively limited number of generic antibiotics. These two scenarios represent different ends of the global AMR problem, with diverse intermediary landscapes requiring bespoke solutions—and urgently. This review is aimed at clinicians who use antibiotics in their daily practice across HICs and LMICs, research communities working to minimise AMR, and policymakers optimising global antibiotic use. Advances in our understanding of AMR drivers, detection, prevention, and emerging therapies are discussed.

Methods 
Literature searches were conducted through PubMed and Google Scholar for articles discussing antimicrobial/antibiotic resistance and other key terms, including epidemiology; water, sanitation and hygiene; infection prevention and control; vaccinations; stewardship; diagnostics; surveillance; specific antibiotics, and drug development. Articles published from database inception until 01/08/2025 were captured. Randomised controlled trials, particularly those published within the last decade, were prioritised for novel therapeutic agents. Other forms of evidence (e.g., systematic reviews and retrospective studies) were used to describe AMR epidemiology, mechanisms, and preventative measures. Additionally, related World Health Organisation (WHO) and other policy publications and the Measuring Infectious Causes and Resistance Outcomes for Burden Estimation (MICROBE) database were reviewed.3 


Antimicrobial resistance: concepts & definitions

AMR does not have a formal pharmacological or clinical definition beyond ‘antimicrobials do not work as they should’. This article will focus on antibiotic resistance in humans but for simplicity will use the term AMR. A microbiological diagnosis of AMR is established phenotypically (i.e., demonstrating a raised minimum inhibitory concentration (MIC), which is the lowest concentration of an antibiotic that prevents microbial growth) and/or genotypically (i.e., demonstrating the presence of an underlying genetic mechanism of resistance (e.g., an extended spectrum ß-lactamase gene (ESBL) in Enterobacterales). In contrast, a pharmacodynamic definition of resistance is based on having insufficient drug exposure relative to the MIC. Microbiological definitions of AMR are used for infection prevention and control programs (IPC), antimicrobial stewardship, epidemiological studies and surveillance programmes. Pharmacodynamic principles are used for antibiotic drug development and direct clinical care (e.g. infusing ß-lactam antibiotics to maximise the fraction of the dosing interval free drug concentration is above MIC (fT>MIC)). These different constructs of AMR are generally complementary (Box 1).


Incidence & prevalence

The Global Burden of Disease study reviews pathogen-specific AMR worldwide.4 Recent analyses highlight the high burden of AMR, with an estimated 4.95 million bacterial AMR-associated deaths in 2019.4 Despite AMR being a global phenomenon, the study also highlights the significant regional disparities in the prevalence of AMR. Using these estimates, Figure 1a demonstrates differences in global mortality associated with pathogens on the ‘critical’ WHO Priority Pathogen List (see below, ‘Global policy’ and Table 1). The mortality burden of AMR is comparatively higher in LMICs, disproportionately affecting countries with significant underlying geopolitical instability and poorly developed healthcare systems. The data highlights six pathogens responsible for combined 3.57 million AMR-associated deaths: Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa.4 Figure 1b demonstrates the total number of deaths for WHO Priority Pathogens. For some pathogens, most organism-associated deaths are from resistant disease – e.g., Acinetobacter baumannii, Enterococcus faecium – yet their total associated deaths may be comparatively low. Conversely, serious bacterial infections caused by pathogens such as Staphylococcus aureus and Streptococcus pneumoniae have a high baseline mortality, even in the absence of drug-resistance. This dichotomy may be explained by pathogen virulence and/or by host vulnerabilities required to facilitate infection. The single problem of global AMR consists of parallel narratives, with disparities at each level from population, to patient, to pathogen. These nuances are often missed by political declarations and drug-development initiatives.

Global policy
The economic importance of AMR was brought into focus in 2016 by the final report and recommendations of the O’Neill Review on Antimicrobial Resistance, commissioned by the UK Prime Minister.5 The estimates for the costs of ignoring AMR both in terms of monetary value and loss of human life were high and a series of recommendations were made, largely focussing on reducing demand for antibiotics. These include improved public awareness, better hygiene and sanitation, minimising use of antibiotics in agriculture, improved surveillance, promotion of rapid diagnostics, use of vaccines. Additional recommendations include support for those working in infectious diseases, establishing a global innovation fund, improved incentives for antimicrobial drug development and establishing a global coalition for action. After nearly a decade, modest advances have been made in many of these areas. 

The recent UNGA 2024 High Level Meeting Political Declaration provides a further framework to address AMR and commits to two overarching targets: (1) a reduction in AMR-associated mortality of 10% by 2030 (from the 2019 baseline of 4.95 million deaths), and (2) a minimum of 70% overall human use to consist of ‘Access’ group antibiotics from the WHO AWaRe (Access/Watch/Reserve) system (Box 2).6

The WHO has published several key documents, including the AWaRe antibiotic book, providing detailed treatment guidance on optimal use of the 41 antibiotics on the Essential Medicines List (out of the over 250 generic antibiotics used in humans) (Box 2) and the WHO Priority Pathogen List (PPL) (Box 3). Formulated using a Multi-Criteria Decision Analysis (MCDA), the WHO PPL highlights key drug-pathogen combinations of global concern for AMR. Criteria for prioritisation included: case fatality ratio, incidence of resistance, non-fatal health burden, 10-year resistance trends, transmissibility, preventability, treatability, and the extent to which the antibacterial pipeline can address a resistant pathogen (see Table 1).7 Amongst other functions, the WHO PPL helps focus drug development initiatives. Further to the bacterial PPL, a fungal PPL and the WHO research and development blueprint (prioritising seven viral diseases) also exist.8,9

[bookmark: _Hlk207104846]‘'Push & pull’ incentives initially envisaged by the DRIVE-AB project within the EU’s Innovative Medicines Initiative-1 (IMI-1) program resulted in the development of reimbursement schemes in Europe (France, Germany, Sweden) and the UK. “Push & pull” incentives act to combat the commercially unattractive nature of antimicrobial drug development. The “push” occurs through reducing the costs of development, primarily through public-private partnerships. The “pull” is through fixed annual fees paid to pharmaceutical companies for valued antibiotics, irrespective of the volume of antibiotic consumed. This encourages the development of agents targeting MDR/XDR pathogens, which would otherwise be conserved as “last line”.  The UK’s National Institute of Health and Care Excellence (NICE)/National Health Service England (NHSE) pilot delinked program for cefiderocol and ceftazidime-avibactam launched in 2022.10 This was expanded upon to develop the  current NHSE Antimicrobial Products Subscription Model covering antibiotics active against WHO PPL organisms.11  Other organisations incentivising antibiotic drug development include CARB-X, a public-private funding body supporting early-stage antibiotic drug development, and the AMR Action Fund,  a venture capital fund with multiple pharmaceutical partners that supports late-stage clinical development of antibiotics.


Drivers of antimicrobial resistance 
Overview 
Bacteria have an extensive repertoire of resistance mechanisms to counter naturally occurring antibiotics (Table 2). These mechanisms have progressively adapted and extended following increasing exposure to modern antibiotics. Bacterial resistance mechanisms are phylogenetically ancient.2,12 Suboptimal infection prevention and control practices promote the transmission of pathogens and/or resistance mechanisms via plasmids or other mobile genetic mechanisms (see Figure 2). The use of antibiotics promotes the emergence of resistance. Injudicious use encompasses a range of scenarios including: the use of antibiotics when not required (e.g. for viral infections);  the use of antibiotics to treat diseases that could have been prevented by water, sanitation and hygiene (WASH) and/or vaccination; inappropriate treatment duration (too short or too long); the use of antibiotics without adequate source control (e.g., surgical management; removal of indwelling devices/prosthetic material). Furthermore, the imprecise use of antibiotics (absent or incomplete antimicrobial stewardship programmes; use of antibiotics without a microbiological diagnosis) is a further factor driving resistance. AMR is a ‘One Health’ problem where there is an interaction between human, animal, plant and environmental health. Environmental contamination and the veterinary antibiotic use (e.g., in companion animals or the food chain) may result in deleterious effects for human health as resistance motifs cross from one domain to another, e.g., mcr1-mediated colistin resistance resulting from colistin use in pig farming.13 

Detailed mechanisms of AMR in WHO critical priority pathogens  
There are a multitude of molecular mechanisms that confer resistance to antibiotics. These may be operational alone or as a network. At the highest level, resistance to antibiotics may result from enzymatic destruction (e.g. ß-lactamases), target site deletion or modification (e.g., ribosomal methylation), and/or decreased access of the antibiotics to its target (e.g. porins, efflux pumps). Table 2 provides an overview of intrinsic and acquired resistance mechanisms for various antibiotic classes. 

[bookmark: _Hlk207146841]β-lactams are still the backbone of antibiotic therapy as reflected in WHO AWaRe book treatment guidance.14,15 Despite their dominance, the clinical utility of some β-lactam antibiotics has been impacted by the emergence of resistance.16  While several different mechanisms including porins and efflux are responsible for reduced susceptibility (Table 2 and Figure 2), enzymatic degradation by β-lactamases is the most important as evidenced by the critical PPL (Table 1). A ‘penicillinase’ (later renamed β-lactamase) was discovered in E. coli and S. aureus in the 1940s almost immediately after the discovery of penicillin.1 β-lactamases are now known to long precede modern antimicrobial chemotherapy.2 Recent decades have seen the evolution of a vast array of β-lactamases with different mechanisms of action, substrate specificity, and clinical importance (Table 3). 

The Ambler classification of β-lactamases is most widely used and splits β-lactamases into classes A, B, C and D based on protein structure.17 Class A enzymes were initially observed to hydrolyse penicillins and first generation cephalosporins, but progressive mutations have extended the activity of these enzymes to third generation cephalosporins (extended spectrum beta lactamases; ESBLs) and carbapenems (Table 3) (e.g. KPCs – Klebsiella pneumoniae carbapenemases). Class C β-lactamases, also known as AmpC enzymes, are commonly identified among Gram-negative bacteria, being either intrinsic to the respective species and in those cases chromosomally encoded (e.g., in Pseudomonas aeruginosa, A. baumannii, Enterobacter cloacae, Serratia marcescens) or acquired by horizontal gene transfer via transposons and insertion sequence elements but mostly plasmid encoded. AmpC enzymes hydrolyse penicillins, first-generation cephalosporins (e.g., cephalothin), and cephamycins (e.g., cefoxitin), and are not significantly inhibited by clavulanic acid, sulbactam, or tazobactam.18 Class B enzymes are metallo- β-lactamases and have zinc at the active site.19 Class D enzymes have oxacillin as their preferred substrate although they vary widely in terms of catalytic efficiency with some being efficient penicillinases (e.g. OXA-1 and OXA-2), while others are weak carbapenemases (e.g. OXA -48).20 

Class A, C and D enzymes cleave the beta lactam ring of β-lactamases by a multistep attack. The active site of β-lactamases has a serine hydroxyl group which undergoes transient covalent binding to the carbonyl group of a β-lactam antibiotic. This cleaves the β-lactam ring. Thereafter, the covalent bond between the enzyme and β-lactam is cleaved by a water molecule. Subsequently, the degraded β-lactam diffuses away and the enzyme is made available again to target further β-lactam molecules.21 For Class B enzymes a covalent intermediate is not formed. These enzymes are therefore not inhibited by many novel β -lactamase inhibitors (see ‘New antibiotics’ section).22
Detection of AMR 
Diagnostics 
Diagnostics have been a focus in existing AMR policy. The Global research agenda for antimicrobial resistance in human health published by the WHO in February 2025, features diagnostics as research priority for bacterial and fungal pathogens.23 UNGA 2024 also promotes enhancing diagnostic-driven antimicrobial use.6
The diagnosis of AMR through the detection of resistance mechanisms described above occurs only in a small subset patients. Most antibiotics are used empirically, following a clinical infection diagnosis which may have an underlying bacterial cause. The choice of empirical antibiotic(s) hinges on plausible pathogens and their likely antimicrobial susceptibility (Fig 3, Panels 1-2). 
For a small proportion of patients, detection of a bacterial pathogen may allow inferences to made about likely AMR, either through known intrinsic resistances, pathogen propensity for AMR development over the course of treatment, or from local surveillance data (Fig 3, Panel 3) However, around 90% of global antibiotic use occurs in the community where the use of standard culture-based diagnostics is neither necessary nor feasible.24,25 Furthermore, in most common community infections, successful detection of causative pathogens is unlikely. For example, culture of a causative pathogen in community-acquired pneumonia is <40%, and while this can be increased to ~60% with extensive diagnostic use in trials, in most clinical settings identification of a causative pathogen is significantly lower.26 Hence, empirical antibiotic cover based on a clinical diagnosis is recommended for the management of community-acquired pneumonia,27 and is a strategy employed for most community infections in both LMIC and HIC settings. Advances in diagnostics are unlikely to significantly impact antimicrobial use in these settings, where empirical management is inevitable due to a range of factors e.g.,  cost, time pressure, staff training, and laboratory infrastructure.28 This highlights the pressing need to maintain the efficacy of antimicrobial agents that are globally accessible, suitable for empirical therapy, and can be used widely in community settings.
In hospitals, pathogen detection may be more feasible (Figure 3, Panel 3) and allow antibiotics to be targeted to likely AMR where appropriate. The mainstay of detection utilises culture-based methodology. After a positive culture result, which generally takes 24-48 hours, further phenotypic and genotypic testing for AMR can be undertaken (Figure 3, Panel 4). Techniques such as matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) are increasingly used in HICs to accelerate bacterial identification,29 however, are so far not routinely used for AMR detection.30,31 Consequently, the definitive detection of AMR (Figure 3, Panel 4) relies on initial slow culture-based methods.  
Assessing for AMR phenotypes traditionally involves culture-based in vitro susceptibility testing including disc diffusion, broth microdilution, agar dilution, and E-tests.32 Specific AMR mechanisms discussed previously can also be detected e.g., through double disc synergy testing (detection of β-lactamases), the Modified Hodge test (detection of carbapenemase production), and other assays.33 Limitations of these techniques include a lengthy turn-around-time, the need for trained staff, a strong laboratory infrastructure, and additionally, challenges identifying AMR genes that are minimally expressed. 
Genotypic AMR detection, particularly through nucleic acid amplification tests (NAATs) is increasingly used for microbial identification and detection of AMR motifs. NAATs can detect known AMR genes, including increasingly common cases where >1 resistance gene is present. NAATs are especially useful to detect carbapenemases e.g. qPCR Gene Xpert Carba-R testing detects OXA-48, KPC, NDM, VIM and some IMP carbapenemases with a turnaround time of just over one hour.34 Nucleic acid amplification can also facilitate whole genome sequencing (WGS). WGS allows the origin and transmission of AMR to be investigated and has scope beyond diagnostics in surveillance and infection prevention and control.35 This technology is becoming more affordable with smaller platforms that have scope for benchtop use.36 However, given that traditional bacteriology techniques which are low-cost with low complexity are unavailable in many LMIC settings,28 without significant increases in laboratory capacity globally the widespread implementation of novel diagnostics is unlikely. 
Surveillance
Surveillance is an essential tool to monitor AMR. Globally, surveillance can inform burden estimates, identify emerging threats, and help to prioritise antibiotic development. Locally, surveillance, can assist with identifying outbreaks and optimisation of infection prevention and control (IPC) programs. 
The Global Burden of Disease programme provides estimates for both pathogen-specific mortality (both AMR-associated and AMR-attributable) and undifferentiated infection based  mortality data.37 The study collates a wide range of data sources and utilises statistical modelling to provide estimates of the burden of AMR for all regions (including those without available data) and furthermore to forecast the burden of AMR until 2050. 
Globally, the WHO Global Antimicrobial Resistance and Use Surveillance System (GLASS) collates worldwide data on antimicrobial resistance (GLASS-AMR) and antimicrobial use (GLASS-AMU).38 These modules have variable coverage, with the most recent data for 2022 reporting AMU data for 63 countries, territories and areas (CTAs). The GLASS-AMR module reported bacteriologically confirmed infections (BCIs) for 92 CTAs, a subset of which did not include AST. Antibiotic consumption and susceptibility data are also published at regular intervals by regional organisations – e.g., the European Centre for Disease Prevention and Control (ECDC) Surveillance Atlas and Antimicrobial Consumption Dashboard (ESCA-Net), the US FDA National Antimicrobial Resistance Monitoring System (NARMS) and Chinet.39–41 
Few databases report international MIC data – these include EUCAST MIC database (which does not report any metadata to indicate the provenance of included isolates), and the NCBI Pathogen Detection system,42 which provides MIC data dating from 2023 (~88% of >400,000 isolates are from US sources) in addition to genotypic data with clustering. Global MIC datasets have also recently been made available from repurposed pharmaceutical data, including the Pfizer Antimicrobial Testing Leadership and Surveillance (ATLAS) database and the Vivli AMR Register.43,44 
Recognising the limitations of using microbiology-based surveillance in terms of selection bias, cost,45 and availability of laboratory infrastructure, a pilot study of clinical case-based surveillance has been implemented across hospitals in Asia and Africa through A Clinically Oriented antimicrobial Resistance Network (ACORN), funded by the Wellcome Trust, wherein routine specimen and AST data are incorporated into surveillance.46 Further challenges in the interpretation and application of AMR data exist, including  quality and standardisation. Additionally, AMR arises in human, animal, and environmental health with fragmented surveillance systems. Data-sharing both between fragmented systems and on national and international levels pose challenges, even with global systems such as GLASS. 

Antimicrobial resistance prevention 
Infection prevention and control (IPC)
Infection prevention and control (IPC) measures are considered critical to AMR control in healthcare settings. The WHO AMR Research Priorities include the ‘identification of cost-effective, acceptable and feasible multimodal IPC strategies’.23 While some recent studies have assessed IPC effectiveness, most either examine cost-effectiveness overall without an AMR focus, investigate a single pathogen-antibiotic pair (e.g., MRSA) without acknowledging wider effects, and/or are conducted exclusively in HICs.47 Measures such as hand hygiene, targeted screening with decolonisation/isolation, and environmental cleaning may be cost-saving/cost-effective at reducing healthcare associated infection (HAI) overall, while personal protective equipment shows less benefit.47 Of all measures, hand hygiene is considered the most effective in reducing HAI.48 In HICs, IPC alone is unlikely to substantially reduce AMR associated mortality.49 In LMICs, a 10% increase in hand hygiene adherence could reduce AMR-associated mortality by 4.6%, rising to 7.8% if adherence reaches 80%.50 

Water, sanitation and hygiene (WASH)
Water, sanitation and hygiene (WASH) measures are considered vital to human health and are part of the United National 2030 Sustainable Development Goals. Their role in reducing AMR transmission, particularly in resource poor and community settings, is highlighted in the WHO AMR Research Priorities and UNGA 2024.6,23 WASH also underpins IPC strategies. However, although the evidence is limited, universal WASH coverage in LMICs is estimated to reduce AMR-associated mortality by only 4.2%,50 well below the UNGA 2024 target of a 10%.6  

Vaccination
Vaccination is a key mechanism for addressing AMR in UNGA 2024 and is a WHO AMR research priority.6,23 Vaccine benefits may be direct (e.g. preventing invasive pneumococcal disease and thereby use of antibiotics) or indirect (e.g., preventing antibiotic use in viral infection). Antiviral vaccines have indirect effects including the prevention of secondary bacterial infection following diseases such as measles, or eliminating the need for presumptive antibiotics for a clinical syndrome caused by viral infection (e.g.,  pneumonia). 
Amongst WHO PPL organisms, vaccines exist for Streptococcus pneumoniae, Haemophilus influenzae type b, and Salmonella Typhi.51 Currently, there are no effective vaccines for other leading causes of AMR-associated mortality including Staphylococcus aureus, E. coli, Klebsiella pneumonia, and Acinetobacter baumannii37—although this remains an active area of research.52,53 
Even with available vaccines, challenges remain. Efficacy can be variable, particularly in younger age groups.54 The uptake of available vaccines can vary widely internationally – e.g., >95% uptake of the 13-valent pneumococcal conjugate vaccine (PCV-13) in children in Korea and Singapore versus <1% in China and ~10% in Malaysia.55 Additionally, similar to emergent AMR mechanisms, pathogens can develop pathways to evade vaccine induced immunity. Streptococcus pneumoniae undertakes capsular switching, escaping PCV-13 serotypes. Where uptake is high, PCV-13 serotypes may represent a minority of those in circulation (e.g., 37.0% PCV-13 in Korea) with the opposite true in low-uptake regions (e.g., 77.2% PCV-13 in Malaysia).55 However, even with good uptake, PCV-13 serotypes may remain in circulation (e.g., 68.7% in Singapore).55 Notably, AMR in non-vaccine serotypes has increased following the introduction of PCV-13.55,56 
The complete uptake of vaccines against Streptococcus pneumoniae, Salmonella Typhi, Group B streptococci (as yet unlicenced), and Haemophilus influenzae B could reduce mortality in the <5 age group by 9.1%.50 However, vaccine hesitancy and inequalities in global healthcare limit uptake and therefore derivation of maximum benefit from vaccination.57  
Antimicrobial stewardship
Antimicrobial stewardship (AMS) is defined by the UK’s National Institute of Health and Care Excellence (NICE) as “an organisational or healthcare-system-wide approach to promoting and monitoring judicious use of antimicrobials to preserve their future effectiveness”.58 ‘Judicious use’ of antibiotics is dependent on the clinical context and is somewhat subjective. Antimicrobial stewardship can include: (1) reducing antibiotic consumption (as is recommended in UNGA 2024); (2) improving/refining the choice of antimicrobials to treat predefined target organism(s) while minimising wider effects; and (3) optimising the treatment regimens for chosen antibiotics in terms of dose, schedule, and duration. AMS measures may be persuasive (e.g., provision of education and feedback to clinicians/patients), structural/systematic (e.g., implementation of diagnostic algorithms to guide commencement/selection of antibiotic therapy), enabling (e.g., guidelines and antibiotic formularies) or restrictive (e.g., control of over-the-counter antibiotic sales or requirements for microbiologist input prior to dispensing of specific antibiotics in hospital settings).59 
AMS interventions can reduce antimicrobial consumption and, in healthcare settings, decrease overall HAI rates. However, evidence for reducing AMR prevalence or associated mortality remains limited, particularly from LMICs and community settings.50,60 In LMICs, implementation is hindered by limited diagnostics, inadequate infrastructure, shortages of trained staff, and the challenge of balancing access to essential agents with preventing injudicious use. AMS programmes tailored to the relevant setting are needed, and the long-term effects of AMS interventions need to be proven.61 
Emerging Treatments 

Non-traditional agents
Despite push and pull initiatives, analyses of global antibiotic pipelines reveal a marked lack of small molecule agents in both the pre-clinical and phase I/II/III clinical pipeline with new chemistry exploiting novel microbiological targets that could have the ability to address unmet medical needs described in the WHO PPL (Table 1).62 There is therefore an increased interest in non-traditional antibiotics, with an increasing proportion (41% in 2023)63 of such agents in clinical development pipelines. This group includes antibodies, antivirulence agents, bacteriophages and phage-derived enzymes, immunomodulators, microbiome-modulating agents, and others reviewed elsewhere.63 Currently, licenced non-traditional agents are limited to three microbiome-modulating agents for use in recurrent/refractory Clostridium difficile infection.63 While the biology that underpins non-traditional therapeutics is often extremely innovative and the overall approach remains attractive, the clinical development pathways are complex. Furthermore, there is often a need for associated expensive diagnostics making non-traditional agents less suitable for empiric treatment or in resource limited settings.64,65 

New antibiotics

The development of new antibiotics remains a core component of any strategy to address AMR.6 The requirements for a novel agent are guided by the underlying clinical disease in addition to the potential activity against specific pathogens (Figure 4). The challenges and opportunities for specific clinical infections are discussed in Box 4. 

As of the most recent WHO pipeline review (2023), 57 traditional antibiotic are in development.63 Since July 2017, 13 new traditional antibiotics have been approved by a regulatory authority (e.g., US Food and Drug Agency [FDA] or European Medicines Agency [EMA]), of which three belong to a novel antibiotic class. Recently approved compounds and those in active phase III studies are discussed below. 

β-lactam-β-lactamase inhibitor combinations 
 
The global importance of ß-lactam antibiotics has driven attempts to restore their activity (Table 4). Early programmes led to the discovery of clavulanic acid, derived from Streptomyces clavuligerus.66 Clavulanic acid binds to ß-lactamase resulting in acylation, which is the same reaction as occurs with a labile penicillin, but with the inhibitor, the acyl enzyme is hydrolysed very slowly and hence essentially inactivates the enzyme. For some enzymes, an irreversible covalent intermediate is formed—hence clavulanic acid is sometimes referred to as a suicide inhibitor. Clavulanic acid inhibits Class A enzymes in Enterobacterales (e.g. TEM, SHV, CTX-M), and ß-lactamases in S. aureus, H. influenzae and M. catarrhalis.

Further work on ß-lactamase inhibition led to the discovery of the halogenated derivatives of penicillanic acid including sulbactam and an analogue tazobactam. Due to their sulfone group, these are referred to as ‘penicillanic acid sulfone-based inhibitors’. Sulbactam inhibits a range of enzymes but tends to be less active than clavulanic acid against staphylococcal ß-lactamase and TEM-1 in E. coli (Table 4).66 The newly developed enmetazobactam differs from tazobactam by an additional methyl group on the triazole ring, which improves potency and access to the bacterial periplasmic space.67

Amoxicillin-clavulanic acid [EML, Access] is an important agent for the treatment of community-acquired infections listed in the WHO AWaRe book.14 Similarly, piperacillin-tazobactam [EML, Watch] is used extensively for treatment of hospital infection. Ampicillin-sulbactam [non-EML, Access] is also used, and the specific activity of sulbactam against Acinetobacter baumannii has been exploited in sulbactam-durlobactam (see below). Cefepime-enmetazobactam was the most recently approved halogenated derivative combination, licensed for cUTI/pyelonephritis in 2024 (Table 5).

The progressive evolution and transmission of ß-lactamases conferring MDR/XDR phenotypes has prompted the development of inhibitors based on new chemistry. The diazobicylooctones (DBOs) (e.g. avibactam, relebactam, durlobactam, nacubactam, zidebactam, funobactam [XNW4107]) are ß-lactam mimics. They do not have powerful intrinsic activity as ß-lactam agents (i.e. do not generate a clinically useful MIC) but are potent inhibitors of ß-lactamases.68 The covalent bond between the DBO and serine at the active site of the ß-lactamase is reversible, allowing the intact inhibitor to dissociate from the enzyme—in this aspect the mechanism of action of the DBOs is different to the ß-lactam-based inhibitors.

The initial chemistry for DBOs was challenging and synthesis of lead compounds required multiple steps. As these challenges were progressively overcome, a rich vein of new compounds became available for further optimisation. Compounds were modified based on structure-activity-relationships, extent of Gram-negative permeation and engineering of favourable pharmacological properties to partner with a ß-lactam backbone69—the importance of the latter lies with temporal partitioning of both agents within the bacterium at the site of infection to ensure the inhibitor can protect the ß-lactam from enzymatic attack. These agents are not active against Class B enzymes (Table 4). 

Ceftazidime-avibactam [EML, Reserve] was the first DBO-based combination to be licensed. Licensing was based on the phase III RECAPTURE trial for complicated UTI (cUTI)70 and REPROVE for nosocomial pneumonia (Table 5).71 A similar regulatory pathway was used for imipenem-cilastatin-relebactam [non-EML, Reserve], approved in 2019/2020 for cUTI, hospital-acquired/ventilator-acquired bacterial pneumonia (HABP/VABP), and complicated intra-abdominal infection (cIAI) following the RESTORE-IMI 1 & 2 trials (Table 5).72,73 The phase III REVISIT study was undertaken for aztreonam-avibactam (both previously licensed) in combination, demonstrating it as a potential therapeutic option for cIAI/HABP/VABP (Table 5).74  Clinical programmes for the other DBOs are in various stages of development – cefepime-nacubactam, aztreonam-nacubactam, and cefepime-zidebactam are all in phase III.

Further innovation brought the boronic acid inhibitors (vaborbactam, taniborbactam, ledaborbactam [VNRX-523],75 and xeruborbactam [QPX7728]).63 Taniborbactam and xeruborbactam inhibit both serine enzymes and metalloenzymes,76 while the in vitro activity of vaborbactam and ledaborbactam is limited to the serine-based Class A, C and D enzymes (Table 4). 

Meropenem-vaborbactam [EML, Reserve] was studied for the treatment of cUTI in TANGO I (compared to piperacillin-tazobactam) and for carbapenem-resistant Enterobacteriaceae infections in TANGO II (compared to best available therapy) (Table 5).77,78 Meropenem-vaborbactam was associated with increased clinical cure in TANGO I and increased clinical and microbiological cure in TANGO II, alongside decreased mortality and nephrotoxicity.78  It was approved in 2017 by the FDA for cUTI and 2018 by EMA for cUTI/cIAI/HABP/VABP.63 Evaluated in CERTAIN-1, cefepime-taniborbactam had improved composite success compared to meropenem in patients with cUTI (Table 5), approval from the FDA/EMA is pending.79 Clinical studies of ledaborbactam and xeruborbactam are currently limited to phase I.

Specific MBL inhibitors are in early development pipelines—for example ANT2681, that restores the activity of meropenem in the presence of NDM.80 Clinical development pathways for these compounds are challenging given there are no simple preliminary studies that can be performed.

Cefiderocol
Cefiderocol [EML, Reserve] is a catechol-type siderophore cephalosporin built on a cephalosporin moiety that resembles cefepime. Cefiderocol is the first successful example of the use of a ‘Trojan horse’ mechanism that exploits a siderophore transport mechanism to obtain access to the periplasmic space where it binds PBP3. Siderophores are small molecules that are produced by bacteria (e.g. catechols, hydroxamate, α-hydroxyl-carboxylate, or mixed types) that are ferric iron (Fe3+) chelating agents.81 Iron that is sequestered in the extracellular environment is moved to an intracellular location and used for bacterial growth. Siderophore-iron complexes (and cefiderocol-ferric iron complexes) in the extracellular space are recognised by the outer membrane catecholate receptors CirA and Fiu in E. coli and PiuA/PiuD and PirA or TonB in Pseudomonas aeruginosa and Acinetobacter baumannii. The TonB-ExbBD energy-transducing proteins couple the outer and the inner membranes, and inner membrane iron transporters. 

Cefiderocol addresses several unmet medical needs related to drug-resistant infections. Cefiderocol is non-inferior to imipenem-cilastatin (in post hoc analysis) for the treatment of cUTI in a phase II study.82 Cefiderocol is non inferior to best available therapy (mostly polymyxin-based therapy) for patients with carbapenem-resistant Gram-negatives (Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa) in the CREDIBLE-CR study (Table 5).83 There has been some concern about the higher mortality in patients with pneumonia caused by Acinetobacter baumannii where mortality was 34% versus 18% for patients receiving cefiderocol and best available therapy, respectively. A specific pneumonia study was also performed where cefiderocol was shown to be non-inferior to high dose infused meropenem for patients with Gram-negative pathogens in the APEKS-NP trial (Table 5).84 Cefiderocol is used in for patients infected with Ambler Group B metalloenzymes.85 More recently, cefiderocol was shown to be non-inferior to best available therapy for patients with bacteraemia (GAMECHANGER), with full results awaited.86 

The emergence of resistance is now well described and can occur via several mechanisms that are different in Enterobacterales versus Acinetobacter baumannii. In E. coli resistance occurs in CirA (Arg86Ser) or via ß-lactamases (e.g., AmpC, NDM, SHV). Induction of AmpC resulting from prior exposure to third generation cephalosporins may induce resistance in cefiderocol.87 In Acinetobacter baumannii, the same mutations in iron transport have been described (TonB receptor). However, mutations in PBP3, which is a molecular target for cefiderocol, represent a newly described unique mechanism of resistance. The multiple points and pathways for emergence of resistance suggest that cefiderocol has moderately high resistance liabilities. These may be further exposed when used as an antibiotic of last resort with near pan-resistance, resulting in cefiderocol being effectively used as monotherapy.


Sulbactam-durlobactam

Sulbactam-durlobactam is a new anti-Acinetobacter specific compound. Sulbactam [non-EML, Access] inhibits Ambler Class A enzymes in Enterobacterales (see above) but also has direct activity against Acinetobacter baumannii via direct inhibition of PBP1a and PBP3 with the latter being dominant.88 In the 1980s, activity of sulbactam against Acinetobacter was established, but this was progressively eroded with the acquisition of beta lactamases conferring multidrug resistance. Class C and Class D enzymes (e.g. OXA-23, OXA-24, OXA-51) are especially relevant, against which sulbactam is inactive. The MIC50 and MIC90 of sulbactam against n=5032 Acinetobacter baumannii isolates is 8 and 64mg/L, respectively when quantified using contemporaneous isolates.88 

Durlobactam is a novel DBO (see above) that was engineered for potency against Class D enzymes and enhanced access to the periplasmic space in Acinetobacter baumannii. Furthermore, durlobactam is active against PBP2,88 thus complementing the activity of sulbactam against PBP3. When combined with sulbactam, durlobactam lowers the MIC against Acinetobacter with an MIC50 and MIC90 of 1 and 2 mg/L respectively.88,89 

Sulbactam-durlobactam is non-inferior to colistin (in combination with imipenem-cilastatin) using 28-day mortality for Acinetobacter baumannii pneumonia/bacteremia in the ATTACK trial (Table 5).90 

Resistance to sulbactam-durlobactam results from the single nucleotide polymorphisms S390T, V505L, and T511A, which are near the active site serine (Ser336) in PBP3,88 which is the microbiological target for sulbactam. Sulbactam-durlobactam has no inherent activity against Ambler Class B enzymes. Efflux is important for durlobactam with the AdeIJK efflux pump and resistance from A326V or S1010R substitutions.88 


Aminoglycosides

Aminoglycosides remain first-line antibiotic agents in a range of clinical infections, despite well documented nephrotoxicity. Gentamicin [EML, Access], tobramycin [EML, Watch] and amikacin [EML, Access] are used widely and often co-administered with a ß-lactam agent especially when treating empirically. There is a high degree of cross-resistance with the presence of aminoglycoside modifying or target site mutation (ribosomal methylation)—see Table 2. Amikacin is generally the aminoglycoside with fewest resistance liabilities.91 Plazomicin [EML, Reserve] is stable to many aminoglycoside modifying enzymes. However, despite evidence from phase III studies (Table 5) and regulatory approval in 2018, plazomicin is currently largely unavailable for clinical use. Apramycin is an aminoglycoside that is largely unaffected by aminoglycoside resistance mechanisms but is only in early phase development.  

Tetracyclines

Eravacycline [non-EML, Reserve] is a synthetic halogenated tetracycline with broad spectrum activity against medically important Gram-positive (MRSA, VRE) and Gram-negative pathogens (Acinetobacter baumannii, Enterobacterales) but not Pseudomonas aeruginosa. Eravacycline is licensed for cIAI, but not for cUTI based on IGNITE 1-4 phase III trials (Table 5).92,93 

Omadacyline [non-EML, Reserve] is an orally bioavailable broad-spectrum tetracycline with activity against Gram-positive and -negative pathogens, including MDR pathogens such as MRSA. Both oral and intravenous formulations are available. It is currently licensed for treatment of community-acquired pneumonia (CAP) and treatment of acute bacterial skin and skin structure associated infections (ABSSI) based on OASIS-1/2 and OPTIC-1/2 trials (Table 5).94–96 


Fluoroquinolones

Delafloxacin [non-EML, Watch] is a fluoroquinolone optimised for Gram-positive and respiratory tract pathogens, licensed for the treatment of CAP and ABSSSI (Table 5).97–99 It maintains in vitro activity against levofloxacin-resistant pneumococci and MRSA (albeit with elevated MICs).100 Delafloxacin failed to demonstrate non-inferiority compared to ceftriaxone for the treatment of uncomplicated urogenital gonorrhoea.101 It is available in both intravenous and oral formulations. 

Lascufloxacin is a fluoroquinolone licensed for the treatment of upper respiratory tract infections (URTI) and CAP by Japan’s Pharmaceuticals and Medical Devices Agency after demonstration of non-inferiority compared to levofloxacin (Table 5).102 It has been optimised for Gram-positive activity.

Alalevonadifloxacin (orally-administered) is the prodrug of levonadifloxacin (oral/intravenous formulations), a fluoroquinolone with similar activity to lascufloxacin, licensed in India for ABSSSI after demonstrating non-inferiority compared to linezolid (Table 5).103
  

Macrolides
Solithromycin is a ketolide available in oral and intreavenous formulations with limited cross-resistance to other macrolides in pneumococci and Group A Streptococci.63 Phase III SOLITAIRE trials were completed for the treatment of CAP (oral and intravenous) and urogenital gonorrhoea. Non-inferiority to moxifloxacin was demonstrated through early clinical response in the oral (difference 0·29%, [95% CI -5·5 to 6·1]) and intravenous (difference -0.46, [95% CI -6.1 to 5.2]) CAP trials.101 Non-inferiority margins were not met compared to ceftriaxone + azithromycin for gonorrhoea. The FDA did not approve solithromycin requiring further liver toxicity studies.63 A further Phase III trial is being undertaken for URTI with a view to approval in Japan.101 
 
Nafithromycin has been shown to maintain efficacy in the presence of erm and mef genes (Table 2) and is currently in phase III trials in India for the treatment of CAP.63


Inhibitors of topoisomerase II
Gepotidacin is an orally bioavailable first-in-class member of the triazaacenaphthylenes that inhibits bacterial topoisomerase II. Gepotidacin is non-inferior to nitrofurantoin for the treatment of uncomplicated UTI (uUTI) in EAGLE-2 & 3 (differences in therapeutic success of 4·3% [95% CI –3·6 to 12·1] and 14·6% [95% CI 6·4 to 22·8]).104 Gepotidacin is also non-inferior to ceftriaxone + azithromycin for the treatment of uncomplicated urogenital gonorrhoea in EAGLE-1 (difference in microbial eradication rates –0·1% [95% CI –5·6 to 5·5]).105 Gepotidacin has potential activity against gastrointestinal pathogens Shigella spp. and Salmonella spp., both of which are on the WHO PPL (see Table 1).

Zoliflodacin is a novel orally bioavailable inhibitor of topoisomerase II with broad spectrum antimicrobial activity. The compound is being developed for treatment of infection with N. gonorrhoeae. A recent phase III trial of 930 patients with uncomplicated gonorrhoea showed zoliflodacin is non-inferior to a current standard-of-care consisting of a single dose of ceftriaxone with azithromycin (difference in microbial cure rate 5.31% [95% CI 1.38-8.65]).101

Oxazolidinones
Contezolid was approved in China in 2021 for the treatment of complicated SSSTI on the basis of non-inferiority compared to linezolid (Table 5).106 A phase III trial for diabetic foot infection is ongoing.  

Pleuromutilins
Lefamulin is the first antibiotic in this class approved in 2019/2020 for systemic use in CAP in oral and intravenous formulations (Table 5). Pleuromutilins have previously been used systemically in veterinary medicine, and topically in human health.107 

Orally bioavailable agents with activity against MDR/XDR infection
Orally bioavailable agents with activity against MDR/XDR pathogens may facilitate ambulatory care, minimise hospitalisation and forego the cost and complication of an indwelling intravenous catheter. Sulopenem, and oral avibactam are all in various stages of clinical development. Sulopenem etzadroxil/probenecid has been studied in SURE 1-3 and REASSURE phase III trials for the treatment of uUTI, cUTI, and cIAI – non-inferiority has been demonstrated for UTI.63 There are obvious stewardship concerns with the wide use of oral carbapenems in primary care settings. 

Guidelines
Guidelines for the use of novel antibiotics vary considerably internationally, reflecting the very limited evidence base, with most of the new antibiotics in the Reserve group.  Box 3 describes key policy and clinical guidelines.

Conclusion
Healthcare systems will come under sustained pressure in coming decades. There will be likely be outbreaks of MDR/XDR pathogens, the emergence of new pathogens and/or resistance mechanisms, major access challenges, supply chain disruption and financial pressure on healthcare systems. These will be impacted by demographic change with an increasingly elderly population,4 climate change, widening disparities in wealth, and sustained geopolitical instability. Some estimates suggest antibiotic use could increase by 50% by 2030, mainly in middle income countries with over 99% of global use being generic antibiotics.108  
There are significant differences in the extent of challenges and the availability of solutions between primary and hospital care, public and private sectors, and LMIC and HIC settings. 

The threats from AMR in HICs compared to LMICs may become more stark. In HIC settings (particularly in hospitals), there may be further advances in diagnostics, and diagnostic infrastructure, ongoing therapeutic innovation and better information systems for antimicrobial stewardship programmes, and infection prevention and control. Artificial intelligence may be increasingly important in drug discovery programmes and the design and implementation of clinical decision support systems (CDSS).109  However, this innovation will impact a very small proportion of antimicrobial use, even in HICs, where empirical community prescribing far exceeds the very limited diagnostic guided use of Reserve agents in critically unwell hospitalised patients. 

Current policy prioritises key pathogens and resistance mechanisms, incentivising antimicrobial development to target them. These priorities largely do not match the list of essential antibiotics, already widely used and recommended, that require equitable access and strategies to avoid the emergence of resistance which challenges their use. Currently, there are 41 antibiotics on the 2023 WHO Model Essential Medicine List (20 Access, 12 Watch and 9 Reserve) that represent around 70% global use. In LMIC settings, the principal challenges will relate to access to effective and affordable antibiotics and their sustainable use. In these settings, universal healthcare has a key role without which simple advances in detection (diagnostics and surveillance), and prevention (WASH, IPC, vaccination, and AMS) cannot be harnessed to reduce the AMR burden. With the current landscape, improvements in these measures are unlikely to fulfil the commitments of UNGA 2024 in terms of a reduction in AMR associated mortality.

While new antimicrobial agents are in development pipelines (including non-traditional agents), these are relatively few in number, and novel antibiotics are generally from classes with well-established resistance mechanisms in circulation. New agents at best show non-inferiority in clinical trials, and while licensed broadly for specified infection syndromes, comparative evidence-based guidance of when to appropriately use these agents is not available. 

Ultimately, an increased understanding of how to define and achieve sustainable levels of national and global use is essential. A greater understanding of the interplay between pathogen, disease, and antibiotic (Figure 4) and how this contributes to the emergence of resistance is key. The evolutionary pressures that antibiotics exert require perpetual innovation to optimise their use. 
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Figures & Tables
Box 1 Definitions

Antimicrobial: An antibacterial, antifungal, antiviral or antiparasitic agent with microbicidal activity. Antimicrobial agents may be nonselective (e.g. bleach), which kills all living cells or selective (e.g. an antibiotic, see below)
Antibiotic: A naturally occurring antimicrobial compound (e.g. penicillin). Increasingly this term is applied to semisynthetic or fully synthetic compounds (e.g. quinolones, sulfonamides) – for clarity, this article refers to all discussed antibacterials as antibiotics
Antimicrobial resistance (AMR): In the most general sense, AMR results when an antimicrobial agent does not work as expected. A strict pharmacological definition is a right-shifted dose response relationship. In clinical contexts, the definition is qualified by an antimicrobial agent does not work as expected ‘using an otherwise effective regimen’.
In vitro antimicrobial susceptibility testing (AST): a constellation of microbiological assays (e.g., microdilution, agar dilution, disc diffusion etc) that are used to estimate susceptibility of an organism to an antimicrobial agent. The readout can be an MIC but equally may be binary endpoint to indicate whether an organism is susceptible (S) or resistant (R) according to an in vitro susceptibility breakpoint
Minimum Inhibitory Concentration (MIC): a standardised in vitro test that is a quantitative measure of antimicrobial potency. The ‘gold standard’ is broth microdilution where microbial growth is assessed in a series of microtitre wells containing 200 µL of medium containing doubling concentrations of antibiotic.
Pharmacokinetics-pharmacodynamics: the discipline of linking dose, drug exposure within a body site and the response to an antimicrobial drug. Also referred to as dose-exposure-response relationships or D-E-R.
Pharmacodynamic index: A measure of antimicrobial drug exposure experienced by an invading pathogen relative to its MIC. Three commonly used pharmacodynamic indices are the ratio of the fraction of the dosing interval that free drug concentrations are >MIC (fT>MIC); the ratio of the free drug area under the concentration time curve to MIC (fAUC:MIC) and the ratio of the free drug peak concentration to MIC (fpeak:MIC). Each drug-pathogen combination is optimally described using one of the three indices, which are determined experimentally using dose fractionation studies. 
Breakpoint: a specific MIC value for a pathogen that defines resistance. A breakpoint is generally specific to a bacterial species (and less commonly genus) and a specified antimicrobial regimen, but on occasion may also be qualified by the site of infection (e.g. urinary tract, central nervous system) and/or a specific antimicrobial regimen (e.g., for treatment of central nervous system infection).
Sensitive (S)/Intermediate (I)/Resistant (R): R and S are defined by a breakpoint. On occasions dose escalation may enable a pathogen to be treated and strains with MIC values between R and S and these strains are designated I. While some definitions designate ‘I’ as ‘intermediate’ (varying treatment efficacy), it has also been defined as ‘susceptible – increased exposure’. 
Heteroresistance: pre-existing subpopulation that displays reduced susceptibility to an antibiotic. Following antimicrobial therapy, the subpopulation expands under drug pressure, becoming the dominant population that may be subject to further adaptive changes that confer ever higher levels of resistance.




Box 2 WHO Essential Medicines List AWaRe Agents (2023)

Access: 1st or 2nd choice antibiotics – high therapeutic value with relatively limited potential for resistance emergence.
· amoxicillin (+/- clavulanic acid), amikacin, ampicillin, benzylpenicillin, cefalexin, cefazolin, chloramphenicol, clindamycin, cloxacillin, doxycycline, gentamicin, metronidazole, nitrofurantoin, phenoxymethylpenicillin, spectinomycin, sulfadiazine, tetracycline, trimethoprim (+/- sulfamethoxazole)
Watch: 1st or 2nd choice antibiotics for specific indications only – emergence of resistance is more common.
· azithromycin, cefixime, cefotaxime, ceftazidime, ceftriaxone, cefuroxime, chlortetracycline, ciprofloxacin, clarithromycin, erythromycin, imipenem/cilastatin, kanamycin, levofloxavin, meropenem, moxifloxacin, netilmicin, ofloxacin, oxytetracycline, piperacillin/tazobactam, rifabutin, rifampicin, streptomycin, tobramycin, vancomycin
Reserve: ‘Last resort’ antibiotics indicated only in selected cases with underlying MDR pathogens – targeted stewardship efforts are made to preserve their ongoing effectiveness  
· cefiderocol, ceftazidime/avibactam, ceftolozane/tazobactam, colistin, fosfomycin (IV), linezolid, meropenem/vaborbactam, plazomicin, polymyxin B (IV), tedizolid


Box 3 International reports, guidance, and policy on AMR

· [bookmark: _Hlk207112370]WHO Global research priorities for antimicrobial resistance in human health and WHO Global research agenda for antimicrobial resistance in human health.10,11 These documents describe global research priorities for AMR research.
· WHO AWaRe classification of antibiotics for evaluation and monitoring of use, 2023.12 This document describes the optimal use of antibiotics listed in the WHO Essential Medicines List (EML).
· The WHO AWaRe antibiotic book – this provides guidance on the empiric antibiotic choice and regimen for 35 clinical infections for children and adults in primary care and hospital settings.13 
· WHO documents on Infection Prevention and Control (IPC) and Antimicrobial Stewardship: The case for investment and action in infection prevention and control, Global report on infection prevention and control 2024, and WHO policy guidance on integrated antimicrobial stewardship activities.14–16 
· Development of National Action Plans for AMR (see for example UK AMR NAP)17 -this is one of the recommendations of UNGA 2024 since NAPs are implemented in only 68% of countries.
· Clinical guidelines for MDR/XDR infections are difficult to compile because of a general lack of high quality clinical trial data for Reserve antibiotics.18 Nevertheless, the ESCMID guidelines for the treatment of infections caused by MDR Gram negative bacilli is a useful and pragmatic document with a planned update in progress at the time of writing.19 A similar document produced by IDSA, Guidance on the Treatment of Antimicrobial Resistant Gram-Negative Infections, also exists. 
· WHO global antimicrobial resistance and use surveillance system (‎GLASS)‎ reports (most recently published in 2022).20 
· Global AMR R&D hub: Incentivising the development of new antibacterial treatments 2024 - a progress report outlining the National Action Plans and ongoing ‘push’ incentives in G7 nations21





Box 4 Developing new antibiotics for specific clinical infections
Urinary tract infection (UTI)
· Definitions:
Uncomplicated UTI (uUTI) is generally considered localised bladder infection without systemic features. Complicated UTI (cUTI) is a heterogenous group of conditions including: infection extending to the upper urinary tract (e.g., pyelonephritis) or prostate, febrile or bacteraemic UTI,  infection associated with instrumentation (e.g., urinary catheterisation, nephrostomies). UTI in males has been inherently classified as cUTI in some definitions. UTI in pregnancy is generally considered cUTI.  
· AMR Burden:
UTI is associated with 3.64 AMR-associated deaths per 100,000 population annually.39 
Estimates of drug resistance to many first line agents in UTI are approximately 25-50% (varies according to the drug-pathogen combination).40 
· Key pathogens:
Enterobacterales (most commonly E. coli), especially Critical WHO PPL pathogens/mechanisms
· Global empirical recommendations: 
uUTI – Nitrofurantoin [EML, Access] (active against most ESBL-producing isolates), co-amoxiclav [EML, Access] (active against some ESBL-producers), trimethoprim +/- sulfamethoxazole [EML, Access] (acknowledging high resistance in many settings)
cUTI – Ciprofloxacin [EML, Watch], third generation cephalosporin (e.g., cefotaxime [EML, Watch] or ceftriaxone [EML, Watch]), aminoglycoside (e.g., amikacin [EML, Access] or gentamicin [EML, Access])
· PK/PD considerations:
Urinary drug concentrations and partitioning into renal parenchyma and other tissues
· Comparators in clinical trials:
uUTI: nitrofurantoin, co-amoxiclav, cUTI: carbapenems, piperacillin-tazobactam, fluoroquinolones (Table 5)
· New & upcoming agents:
Primarily for cUTI - ceftazidime-avibactam [EML, Reserve], meropenem-vaborbactam [EML, Reserve], cefiderocol [EML, Reserve], imipenem-cilastatin-relebactam [non-EML, Reserve], eravacycline [non-EML, Reserve], plazomicin [EML, Reserve], cefepime-enmetazobactam, cefepime-taniborbactam, gepotidacin, sulopenem
Upper respiratory tract infection (URTI)
· Definitions:
Includes otitis media (OM, acute and chronic), sinusitis, and pharyngitis
· AMR Burden:
Overall mortality is relatively low, AMR diagnostics are typically not undertaken
Medium PPL pathogens/mechanisms may be significant
· Key pathogens:
The vast majority of presentations are viral – key bacterial pathogens are listed:
OM – Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pyogenes
Sinusitis – Streptococcus pneumoniae, Haemophilus influenzae
Pharyngitis – Streptococcus pyogenes
· Global empirical recommendations: 
OM– amoxicillin [EML, Access], co-amoxiclav [EML, Access] 
Sinusitis – amoxicillin [EML, Access], co-amoxiclav [EML, Access]
Pharyngitis – amoxicillin [EML, Access], phenoxymethylpenicillin [EML, Access]
· PK/PD considerations:
Drug penetration into pus and exudate (in suppurative OM), and into cancellous bone (mastoiditis)
· Comparators in clinical trials:
Fluoroquinolones (Table 5)
· New & upcoming agents:
Lascufloxacin 


Box 4 Developing new antibiotics for specific clinical infections (continued)

Pneumonia
· Definitions:
Includes community-acquired (CAP) and nosocomial pneumonia (NP). The latter includes healthcare-acquired (HCAP), hospital-acquired (HAP) and ventilator-acquired (VAP).  
· AMR Burden:
Pneumoniae is associated with the highest number of annual deaths of all infectious syndromes, 44.9 per 100,000. Of these, almost half are AMR-associated with a substantial proportion not tested for AMR.39 
· Key pathogens:
CAP has several causes, although Streptococcus pneumoniae is the most important globally.
NP is commonly caused by Gram-negative bacteria including all WHO Critical PPL – this includes Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii. MRSA and CAP pathogens are also plausible causes.
· Global empirical recommendations: 
CAP – amoxicillin [EML, Access] or pheynoxymethylpenicillin [EML, Access] if mild, third generation cephalosporin (e.g., cefotaxime [EML, Watch] or ceftriaxone [EML, Watch]) +/- clarithromycin [EML, Watch] if severe, doxycycline [EML, Access] and co-amoxiclav [EML, Access] may also be considered
NP– Co-amoxiclav [EML, Access], third generation cephalosporin (e.g., cefotaxime [EML, Watch] or ceftriaxone [EML, Watch]), piperacillin-tazobactam [EML, Watch]
· PK/PD considerations:
High bacterial densities (i.e.,  >108 colony forming units/g) exceeding the mutational frequency of resistance. Therefore, a less susceptible subpopulation is likely to be present as treatment is initiated and expands under drug pressure.
· Comparators in clinical trials:
Carbapenems, piperacillin-tazobactam (Table 5) – prone to compromise by key resistance mechanisms
· New & upcoming agents:
Primarily for NP - ceftazidime-avibactam [EML, Reserve], meropenem-vaborbactam [EML, Reserve], cefiderocol [EML, Reserve], imipenem-cilastatin-relebactam [non-EML, Reserve], sulbactam-durlobactam, plazomicin [EML, Reserve]. A few new agents are available for CAP – omadacycline [non-EML, Reserve], lascufloxacin, lefamulin.
Intra-abdominal infection (IAI)
· Definitions:
May be considered complicated (cIAI) if infection extends beyond a single organ, causing peritonitis and /or abscess formation
· AMR Burden:
AMR-associated mortality is estimated at 4.17 deaths per 100,000 annually
· Key pathogens:
Typically polymicrobial. 
May involve multiple MDR/XDR organisms:
(1) Gram-positive pathogens - e.g., MRSA and VRE [High WHO PPL organisms]
(2) Fermentative Gram-negatives (i.e., Enterobacterales), non-fermentative Gram-negatives (Pseudomonas aeruginosa, Acinetobacter baumannii) – e.g., CRE, CRAB, CRPA [Critical/High PPL]
(3) Anaerobes - may express a ß-lactamase conferring resistance to ß-lactam agents that are not protected by a ß-lactamase inhibitor and/or resistance to metronidazole. 
· Global empirical recommendations: 
Generally, source control is also required.
Options include: co-amoxiclav [EML, Access], third generation cephalosporin (e.g., cefotaxime [EML, Watch] or ceftriaxone [EML, Watch]) + metronidazole [EML, Access], piperacillin-tazobactam [EML, Watch], meropenem [EML, Watch], or ciprofloxacin [EML, Watch] + metronidazole [EML, Access]
· Pharmacokinetic considerations:
Tissue penetration vs plasma concentrations can be challenging, e.g., concerns regarding tigecycline use with concomitant bacteraemia.70
Typically multiple agents are required – even broad spectrum agents e.g., tigecycline have gaps in cover (Pseudomonas aeruginosa, Proteus vulgaris)
· Comparators in clinical trials:
Carbapenem +/- colistin (Table 5)
· New & upcoming agents:
As for cUTI




[bookmark: _Hlk207112956]Box 4 Developing new antibiotics for specific clinical infections (continued)

Gastrointestinal infection (GII)
· Definitions:
This can include diarrhoeal diseases and enteric/typhoid fever. 
· AMR Burden:
Diarrhoeal disease is associated with an estimated 15.14 deaths per 100,000 cases annually, of which 1.88 deaths are AMR-associated. Typhoid & paratyphoid are associated with an estimated 2.15 deaths per 100,000 cases annually, of which approximately half are AMR-associated.39
· Key pathogens:
Diarrhoeal diseases are caused by a range of pathogens including: non-typhoidal Salmonella spp. (NTS), Shigella spp., Campylobacter, enterotoxigenic E. coli and cholera (endemic areas)).
Salmonella Typhi and Paratyphi are causes of enteric fever.
Aminopenicillin resistance is near universal, with fluoroquinolone resistance an increasing concern in Shigella, Salmonella Typhi/Paratyphi and NTS (High PPL). Median resistance to ciprofloxacin is 9.2% in Salmonella spp. and 16.4% in Shigella spp., and azithromycin resistance is 2.9% in Shigella spp., although surveillance is incomplete.40
· Global empirical recommendations: 
Antibiotics are not required for most cases. First line choices include ciprofloxacin [EML, Watch] and azithromycin [EML, Watch] – the latter is used if there is known high prevalence of fluoroquinolone resistance
· New & upcoming agents:
New agents for GII pathogens in development are limited, with approximately four at the last review, including one bacteriophage targeted at Shigella and apramycin in early development.
Skin and skin structure associated infections (SSSTI)
· Definitions:
Uncomplicated infections (uSSSTI) are generally limited to superficial skin structures and can include cellulitis, impetiginous lesions, simple abscesses, and furuncles. Complicated infections (cSSSTI) are those involving deeper tissue or requiring more extensive surgical management.71 
· AMR Burden:
Mortality is estimated at 4.14 deaths per 100,000 cases annually, of which approximately half are AMR-associated. Group A Streptococcus is the pathogen associated with the highest mortality in SSSTI, however resistance is relatively uncommon.39 
· Key pathogens:
uSSSTI is typically causes by Streptococcus pyogenes and Staphylococcus aureus, resistance in the latter – particularly MRSA (High PPL) is of global significance. cSSSTI can be caused by a wider range of pathogens, including Gram-negatives and anaerobes – distinguishing pathogens and colonisers can be challenging.71
· Global empirical recommendations: 
Co-amoxiclav [EML, Access], cefalexin [EML, Access], and cloxacillin/flucloxacillin/dicloxacillin [EML, Access] are routinely used for uSSSTI. More severe and complicated infections (e.g., necrotizing fasciitis) are generally managed with piperacillin-tazobactam [EML, Watch] and clindamycin [EML, Access] with surgical management often required. 
· Comparators in clinical trials:
These have included linezolid and vancomycin + aztreonam (Table 5)
· New & upcoming agents:
Delafloxacin [non-EML, Watch] and omadacycline [non-EML, Reserve] are recently approved for acute bacterial SSSI with activity against MRSA. Contezolid, approved in China is licensed for cSSSTI.
Sexually transmitted infections (STI)
· Definitions:
Examples include chlamydial urogenital tract infection, syphilis, trichomoniasis and gonococcal infection – the latter is most significant to global AMR. Gonococcal infection may be uncomplicated (urogenital) or complicated (e.g., pelvic inflammatory disease, disseminated infection)
· AMR Burden:
Mortality (including AMR-associated) is generally low.39
· Key pathogens:
Neisseria gonorrhoea with fluoroquinolone or third generation cephalosporin resistance are significant to global AMR (High PPL), estimated median resistance globally is 72.3%.40
· Global empirical recommendations/Comparators in clinical trials: 
A combination of third generation cephalosporin (e.g., cefixime [EML, Watch] or ceftriaxone [EML, Watch]) with azithromycin [EML, Watch] is recommended
· New & upcoming agents:
Gepotidacin and zoliflodacin (novel toposisomerase II inhibitors)




Box 4 Developing new antibiotics for specific clinical infections (continued)

Neonatal Sepsis
· Definitions:
The most widely accepted definition is a serious systemic infection (typically bacterial) in the first month of life – early onset occurs at 3 days of life, while late onset is at >3 days 
· AMR Burden:
Neonatal sepsis is a significant global health challenge with approximately 600,000 deaths per year.72 
· Key pathogens:
The most common pathogens of community-acquired neonatal sepsis in both high-income and low-come include Escherichia coli, Staphylococcus aureus, and Streptococcus agalactiae. In low-income settings Streptococcus pyogenes, Streptococcus pneumoniae, and Acinetobacter spp. are also common. Hospital-acquired infections may also be caused by Enterococcus spp. These can include MDR/XDR pathogens on the PPL.73
· Global empirical recommendations: 
Amoxicillin [EML, Access] and gentamicin [EML, Access] are WHO recommended – rates of resistance to both recommended drugs are approximately 71.5%.74 
· Pharmacokinetic considerations:
Detailed knowledge of the neonatal pharmacokinetics of Table 4/5 agents is lacking and specific safety assessments are required —obtaining these data is expensive and time consuming and the relevant studies are usually not performed
· New & upcoming agents:
The Global Antibiotic Research and Development Partnership (GARDP) is currently conducting a muti-centre international trial examining potentially effective combinations of older generic antibiotics including: fosfomycin + amikacin, fosfomycin + flomoxef and amikacin + flomoxef for empirical treatment of neonatal sepsis in ESBL prevalent settings.75
Bacteraemia
· Definitions:
Bacteraemia is usually caused by ‘spill’ from a primary infection site. The primary site may not be apparent (e.g., non-typhoidal salmonellosis, neonatal sepsis).
· AMR Burden:
Bacteraemia is the infection syndrome with the highest AMR-associated mortality, causing 23.01 deaths per 100,000 cases (representing over half of all bacteraemia-associated deaths).39
· Key pathogens:
A range of pathogens may cause bacteraemia. The pathogens responsible for the highest bacteraemia-associated mortality are Staphylococcus aureus, Escherichia coli and Klebsiella pneumoniae.
· Global empirical recommendations: 
Once bacteraemia has been diagnosed, antibiotics are targeted towards the causative pathogen. 
· Comparators in clinical trials:
Bacteraemia is typically not recognised by regulatory agencies for the licensing of new antibiotics, however it is a ‘real-world’ entity. The real-world MERINO study recently compared piperacillin-tazobactam and meropenem for the treatment of ESBL bacteraemia. Using a relatively tight 5% margin for non-inferiority, the trial showed piperacillin-tazobactam was inferior to meropenem with a 30-day all-cause mortality of 12.3% versus 3.7% (1-sided 97.5% CI, −∞ to 14.5%). However, there has been concern about the MERINO results given that when AST was repeated using broth microdilution, numerous ‘sensitive’ isolates were piperacillin-tazobactam resistant – exclusion of these results halved the mortality difference.76  A similar pragmatic trial for bacteraemic patients is GAME CHANGER, which compared cefiderocol with standard-of-care.77 Preliminary results of the completed trial suggest that cefiderocol is non-inferior to colistin-based therapies.78
· New & upcoming agents:
Many of the novel Table 4/5 agents may be used in the management of bacteraemia dependent on the underlying primary infection site
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Figure 1 – (a) Estimated AMR-associated mortality for WHO Critical Priority Pathogens in 2021 including carbapenem-resistant Acinetobacter baumannii, carbapenem or cephalosporin-resistant Enterobacterales. Mortality data was retrieved from the Measuring Infectious Causes and Resistance Outcomes for Burden Estimation (MICROBE) platform.37 All Enterobacterales present within the dataset are represented including: Citrobacter spp., Enterobacter spp. (carbapenem resistance only), E. coli, Klebsiella pneumoniae, Morganella spp. (third generation cephalosporin resistance only), Proteus spp. (third generation cephalosporin resistance only), Serratia spp. Third generation cephalosporin resistance was assumed to be co-existent with carbapenem resistance in the majority of cases, consequently the larger mortality value was used between third generation cephalosporin resistance and carbapenem resistance to avoid duplication); (b) Absolute mortality in 2021 due to WHO Priority Pathogens subdivided into susceptible, WHO Priority Pathogen List (PPL)-relevant resistance, and non-PPL relevant resistance.


[image: A diagram of a cell membrane

AI-generated content may be incorrect.]
Figure 2. Mechanisms of antimicrobial resistance in WHO critical priority Gram-negative pathogens. The upper panels show the relevant mechanisms for carbapenem-resistant A. baumannii and carbapenem-resistant Enterobacterales, respectively. The lower panel illustrates key resistance mechanisms in third generation cephalosporin-resistant Enterobacterales.
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Figure 3. The conventional diagnostic pathway for antimicrobial resistance (AMR), characterized by a progressively decreasing proportion of patients reaching each subsequent stage 
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Figure 4 – Disease-pathogen-antimicrobial triads (infection-drug-pathogen) with (a) related factors influencing emergence and distribution of AMR and (b) parameters to aid the identification of key triads with a global focus.



Table 1. Current Key AMR Challenges—summarised in the WHO Priority Pathogen List (PPL)
	Critical
	High
	Medium

	Carbapenem-resistant Enterobacterales
	Fluoroquinolone-resistant S. Typhi
	Macrolide-resistant Group A Streptococcus

	Third generation cephalosporin-resistant Enterbacterales (ESBLs)
	Fluoroquinolone-resistant Shigella
	Macrolide-resistant Streptococcus pneumoniae

	Carbapenem-resistant Acinetobacter baumannii
	Vancomycin-resistant Enterococcus faecium
	Ampicillin-resistant Haemophilus influenzae

	
	Carbapenem-resistant Pseudomonas aeruginosa
	Penicillin-resistant Group B streptococci

	
	Fluoroquinolone-resistant non typhoidal Salmonella
	

	
	Methicillin-resistant Staphylococcus aureus
	

	
	Fluoroquinolone/ third generation cephalosporin-resistant Neisseria gonorrhoeae
	






Table 2. Antimicrobial agents (currently used) 
	Class 
	Target and Mechanism of action 
	Pathogen covered 
	Resistance Mechanism 
	Representative Drugs and Notes 
	Relevance to global health 
	Ref.

	Penicillins and isoxazolyl penicillins 
 
	Disruption of cell wall synthesis via binding to PBPs 
	Group A Streptococci
	          -
	Penicillin, ampicillin, amoxicillin, anti-staphylococcal penicillins (flucloxacillin, dicloxacillin, cloxacillin) 
	Mainstay of treatments for many common pathogens and community-acquired diseases 
	 110–113

	
	 
	Group B Streptococci
	          -
	
	
	

	
	 
	Streptococcus pneumoniae
	Altered PBP2x and PBP1a (Acquired through HGT from related streptococcal species, eg. S. mitis, S. oralis, etc.) 
	
	
	

	
	 
	Methicillin-susceptible Staphylococcus aureus (MSSA)
	Expression of penicillinase(s); In MRSA, expression of mecA (low-affinity PBP2a)
	
	
	

	Cephalosporins and Cephamycins 
	Disruption of cell wall synthesis via binding to PBPs 
	Enterobacterales (eg. E. coli, Klebseillia pneumoniae)
	Expression of ESBLs (eg. TEM-, SHV-, CTXM-); AmpCs (eg. CMY-, DHA-, MOX-, MIR-, ACT-); altered porins along with active efflux activity of AcrAB-TolC
	1st, 2nd, 3rd, 4th generation cephalosporins include cephalothin, ceftriaxone, cefepime, respectively. Examples of cephamycins include cefoxitin, flomoxef 
	Mainstay of treatments for many MDR/XDR pathogens and both community-acquired and nosocomial diseases. Inherently stable against Class D beta lactamases 
	 114–119

	
	
	Pseudomonas aeruginosa
	Overexpression of AmpC; loss of OprD along with enhanced expression of MexAB-OprM
	
	
	

	
	
	Neisseria gonorrhoeae
	penA (PBP2) mutation; PorB mutation along with overexpression on MtrCDE efflux pump 
	
	
	

	Carbapenems 
	Disruption of cell wall synthesis via binding to PBPs 
	A. baumannii
	Hydrolysis by Oxacillinases (eg. OXA-23, OXA-24/40, OXA-51 (upon overexpression), OXA-58) and MBLs (eg. NDM, IMP); Porin loss (eg. CarO, Omp33-34) along with overexpression of efflux pumps (eg. AdeABC, AdeIJK)
	meropenem, imipenem, ertapenem, doripenem, Carbapenems are variably active against Pseudomonas aeruginosa  
	Mainstay of treatments for many MDR/XDR pathogens and diseases. Recently compromised by beta lactamases such as KPC, MBLs and OXA-48 
	 120–125

	
	
	P. aeruginosa
	Hydrolysis by MBLs (eg. VIM-, NDM-); Loss of porin (OprD) along with overexpression of AmpC and enhanced efflux pump activity (eg. MexAB-TolC) 
	
	
	

	
	
	Enterobacterales
	Hydrolysis by KPCs, MBLs and Oxacillinases (eg. KPC-2; NDM-5; OXA-48); Overexpression AmpC (eg. CMY-2) along with porin loss (eg. OmpF, OmpC)
	
	
	

	Monobactams 
	Disruption of cell wall synthesis via binding to PBPs 
	Enterobacterales
	Enzymatic degradation via Class A (eg. TEM-, SHV-, CTXM-, KPC-), C (eg. ampC) and D (OXA-48) beta lactamases. Stable to Class B enzymes 
	Aztreonam 
	Mainstay of treatments for many MDR/XDR pathogens and diseases—and especially metalloenzymes, but requires a Bli to prevent hydrolysis by ESBLs that are frequently co-expressed 
	 126–130

	
	
	A. baumannii
	Enzymatic degradation by Oxacillinases (eg. OXA-23, OXA-24/40, OXA-58); overexpression of efflux pumps (eg. adeABC, AdeIJK, AdeFGH)
	
	
	

	
	
	P. aeruginosa
	Enzymatic degradation by ESBLs (eg. PER-1) and overexpression of efflux pumps (eg.MexAB-OprM, MexXY)
	
	
	

	Aminoglycosides 
	Binding to 30S ribosomal subunit 
	A.baumannii
	Aminoglycoside modifying enzymes (eg. AAC (6’)-Ib), APH(3’)-Via, ANT (3”)-I); Ribosomal methylation (eg. armA); Overexpression of efflux pump (eg. AdeABC, AdeIJK, Ade FGH) 
	Gentamicin, tobramycin, amikacin, netilmicin, plazomycin,  
	Mainstay of treatments for many MDR/XDR pathogens and diseases 
	 131–139

	
	
	P. aeruginosa
	Aminoglycoside modifying enzymes (eg. AAC (6’)-I), ANT (2”)-I); Ribosomal methylation (eg. rmtABC); Overexpression of efflux pump (eg. MexXY) 
	
	
	

	
	
	Enterobacterales
	Aminoglycoside modifying enzymes (eg. AAC (6’)-Ib), ANT (2”)-I), AAC (3)-IIa; Ribosomal methylation (eg. rmtBC, armA); Overexpression of efflux pump (eg. AcrAB-TolC) 
	
	
	

	
	
	Enterococcus faecium
	Aminoglycoside modifying enzymes (eg. AAC (6’)-le-aph(2”)-la)
	
	
	

	Fluroquinolones 
	DNA gyrase (Gram-negative); Topoisomerase IV (Gram-positive) 
	Enterobacterales
	Mutation in the quinolone bind region of DNA gyrase (gyrA and gyrB) and topoisomerase (parC and parE); Protection of DNA gyrase by qnrABS, Efflux by AcrAB-TolC and OqxAB
	norfloxacin, ciprofloxacin, levofloxacin, delafloxacin 
	Use compromised by increased concerns about safety and drug resistance 
	 140–151

	
	
	P. aeruginosa
	Alteration of gyrA and parC; efflux activity of MexAB-OprM and MexXY-OprM
	
	
	

	
	
	Neisseria gonorrhoeae
	Alteration of gyrA and parC; Efflux by mtrCDE
	
	
	

	
	
	S. aureus 
	Alteration in the drug binding site of gyrA and glrA (subunit of topoisomerase IV); Efflux by NorA
	
	
	

	
	
	S. pneumoniae 
	Mutation in gyrA and parC
	
	
	

	
	
	A.baumannii
	Mutation in gyrA and parC; Overexpression of AdeABC
	
	
	

	Macrolides and ketolides 
	Bind to 50S ribosomal subunit and inhibit peptide elongation 
	Streptococcus pneumoniae 
	Point mutation in 23rRNA by erm, Efflux by Mef pump
	erythromycin,  
clarithromycin 
azithromycin 
telithromycin 
solithromycin 
	Important agents for treatment of Salmonella infections (typhoid and non typhoidal) 
	 152–156

	
	
	S. aureus
	Point mutation in 23rRNA, drug efflux by msrA, drug inactivation by mph(2’)II and ermY
	
	
	

	
	
	Enterobacterales (limited use for respiratory infections)
	Methylation of 23rRNA by erm genes (eg. erm42 and ermB in Klebsiella spp.); efflux activity of AcrAB-TolC, MacAB-TolC; Inactivation by Mph phosphotransferases
	
	
	

	Tetracylines 
	Inhibition of 30S ribosomal subunit and inhibit binding of aminoacyl-tRNA 
	Streptococcus pneumoniae 
	Target site modification by tetM, tetO, tetQ
	tetracycline 
tigecycline, omadacycline, minocycline,  
eravacycline
 
 
 
 
 
	 
 
 
 
 
 
	 157–170
 
 
 
 
 

	 
	 
	S. aureus
	Efflux activity of tetK, tetL; Target site modification by tetM and tetO
	
	
	

	 
	 
	Enterococcus spp.
	Ribosomal protection by tetM, tetO, tetS; Efflux pump activity of tetL, tetK
	
	
	

	 
	 
	Neisseria gonorrhoeae
	Efflux pump activity of MtrCDE; Enzymatic inactivation by tetM harbouring plasmids
	
	
	

	 
	 
	Enterobacterales
	Efflux pump activity of tetA, tetB, tetC, tetG; Enzyme modification by tetX, tetX2, tetX3, tetX4
	
	
	

	 
	 
	A. baumannii
	Efflux pump activity of tetA, tetB, tet39; Enzyme modification by tetX
	
	
	

	Rifamycins 
	Inhibition of protein synthesis 
	Enterobacterales and other Gram-negative pathogens
	rpoB mutations is less common in clinical scenarios due to alteration in β-subunit of RNA polymerase, which could greatly reduce fitness and growth rate in these fast growing pathogens compared to Mycobacterium spp and S. aureus ; The most common mechanisms employed are efflux activity of AcrAB-TolC and its homologues; enzymatic inactivation by arr-AB  
	rifampicin, rifabutin 
	RpoB is a first-step mutation that results in a significant increase in MIC. The rifamycins should be used in combination 
	 171–174

	Polymyxins 
	Inhibition of LPS 
	Enterobacterales
	Modification in the lipid A by adding positive charge (incorporation of  phophoethanolamine and/or 4-amino-4-deoxy-L-arabinose) on outer membrane (facilitated by mcr genes (mcr 1-10)) 
	colistin, polymyxin B 
	Nephrotoxicity compromises clinical effectiveness. Inherent resistance for pathogens that do not express LPS (e.g. Proteus, Morganella, Providencia spp.) 
	 175–181

	
	
	A.baumannii and P. aeruginosa
	Mutation in two component system lead LPS modification (eg. PmrAB; PhoPQ); Complete loss of LPS due to deletion or loss of function mutation of lpxC, lpxA, and lpxD; Reports of plasmid mediated mcr genes are less common.
	
	
	 

	Sulfonamides  
	Inhibition of folate synthesis (by inhibiting dihydropteroate synthase) 
	S. pneumoniae 
	 Mutation in fol gene which reduce the binding of sulpha drugs
	sulfamethoxazole, sulfadiazine 
	 
	 182,183

	
	
	Enterobacterales
	Presence of alternate folate pathway genes (eg. sul) that bypass the fol dependent pathway
	
	
	

	Glycopeptides and lipopeptides 
	Inhibition of cell wall biosynthesis in Gram-positive pathogens by binding with peptidoglycan precursors of lipid II
	S. aurues
	Cell wall thickening by mutation in regulatory genes (rpoB, sigB and groSR) in VISA (Vancomycin Intermediate S. aureus) and hVISA (heterogeneous VISA); Replacement of d-ala-d-ala to d-ala-d-lac (target site modification) by van gene cluster in VRSA (Vancomycin-resistant S. aureus/epidermidis) and VRE (Vancomycin-resistant Enterococcus)
	vancomycin, teicoplanin, telavancin, dalbavancin 
oritavancin 
daptomycin 
	Activity against MRSA and MRSE 
	 184–188

	Oxazolidinones 
	Blocking ribosomal formation by inhibiting 50S subunit 
	Enterococcus faecium and S. aureus 
	 Modification of the target site either by mutation or methylation of 23rRNA (eg. cfr genes)
	linezolid

	Mainstay for treatment of MDR/XDR Gram-positive infections, including VRE 
	189–191




Table 3. Ambler Classification of β-lactamases and responsible mechanisms
	Ambler Classification of β-lactamases

	Serine β-lactamases

	Ambler Class
	Subclass
	Spectrum
	Resistance 
	Members
	Original source
	BL Therapeutic options

	Class A

	A
	Penicillinase
	Narrow Spectrum
	Penicillin G, Amino-penicillin, Amoxicillin, Ticarcillin
	blaZ, PC-1, TEM-1/2, SHV-1
	S. aureus
	flucloxacillin, BLI combinations clavulanic acid, sulbactam, tazobactum

	A
	ESBLs
	Extended Spectrum
	Upto 3rd generation of cephalosporin (Cefazolin, Cephalothin, Cefuroxime,  Cefotaxime, Ceftazidime, Cefpodoxime, Cefixime, Cefdinir), Monobactam (aztreonam), Resistant to clavulanic acid combination
	TEM-1/2 variants (TEM-3, TEM-10), SHV-1 variants (SHV-2), CTXM-15 
	Enterobacterales
	cephamycins, carbapenems; BLI combination of sulbactam, tazobactum

	A
	Carbapenemases
	Broad Spectrum
	Carbapenems (Imipenem/cilastatin, meropenem, doripenem, ertapenem), 4th generation cephalosporins (eg. Cefepime)
	KPC-2 and variants, GES-1 and variants
	Klebsiella pneumoniae
	ceftazidime/avibactam, meropenem/vaborbactum, ceftolozane/tazobactam 

	Class C (Cephalosporinases/ AmpC)

	C
	Chromosomal 
	Inducible (most common); Common inducer; clavulanic acid, imipenem, ceftoxitin
	Penicillin G, Amoxicillin, Ticarcillin; Upto 3rd generation of cephalosporin (Cefazolin, Cephalothin, Cefuroxime,  Cefotaxime, Ceftazidime, Cefpodoxime, Cefixime, Cefdinir), Monobactam (aztreonam)
	PDC, ADC, CMY-like, ACT/MIR, SRT, MOR, YEN, PRO, IND, HAF
	Enterobacter cloaceae
	carbapenems

	C
	Plasmid-borne
	Non-inducible (most common)
	Penicillin G, Amoxicillin, Ticarcillin; Up to 3rd generation of cephalosporin (Cefazolin, Cephalothin, Cefuroxime,  Cefotaxime, Ceftazidime, Cefpodoxime, Cefixime, Cefdinir)
	CMY-2, DHA-1, FOX
	Enterobacterales
	monobactams (due to limited hydrolysis), carbapenems (imipenem/cilastatin, meropenem, ertapenem)

	Class D

	D
	Oxacillinase
	Narrow Spectrum
	Penicillin G, Ampicillin, Amoxicillin, Ticarcillin, Oxacillin, Cloxacillin
	OXA-1, OXA-2, OXA-5, OXA-10
	E. coli
	cephalosporins

	D
	Oxacillinase 
	Extended Spectrum 
	Up to 3rd generation of cephalosporin (Cefazolin, Cephalothin, Cefuroxime,  Cefotaxime, Ceftazidime, Cefodoxime, Cefixime, Cefdinir) (Weaker activity than class A ESBLs)
	OXA-11, OXA-16, OXA-17,
OXA-28
	P. aeruginosa
	cefepime, monobactams, carbapenems (imipenem/cilastatin, meropenem, ertapenem)

	D
	Oxacillinase
	Broad Spectrum
	Up to 3rd Generation Cephalosporins (eg. Oxyiminocephalosporins), Carbapenems
	OXA-23, OXA-24/40, OXA-48, OXA-51 (overexpressed), OXA-58, OXA-146
	A. baumannii
	cefiderocol

	Metallo-β-lactamases

	Ambler Class
	Subclass
	Spectrum
	Resistance 
	Members
	Original source
	BL Therapeutic options

	Class B

	B
	B1 (Two active site Zn2+) 
	Broad Spectrum
	Penicillins, Cephalosporins and Carbapenems
	NDM, VIM, IMP, GIM, SIM, SPM
	Serratia marcescens
	monobactams (e.g., aztreonam) used in combination with a ß-lactamase inhibitor (e.g., avibactam)

	B
	B2 (One active site Zn2+)
	Narrow Spectrum
	Carbapenems
	CphA, ImiS
	Aeromonas hydrophila
	monobactams (e.g., aztreonam) used in combination with a ß-lactamase inhibitor (e.g., avibactam), limited activity against penicillins and cephalosporins 

	B
	B3 (Two active site Zn2+)
	Variable to broad
	Cephalosporins and Carbapenems
	L1, GOB FEZ-1 CAU-1
	Stenotrophomonas maltophilia
	monobactams (e.g., aztreonam) used in combination with a ß-lactamase inhibitor (e.g., avibactam)






Table 4. Currently licensed BL-BLi combinations and those in late-stage clinical development 
	ß-lactam/ ß-lactamase inhibitor
	Class A
	Class A
	Class B
	Class C
	Class D
	Notes

	
	ESBL
	KPC
	NDM, VIM, IMP
	AmpC + plasmid mediated enzymes
	OXA
	

	Amoxicillin-clavulanic acid
	+
	-
	-
	-
	-
	[EML, Access]

	Ticarcillin-clavulanic acid
	+
	-
	-
	-
	-
	

	Piperacillin-tazobactam
	+
	-
	-
	+/-
	-
	[EML, Watch]
Extensively used in secondary care

	Ampicillin-sulbactam
	+
	-
	-
	-
	-
	[non-EML, Access]
Not licensed in the UK or EU

	Ceftolozane-tazobactam
	+
	-
	-
	+*
	+
	[EML, Reserve]
Primarily licensed as an agent for ESBLs. Ceftolozane useful for serious infections caused by Pseudomonas because it evades efflux 

	Cefepime-enmetazobactam
	+
	?
	-
	+
	-
	Potential carbapenem sparing role
Not active for CRAB/CRPA

	Ceftazidime-avibactam
	+
	+
	-
	+
	+
	[EML, Reserve]
Agent of choice for KPC producers

	Aztreonam-avibactam
	+
	+
	+
	+
	+
	Activity against Class B e.g., NDM (with avibactam targeting ESBL that otherwise hydrolyse aztreonam)

	Imipenem-cilastatin-relebactam
	+
	+
	-
	+
	-
	[non-EML, Reserve]
Some Class D OXA enzymes are weak carbapenemases (e.g. OXA 48)
Not active against CRAB OXAs

	Meropenem-nacubactam
	+
	+
	-
	+
	_
	Some Class D OXA enzymes are weak carbapenemases (e.g. OXA 48)

	Sulbactam-durlobactam
	
	
	-
	+
	+
	Combination directed toward Acinetobacter baumannii utilising activity of both agents against PBP

	Meropenem-vaborbactam
	+
	+
	-
	+
	+
	[EML, Reserve]
Class D OXA enzymes are weak carbapenemases (e.g. OXA 48)
Not active against CRAB/CRPA

	Cefepime-taniborbactam
	+
	+
	?
	+
	+
	Potential activity against Class B
Active against CRPA, not CRAB

	Ceftibuten ledaborbactam
	+
	+
	-
	+
	+
	Orally bioavailable

	Meropenem xeroborbactam
	+
	+
	+
	+
	· 
	Potential activity against Class B
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Table 5. Phase III trials results for recently licensed antibiotic agents  
	Antibiotic
	Initial Approval
	Phase III Trial

	Infection Syndrome
	Analysis
	Key Outcome(s)
	Regimen
	Comparator antibiotic(s)
	Participants analysed
	Results
	References

	Aztreonam-avibactam 
	1986 (aztreonam), 2015 (avibactam)
	REVISIT
NCT03329092
	cIAI/HABP/VABP due to Gram-negatives
	ITT
	% Participants with clinical cure (from day 3-28)


	500mg/167mg loading IV+ 1500mg/500mg extended loading IV+
1500mg/500mg maintenance IV q6 (+ metronidazole IV 500mg q8 for cIAI)
	Meropenem + colistin 1g q8 IV/9 million IU loading, 9 million IU maintenance /24h IV (2-3 divided doses)
	282:140
	2·7% [95% CI –6·6 to 12·4]
	74

	Ceftazidime-avibactam
	2015
	RECAPTURE
NCT01595438
NCT01599806
	cUTI due to Gram-negatives
	mMITT*
	% Participants with:
(1) patient-reported symptomatic improvement at day 5
(2) patient-reported symptomatic improvement (day 5) + microbiological cure at TOC (day 21-25)
	2g/0.5g q8 IV
	Doripenem 0.5g q8 IV
	393:417
	(1) 4.0% [95% CI -2.39 to 10.42%]
(2) 6.7% [95% CI 0.30 to 13.12%]
	192

	Ceftazidime-avibactam
	2015
	REPROVE
NCT01808092
	NP/VABP
	cMITT*
	% Participants with clinical cure at TOC (day 21-25)


	2g/0.5g q8 IV
	Meropenem 1g q8 IV
	356:370
	-4·2% [95% CI -10·8 to 2·5]
	193

	Delafloxacin
	2017
	PROCEED-1
NCT01811732
	ABSSSI
	ITT
	% Participants with early clinical response (20% reduction in lesion size) at 48-72h

	300mg q12 IV 
	Vancomycin 15mg/kg q12 IV + aztreonam 2g q12 IV
	331:329
	-2.6 [95% CI -8.8 to 3.6]


	97

	Delafloxacin
	2017
	PROCEED-2
NCT01984684
	ABSSSI
	ITT
	% Participants with:
(1) early clinical response (20% reduction in lesion size) at 48-72h
(2) investigator-assessed clinical response at day 14 +/- 1
	300mg q12 IV for 6 doses, 450mg q12 PO for 10-28 doses total
	Vancomycin 15mg/kg q12 IV + aztreonam 2g q12 IV for 10-28 doses
	423:427
	(1) 3.1% [95% CI -2.0 to 8.3]
(2) -2.0% [95% CI -8.6 to 4.6]
	98
 

	Delafloxacin
	2017
	DEFINE-CABP
NCT02679573
	CABP
	ITT
	% Participants with early investigator-assessed clinical response at 96 +/- 24h
	300mg q12 IV for 6 doses minimum +/- switch to 450mg q12 PO for up to 20 doses total
	Moxifloxacin 400mg q24 IV for 3 doses minimum +/- switch to 400mg q24 PO up to 10 doses total 
OR
switch to Linezolid if confirmed MRSA
	431:428
	-0.2 [95% CI -4.4 to 4.1]
	99

	Delafloxacin
	2017
	NCT02015637
	Uncomplicated urogenital gonorrhoea
	mMITT
	% Participants with microbiological cure at TOC (day 7 +/- 3)
	900mg PO single dose
	Ceftriaxone 250mg IM single dose
	228:100
	-9.9% [95% CI -16.03 to -3.87]
	194

	Meropenem-vaborbactam
	2017
	TANGO I
NCT02166476
	cUTI/AP
	mMITT*
	% Participants with:
(1) clinical and microbiological cure at EOIVT 
(2) microbiological cure at TOC (day 15-23)
	2g/2g q8 IV
	Piperacillin-tazobactam 4g/0.5g q8 IV
	192:182

	(1) 4.5% [95% CI 0.7 to 9.1]
(2) 9.0% [95% CI -0.9 to 18.7]
	77

	Meropenem-vaborbactam
	2017
	TANGO II
NCT02168946
	Confirmed/suspected CRE bacteremi/HABP/VABP/cIAI/cUTI/AP
	mMITT
	% Participants with:
(1) clinical and microbiological cure at TOC (day 12-23)
(2) all-cause 28-day mortality
	2g/2g q8 IV
	Best available IV therapy 
	32:15
	(1) 32.3% [95%CI 3.3 to 61.3]
(2) -17.7% [95% CI -44.7 to 9.3]
	78

	Eravacycline
	2018
	IGNITE1
NCT01844856
	cIAI
	mMITT*
	% Participants with clinical cure at TOC (day 25-31) 
	1mg/kg q12 IV
	Ertapenem 1g q24 IV
	220:226
	-0.80% [95% CI -7.1% to 5.5%]
	92

	Eravacycline
	2018
	IGNITE2
NCT01978938
	cUTI
	mMITT*
	%Participants with clinical and microbiological cure post-treatment
	1.5mg/kg q24 IV
	Levofloxacin 750mg q24 IV
	298:302
	-6.5% [95% CI -14.1 to 1.2]
	101

	Eravacycline
	2018
	IGNITE3
NCT03032510
	cUTI
	mMITT*
	%Participants with clinical and microbiological cure at EOIVT
	1.5mg/kg q24 IV + levofloxacin
	Ertapenem 1g q24 IV+ levofloxacin
	428:403
	84.8% vs 94.8%
	101

	Eravacycline
	2018
	IGNITE4
NCT02784704
	cIAI
	mMITT*
	%Participants with clinical cure at TOC (day 25-31)
	1mg/kg q12 IV
	Meropenem. 1g q8 IV
	195:205
	-0.5% [95% CI -6.3 to 5.3]
	93

	Omadacycline
	2018
	OASIS-1
NCT02378480
	ABSSSI
	mMITT*
	% Participants with: 
(1) 20% reduction in lesion size at 48-72h
(2) investigator-assessed clinical response at 7-14d post-treatment
	100mg q12 IV for 2 doses, then q24 (PO option from day 3 – 300mg q24)
	Linezolid 600mg IV q12 (PO option from day 3 600mg q12)
	316:311
	(1)  −0.7 % [95% CI −6.3 to 4.9]
(2) 2.5 % [95% CI −3.2 to 8.2]
	94

	Omadacycline
	2018
	OASIS-2
NCT02877927
	ABSSI
	mMITT*
	% Participants with: 
(1) 20% reduction in lesion size at 48-72h
(2) investigator-assessed clinical response at 7-14 days post-treatment
	450mg q24 PO for 2 doses, then 300mg q24
	Linezolid 600mg q12 PO
	360:360
	(1) 5·0 [95% CI −0·2 to 10·3]
(2) 3·3 [95% CI −2·2 to 9·0]
	95

	Omadacycline
	2018
	OPTIC-1
NCT02531438
	CABP
	ITT*
	% Participants with:
(1) early clinical response (survival + symptomatic improvement) at 72-120h
(2) investigator-assessed clinical response at 5-10 days post-treatment
	100mg q12 IV for 2 doses, 100mg q24 (PO option from day 3 – 300mg q24)
	Moxifloxacin 400mg IV q24 (PO option from day 3 – 400mg q24)
	386:388
	(1) -1.6% [95% CI -7.1 to 3.8]
(2) 2.5% [95% CI -2.4 to 7.4]
	96

	Omadacycline
	2018
	OPTIC-2
[bookmark: _Hlk207121423]NCT04779242
	CABP
	ITT*
	% Participants with:
(1) early clinical response (survival + symptomatic improvement) at 72-120h
(2) investigator-assessed clinical response at 5-10 days post-treatment
	200mg q24 IV  OR 100mg q12 IV on day 1, 100mg IV on day 2, 300mg q24 PO days 3-10
	Moxifloxacin 400mg q24 IV day 1-2, 400mg q24 PO days 3-10 
	336:334
	(1) 1.9% [95%CI -3.0 to 6.8]
(2) -1.7% [95% CI -6.9 to 3.4]
	101

	Plazomicin
	2018
	EPIC
NCT02486627
	cUTI/AP
	mMITT*
	% Participants with:
(1) clinical and microbiological cure at 5 days
(2) clinical and microbiological cure at TOC (day 15-19)
	15mg/kg q24 IV
	Meropenem 1g q8 IV
	191:197
	(1) -3.4 % [95% CI -10.0 to 3.1]
(2) 11.6 % [95% CI 2.7 to 20.3]


	195


	Plazomicin
	2018
	CARE
NCT01970371
	BSU/HABP/VABP/cUTI/AP due to CRE
	mMITT
	% Participants with all-cause 28-day mortality
	15mg/kg q24 IV + meropenem 2g q8 IV / tigecycline IV 100mg loading, 50mg q12
	Colistin IV (5mg base/kg/day) +  meropenem 2g q8 IV/ tigecycline IV 100mg loading, 50mg q12
	17:20
	−26 % [95% CI −55 to 6]
	196


	Cefiderocol
	2019
	APEKS-NP
NCT03032380
	HABP/VABP/HCABP caused by Gram-negatives
	MITT
	% Participants with all-cause 14-day mortality
	2g q8 IV + linezolid 600mg q12
	Meropenem 2g q8 IV+ linezolid 600mg q12
	145:146
	0·8% [95% CI -6·6 to 8·2]
	

	Cefiderocol
	2019
	CREDIBLE-CR
NCT02714595
	HABP/VABP/HCABP/BSI/sepsis due to Gram-negatives
	mMITT*
	(1) % Participants with HAP/VAP/HCAP with clinical cure at TOC (day 14-21)
(2) % Participants with BSI/sepsis with clinical cure  at TOC (day 14-21)
(3) % Participants with cUTI with microbial eradication  at TOC (day 14-21)
	2g q8 IV
	Best available IV therapy
	(1) 40:19
(2) 23:14
(3) 17:5
	(1) Cefiderocol 50.0%
[95% CI 33.8 to 66.2] vs. BAT 52.6%
[95% CI 28.9 to 75.6]
(2)  Cefiderocol 43.5%
[95% CI 23.2 to 65.5] vs. BAT 42.9%
[95% CI 17.7 to 71.1]
(3)  Cefiderocol 52.9%
[95% CI 27.8 to 77.0] vs. BAT 20.0%
[95% CI 0.5 to 71.6]

	84

	Imipenem-cilastatin-relebactam
	2019
	RESTORE-IMI 1
NCT02452047
	Imipenem-resistant HABP/VAB/cIAI/cUTI 
	mMITT
	% Participants with favourable overall response (definition varied by clinical infection syndrome) 
	500mg/500mg/250mg q6 IV
	Imipenem-cilastatin 500mg/500mg q6 IV +
colistin IV
renally adjusted to 300mg loading, 150mg q12 maintenance 
	31:16
	1.0% [90% CI -27.5 to 21.4]
	72

	Imipenem-cilastatin-relebactam
	2019
	RESTORE-IMI 2
NCT02493764
	HABP/VABP
	mMITT
	% Participants with: 
(1) 28-day mortality
(2) favourable clinical response (up to 30d) 
	500mg/500mg/250mg q6 IV
	Piperacillin-tazobactam 4g/0.5g q6 IV
	264:267
	(1) -5.3% [95% CI -11.9 to 1.2] 
(2) 5.0% [95% CI, -3.2 to 13.2]
	73

	Lascufloxacin
	2019
	CN-02261931
	CABP
	
	% Participants with cure at TOC 
	75mg q24 PO
	Levofloxacin 500mg q24 PO
	125:117
	92.8% (lascufloxacin) vs 92.3% (levofloxacin)
	102

	[bookmark: _Hlk207122221]Lascufloxacin
	2019
	[bookmark: _Hlk207122048]CN-02261932
	Acute sinusitis / acute exacerbation of chronic sinusitis
	
	% Participants clinical cure at end of treatment 
	75mg q24 PO
	Levofloxacin 500mg q24 PO
	138:130
	84.8% [95% CI 77.9 to 89.8] (lascufloxacin) vs  84.6% [95% CI 77.4 to 89.8] (levofloxacin)
	

	Lascufloxacin
	2019
	CN-02343291
	CAP
	
	% Participants with cure at TOC
	300mg loading IV, 150mg maintenance q24 IV
	Levofloxacin 500mg q24 IV
	125:120
	95.2% (lascufloxacin) vs 90.0% (levofloxacin)
	

	Lefamulin
	2019
	LEAP
NCT02559310
	CABP
	ITT*
	% Participants with early clinical response at 96 +/- 24h
	150mg q12 IV (PO option from dose six 600mg q12) 
	Moxifloxacin 400mg q24 IV (PO option from dose six 400mg q24) +/- linezolid 600mg q12 IV
	276:275
	-2.9% [95% CI -8.5 to 2.8]
	197

	Lefamulin
	2019
	LEAP2
NCT02813694
	CABP
	ITT*
	% Participants with early clinical response at 96 +/- 24h
	600mg q12 PO
	Moxifloxacin 400mg q24
	370:368
	0.1% [95% CI -4.4 to 4.5]
	198

	Alalevonadifloxacin/ Levonadifloxacin
	2020
	NCT03405064
	ABSSSI
	MITT
	(1) % Participants with clinical response at TOC (oral)
(2) % Participants with clinical response at TOC (IV)
	Levonadifloxacin 1000mf q12 PO OR 800mg q12 IV
	Linezolid 600mg q12 IV/PO
	
	(1) 1.6 % [95% CI -4.2 to 7.3]
(2) 3.2% [95% CI -4.5 to 10.9]
	103

	Contezolid
	2021
	CTR20150855
	cSSSTI
	MITT
	% Participants with clinical cure at TOC (day 7-14)
	800mg q12 PO
	600mg q12 PO
	295:313
	−3.1% [95% CI −8.8 to 2.6]
	106

	Sulbactam-durlobactam
	2023
	ATTACK
NCT03894046
	HABP/VABP/BSI
	mMITT
	% Participants with 28-day all-cause mortality

	1g/1g q6 IV + imipenem-cilastatin 1g/1g IV q6
	Colistin IV 2.5-5mg/kg loading dose, 2.5mg/kg q12 maintenance dose + imipenem-cilastatin 1g/1g IV q6
	63:62
	-13.2% [95% CI -30 to 3.5]
	90

	Cefepime-enmetazobactam 
	2024
	ALLIUM
NCT03687255
	cUTI/AP
	mMITT
	% Participants with overall treatment success (clinical + microbiological cure) 
	2g/0.5g q8 
	Piperacillin-tazobactam 4g/0.5g q8
	345:333
	21.2% [95% CI 14.3 to 27.9]
	199

	Cefepime-taniborbactam
	Pending
	CERTAIN-1
NCT03840148
	cUTI/AP
	mMITT
	% Participants with composite success (clinical and microbiological cure at day 19-23) in microbiological mITT population
	2.5g q8
	Meropenem 1g q8
	293:143
	12.6 % [95% CI 3.1 to 22.2]
	79




ABSSSI = acute bacterial skin and skin structure infection , AP = acute pyelonephritis, BSI = bloodstream infection, CABP = community-acquired bacterial pneumonia, CI = confidence interval, cIAI = complicated intra-abdominal infection, cMITT = clinically modified intention-to-treat analysis (includes all patients who meet minimum disease criteria), CRE = carbapenem-resistant Enterobacteriaceae, cSSSTI = complicated skin and skin structure infection, cUTI = complicated UTI, EOIVT = end of intravenous treatment, HABP = hospital-acquired bacterial pneumonia, HCABP = healthcare-associated bacterial pneumonia, ITT = intention-to-treat analysis (includes all randomised patients regardless of receipt of drug), MITT = modified intention-to-treat,  mMITT = microbiologically modified intention-to-treat analysis (includes all randomised patients who meet microbiological criteria), NP = nosocomial pneumonia, TOC = test of cure, VABP = ventilator-acquired bacterial pneumonia
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(1) Establish likelihood of infective cause and whether empirical cover is required

(2) Determine plausible pathogens and their resistance profiles to aid choice
of empirical agents

(3) Detect the presence of pathogens and confirm significance
in context of presentation, stratify empirical cover

(4) Assess for phenotypic/genotypic resistance and
consequent available antimicrobial options
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